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Preface

The Discrete Variational Xo (DV-Xa) molecular orbital calculation method is
one of the most versatile methods for estimating the electronic structures of
atom-aggregates or clusters at both ground and excited states. Also, the DV-
Xa method has been extensively used for solid-state chemistry and physics,
materials science, and electron- and X-ray spectroscopy with great success.

This is the third volume in a series of DV-Xa activities and includes a
selection of papers presented at the third international workshop and at the
fourteenth annual meeting of “DV-Xa” held at RIKEN, Wako, Japan, from
July 31 to August 3, 2001. The first and second volumes on DV-Xa activities
were published in 1997 in Advances in Quantum Chemistry (Vol. 29) with the
subtitle Electronic Structure of Clusters, and in 2000 in Advances in Quantum
Chemistry (Vol. 37) with the subtitle DV-Xo for Atomic Spectroscopy and
Materials Science.

The third international workshop on the DV-Xa method was devoted to
discussions of (1) Present and Future Applications, (2) Atomic Spectroscopy,
(3) Materials Science and (4) Future Development, in which 23 invited papers
were presented. The fourteenth annual meeting had 52 poster papers, which
were presented in 8 Sessions, i.e. Materials Science (1,2,3), Surfaces, Bound-
aries and Defects (1,2), Organic and Inorganic Compounds (1) and Spec-
troscopy (1,2). Fruitful discussions were held and the marvelous results shown
in the workshop and the annual meeting are summarized in this volume.

Finally, special thanks should be expressed to Drs. T. Ebisuzaki, J. Onoe
and T. Yamamoto (RIKEN) for providing a guesthouse for the guest speakers,
a lecture hall and the necessary facilities in RIKEN. The financial support
of RIKEN, National Institute for Materials Science, TDK, Toshiba, Kobe
Steel, Riken Keiki, Hitachi and Sankyou Publishing is also much appreciated,
and made it possible to invite ten excellent scientists from abroad. The great
success of this meeting was in great part due to the self-sacrificing effort of
Dr. T. Ishii.

Tokyo, August 20, 2002 H. Adachi, M. Uda and H. Wakita
Chairpersons

The Third International Workshop on DV-Xa

and The Fourteenth Annual Meeting on DV-Xa

xvii



Many-electron theory for electronic transition process
- Its importance in materials science -

Hirohiko Adachi and Kazuyoshi Ogasawara
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The newly developed discrete variational multi-electron(DV-ME) method has
been applied to the problem of electronic transition process where the many-electron
theory is indispensable. The computational procedure of DV-ME method has been
described in some details. The application of the method to the analysis of x-ray
absorption near edge structure (XANES) from transition metal oxides has been made.
We have also performed theoretical analysis for ultraviolet absorption spectrum from
lanthanide doped metal fluoride crystal. The multiplet splitting and configuration
interaction are substantial in calculating the theoretical spectrum. The importance of
configuration interaction has been manifested in reproducing the 3d transition metal L, ,
XANES. For the analysis of charge-transfer type compound, multiexcitation due to the
transition from ligand to metal orbitals has effectively been taken into account in the
calculation to give the satellite peak observed in the experimental spectrum. The optical
absorption spectra of lanthanide ion caused by 4f-5d transition have been calculated to
demonstrate a good agreement with the experiment, indicating the effectiveness of the

present method for new materials design and development.

KEYWORDS: many-electron theory, relativistic DV-ME method, CI calculation,
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2 Hirohiko Adachi and Kazuyoshi Ogasawara

I. Introduction

In the field of materials science, the quantum mechanical calculation of electronic
states has gained increased importance, since it is helpful not only for deep
understanding of various basic properties of materials, but also for design and
development of many kinds of new materials. For the electronic state calculation, the
molecular orbital method like discrete variational XoDV-Xct) method” and band
structure calculation methods such as plane-wave-basis pseudopotential (PWPP)
method®, full potential linearized augmented plane wave (FLAPW) method” and
orthogonalized linear combination of atomic orbitals (OLCAO) method” have been
proved to be very efficient to provide accurate electronic structure and chemical
bonding. These approaches have been employed to solve various problems of materials
science.

In the study of the properties of practical materials, it is very important to
understand "localized quantum structure”, that is, the local atomic arrangement and the
localized electronic state and chemical bonding at very small space around surface,
interface and lattice defects such as atomic vacancy and impurity. For this problem,
recently developed experimental techniques such as high-resolution electron microscope
and various electron and x-ray spectroscopies are efficient. In order to analyze these
experiments correctly, accurate information on electronic state and chemical bonding is
necessary. The first-principles electronic state calculations by the molecular orbital
method and the band theory above described have been proved to be very useful for
these purposes. However, there are some difficult problems, which cannot be solved by
the above theoretical approaches of the one-electron model, and a more precise and
detailed analysis is required to understand the experimental results. Therefore, the first-
principles calculation of many-electron theory like configuration interaction (CI)
method should be employed to solve the problems.

We have recently developed a new theoretical method of the first-principles CI
type of calculation for many-electron systems, which we call discrete variational multi-
electron (DV-ME) method™®. In the present paper, we have applied it to the theoretical
analyses of x-ray absorption near edge structure (XANES) for transition metal oxides”,
including the charge-transfer type oxides. The importance of many-electron theory and
the effectiveness of DV-ME method are demonstrated. The many-electron theory is
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also substantial for the study of optical spectrum in UV/visible region. The theoretical
analysis of the optical absorption spectra for laser materials has been made by DV-ME
method. The ultraviolet absorption spectra due to f-d transitions of lanthanide ions have

been calculated and discussed.
2. Computational method

Usually the first principles calculation of electronic structure is made within the
one-electron theory of self-consistent-field approximation by Hatree-Fock model or
density functional theory. However, these approaches are generally insufficient to
represent accurate electronic states for many-electron systems. Then more accurate
thecretical approach like configuration interaction type of calculation is necessary.

For many-electron theory, some semiempirical methods such as crystal-field
theory and ligand-field theory have already been established. These theories are useful
for theoretical analysis of well-known materials, but are not very efficient for unknown
materials because some empirical parameters from experiment are necessary in the
calculation. Therefore, a first-principles method is indispensable for new materials
design and development.

As the eigenfunction of many-electron Hamiltonian for open shell configuration,

n

=2 Z 53 ()
i { Tiv i Ir_rjl>

the wave function ¥ can be expressed not by a single Slater determinant as in the one-

electron model, but by a linear combination of Slater determinants written by

W,y ,r,,)=; W, @, by or ), @

where @, is the Slater determinant. Then, the Slater determinant is the basis in this case.

The Slater determinant is formed by a combination of products of molecular orbitals
and written as
¢“(r|) ¢51(r2) """ ¢“(rn)
O, ) 0,,(rp) oo b,
D= ' . 3)

¢m(l' |) ¢In(r2) """ ¢In(rn)
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The molecular orbital function ¢, is obtained by usual DV-Xo molecular orbital
calculation in DV-ME method. The secular equation is constructed by Slater

determinants as the basis functions and is given by

HW=ESW

. } )
Hab=f\ll JHY AT,

contrary to that of one-electron molecular orbital theory where the secular equation is
made by atomic orbitals as the basis.

In some cases where the system contains heavy elements and the process
concerns inner shells, a relativistic calculation is necessary. In such cases, we utilize the
relativistic molecular orbitals which can be obtained by relativistic DV-Xo molecular

orbital calculation for Dirac Hamiltonian
H=cap+Bc2+chf. 8}

In the calculation, the two-electron interaction term in the Hamiltonian is most serious
problem to evaluate, because of the computational difficulty of the multicenter double
integral. In DV-ME method, however, the evaluation of this term is feasible by DV
numerical integration technique without any mathematical limitation. For a practical use
of this method, whole electronic system is divided into two parts, one of which is that of
closed shells and the other of open shells. We consider that the secular equation can be
constructed by Slater determinants only containing open shell molecular orbitals.

This method is often used for problems conceming the electronic transition. The
transition energy is calculated as the energy difference between the initial and final
electronic states, while the probability of dipole transition can be estimated by oscillator

strength

P,=

Wi

(E,-Ey)[ ¥",r ¥, ar, ©

calculated by directly using the many-electron wave functions. The DV-ME method
makes it possible to treat many of too complicated problems for the one-electron model,
so-called many-electron effect.

In DV-Xo. calculation of one-electron molecular orbital theory, the transition
energy is estimated by the energy difference between the initial and final orbitals for

Slater's transition state®, where a half electron is removed from the intial orbital and is
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put in the final orbital. The transition probability is evaluated by the element of dipole
matrix between the initial and final orbitals. The application of DV-Xeo method to the
analysis for various electron and x-ray spectroscopies has thoroughly been described

elsewhere”.
3. Results and discussion

3.1 Effects of configuration interactions on 3d transition metal L, ; XANES

The x-ray absorption near edge structure (XANES) is often used for chemical
state analysis, because it reflects the electronic state of unoccupied orbitals. The
spectrum is caused by the x-ray absorption accompanying the electronic transition from

2p core levels to mainly 3d levels according to the dipole selection rule. Figure 1

(a) one-electron picture (b) many-electron picture
configuration multiplet
interaction splitting

(2p12)2p3) (g e™!
(2112 2Py it g™
(2122 (2p3) (g eg™ !
@p1)2p3 P (g™

final state configurations
(excited states)

—1
a
d - —»
| ]
2p1/2 o-le L, )((2P1/7)2(2P3/7)4(t2g)“(eg)m J
initial state configuration
(ground state)

Fig. | Schematic diagram of electronic transition due to x-ray absorption.
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demonstrates the schematic diagram for x-ray absorption process. We consider the case
of 3d transition metal L,; XANES from metal oxide, for example, from SrTiO;. In this
compound, 3d level is considered to split into two levels, namely, t,, and e,, since the
Ti* ion is situated at the octahedral site. The 2p level is split into 2p,,, and 2p,,, or L,
and L,, by spin-orbit coupling. Then, the absorptions from both of these 2p levels to two
of these 3d levels take place and four absorption peaks can be observed in the
absorption spectrum. In the 2p shell, two electrons occupy L, and four electrons occupy
1., state, then the intensity of L, absorption is expected to be two times of that of L,
from the one-electron model. Among these absorptions for Ti** ion with d° configuration,
intensity ratio of two peaks, one of which corresponds to the transition to t,,, and the
other to e, state, is 3/2, because the t,, and e, are triply and doubly degenerate states,
respectively. Therefore, the relative intensities of the four peaks are 6 and 4 for L,
absorption, and 3 and 2 for L, absorption.

The experimental Ti L,; XANES spectrum'® is shown in Fig.2(a). The spectrum
shows four peaks indeed, but the intensity ratio does not agree with the one-electron
model. Therefore, more accurate theoretical approach seems to be necessary. In many-
electron theory, the initial state of the x-ray absorption process is the ground state whose
configuration is generally expressed by (2p,,)*(2ps,)'(t,)"(e)" for the 3d transition
metal compound, as shown in Fig.1(b). In the present case, both of n and m are zero,
since Ti* ion takes d° configuration. The final state is the excited state where one of 2p
electrons is transferred to the 3d level, and is expressed by one of (2p,,)*(2psn)’(t,y)"s
2P (2P’ (ep)'s  (2012)'(2P3n) (L) Or  (2p1n) ' (2psn)*(ey) ' configuration. Each of
these initial and final electronic states is generally split into multiplet levels by electron-
electron interactions. In addition, the interactions among these configurations should be
taken into account to obtain the accurate electronic states for the many-electron system.
In this case, fully relativistic calculation is required since the interactions with inner-
shell electrons should explicitly be considered. This relativistic many-electron
calculation can be executed by relativistic DV-ME method. Here, the expression 2p,,,
2p1», 1y and e, are not suitable for rigorous explanation of relativistic theory. Instead the
representations of the double group such as Y, Yy Yo, and Y, respectively
corresponding to them should be employed. However, the relativistic effects for 3d
states, namely t,, and ¢,, are very small, then more familiar expressions are used in the

present paper.
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i 1 § 1 T
(a) Experiment

450 455 460 465 470 475
ENERGY(eV)

Fig.2 Comparison of experimental and calculated Ti L, ; XANES spectra
from SrTiO; with d© configuration.

Figure 2(b) shows the theoretical spectrum calculated by the relativistic DV-Xa
method of one-electron model, by the use of TiO> cluster. The peak energy is evaluated
from Slater's transition state calculation, and the peak level is replaced by a Gaussian
with FWHM of 0.5 eV to obtain the theoretical spectrum. The result shows the four
absorption peaks whose energies agree well with the experiment shown in Fig.2(a).
However, the relative intensities of these peaks in the experimental spectrum are
completely different from those expected from one-electron picture, but are almost

inverted. Figure 1(c) demonstrates the calculated result by relativistic DV-ME method
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of many-electron theory. We use the relativistic molecular orbitals calculated above DV-
Xo method to make the Slater determinants. It is clear that the intensity ratio has
drastically been improved by taking account of the multiplet splittings and the
configuration interactions, showing very good agreement with the experiment.

Next, we made various types of calculations to investigate the effects of
configuration interactions on the intensity ratio. In the present case, the initial state is
singlet and we consider four configurations as the final states, namely, configuration A
which corresponds to transition from 2p,,, to t,,, B from 2p,,to e,, C from 2p,, to t,, and
D from 2p,, to e, as shown in Fig. 3. These configurations A, B, C and D contain 24, 16,
12 and 8 electronic microstates, respectively, to each of which one Slater determinant
corresponds. Thus, for example, the multiplet levels in the configuration A are

comprised of 24 Slater determinants.

| L3 | [ L, |
A B C D
6, —— —— ——
L, —@— _ ——
(24) (16) (12) ®
2p:. -99@0- 9000 -0000- 0000
2|P1/2 -0 -0 -—0O- O

I A
2424
I B
16x16
l C
I m | 12x12

v " 1 88

Fig.3 Schematic diagram for final state configurations. A:(2p1/2)2(2p32)(t29) (e)C,

B:(2p1)%2p32P (t20)(e8)!, C:(2p12)! (2p3)itag) (€8)0, D:(2p1 1) (2p312) (12 (eR)!
Number in parenthesis denotes that of micro states in the configuration.
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Consequently, we consider total 61 Slater determinants from the ground state and
excited states configurations to construct the secular equation. For the final state
calculation, the secular matrix comprises four matrices as shown in Fig.3, namely, 24
x 24 for configuration A, 16 x 16 for B, 12 x 12 for C and 8 X 8 for D. The multiplet
splittings are caused by the interactions within these configurations to produce 24, 16,
12, and 8 multiplet levels, respectively. Furthermore, the interactions among these
configurations indicated I, II, IIl and IV in Fig.3, take place to provide the correct
electronic states for many-electron system. We define that the configuration interaction
is the interaction among these configurations in the present paper.

We have made four types calculations to examine the interactions among these
configurations. In the first calculation, we only consider the multiplet splittings within
the four configurations, but no configuration interaction among them. The result

calculated is displayed in Fig.4(a).

(a) (b) () (d)
100 - : s ]
3 A+B+C+D
S 80 y 1 A+B+C
> A+B ]
a 60 ] C+D i a ]
Z [ a ]
£ 40 1 ﬂ 1 D ]
& h
20 $ 3 \ ]
ok / A \ . \ ]
455 460 465 460 465 460 465 460 465 470
ENERGY(eV) ENERGY(eV) ENERGY(eV) ENERGY(eV)

Fig.4 Effects of configuration interactions on Ti Ly 3 XANES from SrTiO3

The spectrum is composed of four peaks A, B, C and D corresponding to the four
configurations. Each peak contains many levels to give a multiplet structure. Although
each peak shows a fine structure due to the multiplet splittings, we do not discuss about
it since the level separations are so small that the structure is not clear in this case. The
relative peak intensities are 24, 16, 12 and 8, attributed to the numbers of the
microstates in the configurations and are the same to the one-electron model. In the
second calculation, we include the configuration interactions partly, which are indicated
by I and I in Fig.3, namely, those between A and B, and between C and D. Thus, the
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configuration interactions within the L, and L, excitations are separately taken into
account in this case. The result is shown in Fig.4(b). It can be seen that the intensity
ratios within the L, and L; are largely modified. However, the intensity ratio of L to L,,
which is sometimes called as branching ratio, does not change. A further calculation is
made including the configuration interactions III in addition to I and II, that is among A,
B and C configurations, but separating the configuration D. This calculation brings
about a drastic change of the intensity ratio of L; to L, as shown in Fig.4(c). Finally, all
interactions among the four configurations including IV are taken into account in the
calculation. Figure 4(d) demonstrates the result thus obtained, and is the same to
Fig.3(c). The spectrum reproduces very well the experiment. These examinations
clarifies that the configuration interactions are essential for the correct analysis of the Ti

L,; XANES spectrum.

3.2 Analysis of 3d transition metal L, ; edge XANES from various metal oxides

The DV-ME method can be applied to general transition metal compounds with d"
configurations. The theoretical M L,; XANES spectra from V,0;, Cr,0,, Fe,0; and
CoO with &%, &, d° and d’ configurations, respectively, have been calculated by DV-Xa
and DV-ME methods, and are compared with experiments. In all of these oxides,
transition metal ions occupy the octahedral sites. The cluster models used are (MOy)* ,
similar to the case of TiO.¥, but the lattice distortions are taken into account according
to the crystal structures of above metal oxides. The initial- and final-state configurations
and numbers of the Slater determinants utilized in the DV-ME calculations are listed in
Table 1. In the case of Fe* ion (Fe,0;) with d°, for instance, five intial- and ten final-
state configurations are considered, and total 1512 Slater determinants are employed in
the calculation.

The comparisons between theoretical and experimental L,, XANES spectra for
these oxides are demonstrated in Figs.5~8. Figure 5 indicates the V L, ; XANES spectra
from V,0; with & configuration. The result calculated by DV-Xo. method shows the
spectrum of four peaks, where both of L, and L, peaks are split into t,, and e,, as
deduced from the one-electron model. However, the experimental spectrum'” shows
more complicated structure, that is, with peaks labeled by a~f. This structure is well
reproduced by DV-ME calculation as exhibited in Fig.5(c), though the structure at
higher energy O K edge seen in the experimental spectrum has not been dealt with in
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Table 1 Occupation numbers in each levels for initial and final state
configurations and numbers of Slater determinants

2p1p 2P3n by € NS total 2pip 2p32 Bg € NS total
2 40 0__1_ 7 4 35 0 6
3 I 70 24 ° 2 4 4 1 60
@ 2 3 0 1 16 6l 2 4 3 2 120
1 4 1 0 12 2 4 2 3 60
1 4 0 1 8 2 4 1_ 4 6
3 5 .
V) 2
21 15 @ 5 3 1 2 3 512
2 4 0 2 6 2 3 3 3 320
R B S 2 3 2 4 60
2 3 2 1 240 14 6 0 2
@ 2 3 1 2 144 765 1 4 5 1 48
2 3 0 3 16 1 4 4 2 180
1 4 3 0 40 1 4 3 3 160
1 4 2 1 120 1 4 2 4 30
1 4 2 1 7 2 4 6 1 4
1 4 0 3 8 2 4 5 2 36
2 4 4 3 gg
34 3 0 20 2_4__3_4_ 2
2 n 2 3 6 2 24
2 4+ ¢ 18 @ 5 3 5 35 G5 3%
2 4 0_3__4 2 3 4 4 60
2 3 4~ 0 60 1 4 6 2 12
2 3 3 1 320 i 4 5 3 48
@ 2 3 2 2 360 1380 1 4 4 4 30
2 3 1 3 96 2 4 6 2 6
2 3 0 4 4 2 4 5 3 24
1 4 4 0 30 2_ 4 4415
1 4 3 1 160 (@ 27376 37 "8 105
1 4 2 2 180 2 3 5 4 12
1 4 1 3 48 1 4 6 3 16
1 4 0 4 2 1 4 5 4 24

NS denotes the number of Slater determinants in each configuration

this calculation. The result by DV-ME calculation indicates that the multiplet splittings
are so large that the definite structure can be seen in the L,; XANES.

In the experimental Cr L,; XANES spectrum from Cr,0;'” shown in Fig. 6(a),
the structure characterized by labels a~g is observed. The DV-Xa calculation does not
reproduce it, while the DV-ME result shows very good agreement with the experiment.
The level spreadings by multiplet splittings as well as the configuration interactions are
considerably large also in this case.

Figure 7 displays the Fe L, XANES spectra from Fe,0,. The peak separation

between L, and L, becomes larger than the former oxides, since the 2p level splitting by
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Fig. 5 Comparison of theoretical and experimental V L, ; XANES
from V5,05 with d2configuration

spin-orbit coupling increases with atomic number. This leads the configuration
interactions between L, and L, excitations to be weakened, and then the effect on the
intensity ratio between them, namely branching ratio is decreased. In the experimental
spectrum'?, peaks a~f are seen, though they are not very clear. The DV-ME calculation
provides these peaks as shown in Fig.7(c), but the agreement is not very good. The peak
a is largely separated from peak b in the theoretical spectrum calculated by DV-ME
method, while it appears as only a shoulder of the L, peak in the experimental spectrum.
The reason of this discrepancy is not clear at this moment.
For Co L,; XANES from CoO, the comparison is given in Fig.8, where the
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Fig. 6 Comparison of theoretical and experimental Cr L, ; XANES
from CryO3 with d3 configuration

experimental spectrum'” is composed of the peaks a~g. The DV-ME calculation
provides theoretical spectrum well corresponding with the experiment, though the
structure of L, peak is not very clear compared with the DV-ME result.

For the theoretical analysis of the 3d transition metal L,; XANES, the
semiempirical calculations has previously been reported by van der Laan et al.'” They

used several empirical parameters of two-electron coulomb and exchange interactions
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Fig. 7 Comparison of theoretical and experimental Fe L, ; XANES
from Fe,03 with d5 configuration

and spin-orbit interactions as well as crystal field splitting to fit the experiment. On the
other hand, DV-ME method does not require any empirical parameter in the calculation,
then is also efficient for theoretical prediction of the XANES spectrum from unknown

materials.

Furthermore, the first-principles calculation reproduces well the fine

structure in the spectrum such as a weak peak and a peak shoulder, which are
considerably difficult to be provided correctly by the semiempirical method.
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Fig. 8 Comparison of theoretical and experimental Co L, ; XANES
from CoO with d7 configuration

3.3 XANES spectrum from charge-transfer type compound

The valence electronic state of 3d transition metal compound is simply described
by the 2p band of ligand X and the transition metal 3d band situated above it as shown
in Fig.9. The energy gap between these two bands is decreased with the atomic number
and also with oxidation state of the metal element. The energy gap becomes so small
that they overlap to some extent, and then the interaction between them becomes very

large in some compounds of later transition element with high valence. Among them,
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single excitation double excitation

M 3d
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Fig.9 Schematic diagram for level structure of charge-transfer compound
and transition process of single and double excitaions.
Configurations A and B correspond to ground states, C and D to
single excitaions and E and F to double excitations.

there are some compounds, which are called as charge-transfer type compound. In the
x-ray and electron spectra of these compounds, the peaks deduced from multiexcitation
process are often observed. Then, for the spectral analysis of these compounds, we
should consider the multiexcitations, including the transition from valence state of
ligand orbitals to metal d band, in addition to the excitation from the core levels to 3d
levels. Thus, we should include configurations from these ground states, single
excitations and double excitations given in Fig.9 in the DV-ME calculation.

Figure 10 demonstrates the experimental and theoretical spectra of Ni L,,
XANES from NiO. In the experimental spectrum'®, the peaks a~h can be distinguished,
though the structure is not very clear. The DV-ME calculation shown in Fig 10(c) gives
these peaks except the small peaks d and e. The peak d has been considered to be caused
by the charge transfer from O 2p to Ni 3d. For this problem, the semiempirical
calculations for various nickel compounds have been made by van der Laan et al.'® to
produce this peak. The first-principles DV-ME calculation including the double
excitations given in Fig.9 has been performed to obtain the theoretical spectrum
exhibited in Fig.10(d). The result manifests the peak d, while the weak peak € seen in
the measured spectrum could not be obtained by this calculation. This can be ascribed to

the transition to continuum state'”.
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Fig:10 Comparison of theoretical and experimental Ni L, ; XANES from NiO
with d8 configuration.

3.4 Theoretical analysis of f-d transition for lanthanide compounds
In the materials science, the development of optical materials like laser crystal is

one of most interesting topics. For such a problem, the theoretical analysis of multiplet
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structure is essential. For example, d-d transition for transition metal ion, and f-d
transition as well as f-f transition for lanthanide ion in crystal are important. For d-d
transition, the ligand-field theory has been successfully applied for various problems
since a large quantity of the experimental data is available to provide the empirical
parameters for the practical calculation, though this approach is considered to be
inadequate for new materials design. The application of DV-ME method to the search of
new optical materials containing Cr*, Cr** and Cr" ions have recently been
made>'®*%,

Among various electronic transition, d-f transition of lanthanide ion has attracted
attention because of a great possibility for ultraviolet laser materials. For f-f transition
of lanthanide ions, the extension of atomic structure theory is effective since the 4f
orbital of lanthanide is well localized and the chemical effects of ligands is insignificant.
However, the 5d orbital of lanthanide is widely spread and the interaction with ligand
orbitals is expected to be considerably strong. Therefore, the first-principles calculation
should be employed for the f-d transition. We have carried out calculations of
relativistic DV-ME method for trivalent lanthanide ions (Ln) such as Ce**, Pr’* and Nd**
doped in LiYF, crystal’*?. We assume that Ln ion is substituted for Lu ion of eight-fold
coordination, then LnF;* cluster is mainly used as the model. In the case of Ce* doped,
larger cluster CeLigY,F,s"> is also calculated to examine the long-range interactions
with the second and third neighbors. Figure 11 shows the molecular orbital levels
calculated by the relativistic DV-Xo method for CeF,” with f', PrF,> with f* and NdF,>
with f* configuration. It is seen that the level splittings of Ln 4f by the interactions of
ligand orbitals are very small, though the level splittings by spin-orbit coupling are
appreciable. On the contrary, the Ln 5d bands are widely spread to imply the strong
interactions with ligands. The energy separations between 4f and 5d are several eV,
and then the 4f-5d transition corresponds to ultraviolet absorption.

Figure 12 displays the comparison of ultraviolet absorption spectra between
theory and experiment for Ln doped LiYF, crystals. Generally, the agreement between
theory and experiment is rather good, while the discrepancy in the absolute energy is
not small. The reason has not been clarified yet, though a consideration of the lattice
relaxation due to the substitution of absorbing lanthanide ion and extension of basis are

possible to reduce the discrepancy. For the case of Ce ion with f' configuration, the one-
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Fig.11 Level structures of LanS' clusters. (a) Ce3+, (b) Pr3+ and (c) Nd3+

electron calculation is valid, then the result by DV-Xa. calculation for CeLigY F,s™
cluster is used for the theoretical spectrum. In the theoretical spectrum, the peak E is
seen. It is found that the peak E is not caused by Ce 4f-5d transition, but by Ce 4f-Y 4d
transition, from the Mulliken population analysis. This peak has not been observed in

the experimental absorption spectrum®

, while the excitation spectra recently measured
using synchrotron radiation has clearly shown this peak’”.

In the case of Pr’* with f° configuration, we employed total 231 Slater
determinants, namely, 140 Slater determinants from final state 4f'5d' configuration in
addition to 91 Slater determinants from the initial state 4 configuration. In the initial
states, low lying excited state T';, above the ground state T, by only 0.0098 eV exists,
then the spectrum from T, is also indicated overlying that from the ground state [, in
the theoretical spectra. From the calculation, we have also obtained the f-f transition at
lower energies below 4 €V, but is not shown in the figure. In the theoretical spectra, the

weak peaks A, and B, are indicated. These peaks have been observed in the excitation
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experimental.

spectra®, though it was not seen in the absorption spectrum shown in Fig.12(b).

For f* configuration of Nd** ion, the agreement between theory and experiment™
seems not very good. In this case, total 1274 Slater determinants are taken into account
in the calculation, containing 364 for intial state i configuration. In the initial states,
some excited terms such as I';; and Iy lie slightly above the ground state I';5. The
calculated spectra from these terms are considerably different from each other and the
contributions from these terms to the measured spectrum are considered to be
appreciable even at room temperature, then the spectral analysis involves rather

complicated problems in this case.
4. Conclusion

In the materials science, accurate and detailed theoretical analysis for various

spectroscopies are very important. For such purpose, DV-ME method newly developed
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is very powerful and has been applied to some problems such as the 3d transition metal
L,; XANES and the ultraviolet absorption due to the f-d transition of lanthanide ions. In
the case of L,; XANES, theoretical spectra obtained by relativistic DV-ME method
generally shows very good agreement with experiment. The importance of
configuration interactions has been clarified by demonstrating their effects on the peak
intensities. For the charge-transfer type oxide, the satellite peak in XANES has been
attributed to the transition from ligand orbitals to metal 3d orbital, by calculation
including the double excitation process.

The DV-ME calculation is also effective for analysis of optical absorption
spectrum. The ultraviolet absorption spectra from lanthanide doped LiYF, crystals has
been calculated by DV-ME method and compared with the measured spectra. The
theoretical spectra show reasonable agreement with the experiments indicating the
effectiveness for prediction of the spectrum from unknown materials. In conclusion,
DV-ME method can be considered as a very powerful tool in future study of new

materials design and development.
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Abstract

High-temperature mechanical properties in materials have long been studied from
their macroscopic stress-strain behavior. However, there are limitations in such a
macroscopic approach to identify an atomistic process to control the mechanical
characteristics. A trial to break through the limitations are introduced in this paper,
which demonstrates the importance of the knowledge of atomic bonding state or

quantum chemistry.
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1. INTRODUCTION

Plastic flow in materials at high temperatures, typically above about 0.5 of the
homologous temperature of T/ Ty, (Tw the absolute melting temperature), has been
analyzed mainly from their stress-stain behavior, in particular, from the relation
between stain rate (8) and steady-state tlow stress (0) using a phenomenological

constitutive equation as follows,
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é = A( o )exp(—g) ()
d? RT

where A is the material constant, d is the grain size, n and p are the stress and grain size
exponents, Q is the activation energy for plastic flow and RT is the gas constant times
absolute temperature [1,2]. On the basis of eq. (1), the flow mechanism has been
discussed from the three major parameters of stress exponent (inverse strain rate
sensitivity), grain size exponent and activation cnergy. This type of approach is
effective to speculate the rate-controlling mechanism and to understand the overall
stress-strain behavior, but we have often met difficulties to identify the mechanism
because the ditferent phenomenological models sometimes predict a very similar strain
rate against flow stress relationship. In addition, this approach is not sufficient to find
an atomistic process to control the high-temperature plastic flow. This situation is the
same in the cavitation and failure in polycrystalline materials at high temperatures. It is
highly requested to establish a more microscopic approach to elucidate high
temperature mechanical properties in materials [3]. The present paper aims to show
that an analysis from quantum chemistry is one of the usetul approaches to describe an
grain boundary sliding or intergranular failure in fine-grained ceramics at high

temperatures and to break through the limitation of the phenomenological analysis.

2. TENSILE DUCTILITY IN SUPERPLASTIC TZP

Superplastic flow in ceramic materials has extensively been examined since 1986
[4]- A typical ceramic to exhibit a large tensile elongation in excess of about 100% is
tetragonal zirconia polycrystal (TZP), which is zirconia base ceramics containing a
suitable amount of cubic-stabilizing oxides such as CaO, MgO, Y,0;, etc. TZP has a
very stable, fine-grained structure, and hence exhibits extensive ductility at high
temperatures [5]. The previous data of superplastic TZP were compiled by the
Dominguez-Rodriguez group and analyzed using the basic relationship of eq. (1) [6].
According to their analysis, all data can reasonably be described as a single
relationship by assuming a threshold stress for plastic flow and the probable values of
n=2, p=2 and Q=460 kJ/mol. This conclusion is essentially similar to that deduced for
superplastic metals [7]. It has also been clarified that the microstructural requirements

for micrograin superplasticity are the same for metals and ceramics [8]. The next step
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must be a microscopic analysis to find a physics base of grain boundary sliding and
also of the threshold stress.

In contrast, a new approach has recently been made to find an origin of tensile
ductility in superplastic ceramics. Formerly, it was pointed that the elongation to
failure in superplastic ceramics can be described as a function of the Zener-Hollomon
parameter of £exp(Q/RT) [9]. Since this parameter corresponds to high-temperature
flow stress under a constant grain size, the rule says that the elongation becomes larger
with a decrease in flow stress. However, many exceptions have later been found in
superplastic ceramics [10-15]. The present author’s group reported that the elongation
to failure in TZP is very sensitive to the cation’s segregation in grain boundaries [16],
i.e. the grain boundary chemistry plays a critical role in the tensile elongation.

The most typical result obtained in glass-doped TZP is shown in Fig. 1, which is a
comparison of the elongation to failure in tive glass-doped TZP at 1400°C and an
initial strain rate of 1.3X10™ s, The glass content in TZP is Swt%, and the glass
compositions are SiOz- 2w1% Li;,0, SiO»- 2wt% MgO, SiO»- 2wt% AL O3, SiO,- 2wt%
TiO> and pure SiO; glass [17]. The dopant content is not so large, 2wt% in glass phase
which is 1000ppm in each sample, but the elongation is very much affected by the type
of doped cation, e.g., the elongation is reduced from 1100% in TZP-5wt%SiO; to only
38% in TZP-5wt%(SiO;-2wt%Li,0).

s..._g

TZP+5wt%(Sl02-2wt%Ll20 I“'“i e,=38%]
TZP+5w1%(Si0z-2w1%l1g0) [l S

TZP+5w1%(Si0,-2wi%AL,0;) [l S|

TZP+5wW1%(Si0,-2wt%Ti0,)
TZP + 5wt%SiO,

e,=1100%

Fig.1 A parison of elong to failure in five glass-doped TZP at 1400°C
and an initial strain rate of 1.3 x 10*s™ [17].
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It is necessary to note that zirconia grains are not wetted by glass phase at
conventional sintering temperatures, and that two grain junctions are cssentially solid-
solid boundaries. The doped cations tend to segregate in the solid-solid grain
boundaries, and aftect very seriously the tensile elongation [15,16]. One of the striking
results obtained in Fig. 1 is such that the valency of doped cation is of a primary
importance to determine the tensile clongation. The monovalent Li ion reduces most
drastically the elongation while tetravalent Ti ion has a much smaller effect on the
reduction in tensile elongation. In ionic crystals, vacancies are introduced to maintain
local electrical neutrality by an addition of aliovalent dopant. In zirconia ceramics,
oxygen vacancies are formed by an addition of cations whose valency is lower than Zr
ions. Since both Zr and Si ions are tetravalent, no vacancies will be introduced by the
presence of Ti ions near grain boundaries, if trivalent Ti ions are not generated. In
contrast, the doping of Li, Mg or Al ions will result in the generation of oxygen
vacancies. The number of vacancies must increase with a doping of lower valency
cation for the same dopant content. In other words, Fig.1 demonstrates that the
elongation becomes smaller with an increase of oxygen vacancies formed near grain
boundaries by the segregation of low valency cations, i.c., with an increment of
dangling bond. This is probably the clear evidence showing the importance of local
onic bonding state near grain boundaries on the intergranular failure at high
temperatures.

We made a molecular orbital calculation using a DV-Xa method [18] to find a
factor to determine the high-temperature intergranular failure and the elongation in
TZP. Fig.2 shows the examples of TZP clusters used for our calculation [19], which are
based on zirconia crystals with a tetragonal symmetry and not on the grain boundary
structure. This is a very preliminary level in the sense of quantum structure analysis in
grain boundaries but we can get the useful information to understand the origin of

intergranular failure as follows.

O* vacancy

3Y-TZP 3Y-18i 3Y-1Mg1Si
t'(YAzruou)”- t-(SIY,Zr.,O..)"' t'(MQSIYJanou)"-

Fig.2 The clusters for 3Y-TZP and 3Y-TZP with Si and/or Mg ions [19].
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Fig.3 Calculated BOPb dopant and O% in each cluster.

Fig.3 shows a plot of bond overlap population (BOP) of several cation-to-oxygen
bonds in various clusters estimated by the calculation. There are two types of
cation-to-oxygen bonds in tetragonal ZrO,, the short and long bonds, which are
depicted as gray and black bars in Fig.3. The short Si-O bonds have much higher BOP
values that other bonds. This fact means that strong covalent bonds will be formed by
the segregation of Si ions near grain boundaries. Enhancement of tensile ductility by
the segregation of Si ions in grain boundaries may be caused by the generation of
strong covalent bonds. In fact, the elongation to failure in various glass doped TZP is

correlated well with their BOP values as shown in Fig.4.
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Fig. 4  Elongation to failure in 3Y-TZP and amall amount of cation-doped
3Y-TZP at 1400°C under the initial strain rate of 1.3 x 10 5™ against
total bond overlap population.
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This is probably the first trial to cxplain the intergranular failure in superplastic
ceramics in terms of quantum chemistry. High-temperature failure in materials has
long been discussed from the cavily nucleation and/or cavity interlinkage during
tensile deformation using phenomenological analysis, but it is hard to cxplain the
experimental clongation data from such an analysis. Intergranular failure at high
temperatures is influenced by various factors such as stress condition, vacancy tlow
along grain boundaries, segregation cffect, environment ctfect cte. and is hard to
imagine an atomistic model of failure in contrast to low-lemperature cleavage fracture,
which is used for evaluating surface energy of crystals. In spite of such uncertainties, it
is amazing to scc a simple relationship between elongation and BOP values of Fig.4.
This is a first step to cxamine high-temperature tensile ductility in terms of ionic
bonding state or quantum chemistry in grain boundaries in oxides. We will have to
analyze morce carefully the result of Fig.2 to further discuss the intergranular failure

from local bonding state.

3. HIGH-TEMPERATURE CREEP IN POLYCRYSTALLINE A1,03

Creep strain rate in high-purity, polycrystalline Al,Os is very sensitive to a small
cation doping in a certain high temperature range [20]. Fig.5 is a plot of creep
strain against time in polycrystalline Al;O; doped with various trivalent cations at
1250°C and an applied stress of 50MPa [21].  The grain size is controlled to be about
14¢m in all materials. The dopant content is only 0.05 mol% in each sample but the

creep strain rate is reduced drastically by the doping, in particular, by the addition of
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Fig.5  The creep curves in doped and undoped Al,O, and an applied stress of 50MPa [21].
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Fig. 6 HREM image of as-sintered 0.05 mol% Lu,0; —doped Al;0:(a),
and the EDS spectra taken with a probe size of about 1 nm
from (b) the matrix and (c) the grain boundary [25].

cither Y203 0or LuyOs. The steady-state creep rate in Y>O03 or LuyOs-doped AlLO; is
reduced in a factor of about 200 in comparison with undoped Al,O3 at the same testing
condition.

According to the phenomenological analysis of the creep strain rate on the basis of
eq (1), the stress exponent is about 2, and the activation energy is about 800 kJ/mol in
doped Al,Os, which is about twice as large as that in undoped one [22]. The activation
energy value of doped Al,Os is even larger that the reported activation energy of lattice
ditfusion of Al or O™ ions [23,24]. This behavior appears at temperatures where
grain boundary dittusion or sliding plays a key role in creep deformation.

Fig.6 is an electron micrograph in LuzOs-doped AlO3(a) and the TEM-EDS data
obtained from a grain interior (b) and the grain boundary (c) [25]. No second phase is
formed is this material, and Lu®* ions are present only in grain boundaries as shown in
the spectra of Fig.6. The reduction in creep strain rate with cation doping is caused by
its segregation in grain boundaries and probably by the suppression of grain boundary
diffusion. To discuss the small dopant effect more clearly, it is necessary to examine
the change in ionic bounding state in or near grain boundaries by cation’s segregation.

One of the effective ways to detect experimentally the ionic bonding state is to
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examine the TEM-EELS spectra as demonstrated in Fig.7, which shows the spectra
obtained from grain interior or grain boundary in undoped and Lu;Os-doped ALO3[26].
We e¢xamined the O-K edge, Al-L; edge and Al-Ls, 3 edge ELNES using FE-TEM with
a probe size of 0.7 nm, and found a change in Al-L, edge ELNES between the spectra
from grain interior and grain boundary in cation-doped AlOs. The grain boundary
spectrum of @ in undoped AlLOj; is not so different from the spectrum from grain
interior of (D, while the grain boundary spectrum in Lu;Os-doped ALO; cxhibits a
little bit broader profile than the grain interior spectrum, particularly at an cnergy level
of 95-100 eV. The spectra may be not so sensitive to grain boundary structure rather
than chemistry. A similar trend can be seen in the EELS data obtained from iron with
and without phosphorus, in which the difterence in the intensity between matrix and
grain boundary is large in a phosphorus-containing iron but is much smaller in
phosphorus-tree iron [27].

To understand the change in the Al-L; edge ELNES with Lu®* ion’s segregation in
grain boundaries, the molecular orbital calculation was made to cvaluate the density of
state (DOS) [28]. The DOS obtained for the [AlsOx " and [ AlLusOy; |7 clusters are

T T T

Lu-doped grain boundary
undoped grain boundary
grain intertor

— [AlLugOp "
mTT [A|5021]277

INTENSITY / AU.

ENERGY LOSS / eV

Fig. 7 Energy loss near edge shape (ELNES) spectrum of Ali-L, edge
taken from Lu™ doped grain boundary, undoped grain boundary
and grain interior in Al;O;. Calculated pied density of states
of conduction band (DOS) for [Al;0 ] and [Al,Lu,0,,]"" clusters
are also plotted for comparison [26].
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Fig.8 A plot of the creep strain rate under an applied stress of 50 MPa at

1250°C against product of Al and O net charges.

The creep strain is correlated well with the product of net charges [29].
shown in Fig. 7. The profile for the [AlzLu;;Oz]]lz‘ cluster predicts a little higher
intensity than that for the [AlsOy;]*” cluster at an energy level of 95-100eV. This may
correspond to a broadness of the experimental Al-L; edge ELNES obtained from the
grain boundary in Lu,Os-doped ALO;.

A more precise argument can be made from the relationship between observed creep
rate and the net charge values estimated from the molecular orbital calculation as
shown in Fig. 8 [29]. The produce of Al and O net charges has a better correlation with
the experimental creep rate rather than bond overlap population. Fig. 8 shows that the
creep rate is reduced with larger negative values of net charges. It is possible to
speculate that the net charge values are the parameter to describe grain boundary
diffusivity in AL,Os as well as creep strain rate. For instance, MgO is a well-known
sintering aid in ALOj; to promote densification during sintering. The enhanced
densification is believed to be an acceleration of grain boundary diffusion by the
presence of Mg™* ion. It was also pointed out that TiO, is effective to promote the
densification of Al,Oz probably due to the acceleration of grain boundary ditfusion
[30]. There results correspond to the smaller negative values of the product of net
charges in Ti- or Mg-containing clusters rather than pure Al;Os cluster as demonstrated
in Fig. 8.

It is not easy to get experimentally grain boundary ditfusivity data in Al;O3 as well
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as in other ceramic materials. If a parameter to describe grain boundary ditfusivity in
ceramics such as product of net charges is obtained from the molecular orbital
calculation, it will be highly uscful to find a suitable dopant to design ceramic
materials. At present, such a trial is very limited, and the cftectiveness ot molecular
orbital calculation is not firmly established. However, the present author believes that
the theoretical calculations will be more popular in the near future to design modern

high-performance ceramics.

4. CONCLUDING REMARKS

Grain boundary-related plastic flow or failure in oxide ceramics at high temperatures
is often very sensitive to a small doping of cation, which scgregates in grain
boundaries. This behavior is caused by the change in ionic bonding state in or near
grain boundaries with dopant segregation. Two examples discussed in this paper are
summarized as follows,

(1) The clongation to failure in superplastic TZP with a glass phase depends sensitively
on the segregation of cation in grain boundaries. Especially, the generation of
oxygen vacancies, i.e. of dangling bonds, by the segregation of cations in or near
grain boundaries deteriorates very much the tensile clongation. In addition, the
tensile elongation is correlated well with the values of bond overlap population
estimated from a molecular orbital calculation. Intergranular failure in superplastic
TZP can be understood from the strength of covalency in grain boundaries.

(2) High-temperature creep strain rate in polycrystalline Al,Os is suppressed very
much by a doping of cation in the level of 0.05 mol%. This is caused by its grain
boundary segregation, and is likely to result from the suppression of grain
boundary diftusion. The net charge values estimated from the molecular orbital
calculation are the useful parameter to describe the creep strain rate and grain
boundary dittusivity in ALOs;.
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Abstract

The calculation of electronic structure of materials by first principles quantum
methods is now essentially routine, thanks to development of Density Functional
approaches. However, the electronic structure depends in detail upon the nuclear
positions, which are not generally known in advance. The prediction and
verification of atomic positions- the geometrical configuration- of a complex
molecule like a protein, or of a chemically reactive surface, or of a doped solid
interface, for example, begins to yield to atomistic simulations based upon
classical or semiclassical force-fields. A significant remaining problem is to
couple together quantum and classical methodologies on several length- and time-
scales which would be capable of carrying information forward into the
continuum regime of materials modelling. We describe a particular approach to
the so-called multiscale modelling problem spanning the range 1 -1000 _and 1 -
107 femtosec and its intended applications to predicting structure-function
relationships required for materials analysis and design. Principles are illustrated
by three examples: an isolated protein, a defective oxide surface, and a bioceramic
analog.
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I. Introduction

One of the great dreams and principal goals of materials theorists has been
to develop the science of computation and the art of modeling to a point where the
relationships between structure and function are made evident. To make clear the
scope and meaning of the words 'structure’ and 'function’ used here, we may cite
some examples such as
(I)the combined selectivity and reactivity of a catalytically active surface,
operating in the automotive exhaust stream
(2)the ability of a macromolecule to 'chaperone' a metal ion on its journey through
blood and cells to the target site
(3)the time- , field-, and temperature- dependent response of multilayer
composites found in electronic and optical computing and communications
components.

Frequently we have seen visionary statements about 'materials by design',
‘rational design of drugs', and have heard calls for Great Leaps Forward based
upon a combination of ultrahigh spatial- and time- resolution experimental
techniques and advances in theoretical modeling. This optimism is probably well
founded; however, a considerable amount of work has to be done before the
components of such a marvelous mechanism work well together. This article to
dedicated to the examination of some steps being taken toward the 'small' end of
the relevant scales- namely, the range 1 -1000 _and 1- 107 femtosec. This is the
area where interatomic interactions demand a first-principles quantum mechanical
description, with consequences for microscopic dynamics which underly all
coarser scale simulations.

We begin by describing developments in Density Functional (DF) theory [1-
5} which have made it possible to expand the range of electronic structure
analyses from that of moderate size (N < 100 atoms) molecules and periodic
solids to that of macromolecules and defected/interfaced solids with thousands of
atoms.[6-10] The reader will have noticed that the 'typical examples' cited above
all involve finite times 't' and temperatures 'T'; thus, t and T are key variables.
This implies that the standard static quantum chemical methodologies with T=0
have to be bridged somehow into the realm of dynamics. One successful approach
makes use of atomistic simulations in which classical interatomic potentials are
coupled to or partially derived from static quantum models. We take up this theme
in Sec. III, sketching in some details of one of the many viable implementations of
so-called QM/MM (Quantum Mechanics / Molecular Mechanics) schemes[11-15].
Even though the basic ideas and algorithms are extremely simple, they already
permit extraction of thermodynamic properties, diffusion rates, and micro-
mechanical properties which can be compared with suitably constructed
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experiments. In addition, the MM schemes provide a natural bridge to the still-
larger scales of modeling of macroscopic structures which may be based upon
time- and space-adaptive finite element methodologies[16-20].

A second approach which shows great promise is so-called 'First Principles
Molecular Dynamics', in which a time dependent Schrédinger equation is used in
the framework of DF theory to couple electronic and nuclear motion. The best
known example of this methodology is that of Parinello and Car, in which an
effective mass is assigned to the electron to bring electronic and nuclear time
scales closer together[21,22]. Successful applications have been reported for
molecules, liquids, solids, and reconstructed surfaces[23-26]. One particularly
nice recent example traces the dynamics of NO attached to the heme group of
nitroxyhemoglobin, revealing some details of the complex energy surface and
coupling between admolecule rotations and subtrate flexure[25]. The
implementation of First Principles MD is generally dependent upon development
of a plane-wave based pseudopotential (PP), permitting rapid computation per
unit time step. The viability of the PP approach has been well demonstrated;
however, it is not a panacea and would in fact require very heavy computational
resources for the systems which we are typically studying.

A third promising methodology deserves mention- that is Tight Binding
Molecular Dynamics, which has a mixture of first-principles and semiempirical
character. Tight Binding (TB) schemes have a long and illustrious history in
electronic structure theory, based initially upon the ideas of Linear Combination
of Atomic Orbitals (LCAO) expansions in a minimal basis. Slater and Koster
popularized TB-LCAO as a compact method for fitting first-principles band
structures and adapting empirical band structures to experimental data[27]. On a
more fundamental level, the fact that the Hermitian Hamiltonian matrix can be
reduced to tridiagonal form leads to the idea of an optimal localized basis set with
interaction of limited range. The resulting introduction and use of partial fraction
expansions for quantities such as partial densities of states made the method both
flexible and powerful[28,29]. More recently it was realized that with parametrized
TB matrix elements representing electronic structure, time dependent problems
could be solved for systems with thousands or millions of atoms with reasonable
computation time[30,31]. Some very nice recent examples include relations
between magnetism and local order[32] and manifold thermo-mechanical
propetties of porous, amorphous, liquid, and solid Si[33-36].

In the following Sections we briefly discuss some recent applications which
illustrate the principles and practices advocated here. In treating a 'simple' protein
we explore the power of linear, or 'Order(N)', DF approaches which break a large
system into multiple interacting fragments. We emphasize the need to develop
feasible response functions such as the density derivatives dp/dN as a tool in
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rapidly and semiautomatically screening molecular properties. Our second
example concerns the role of defects in transport and chemical properties of an
Fe,0; hematite surface. Here the interplay between first-principles DF analysis of
electronic density and atomistic simulations is made evident, and a certain degree
of internal consistency can be demonstrated. The final case study, that of metal
substitutions in the bone-analog hydroxyapatite, is chosen to indicate one of the
favorable directions for development of viable methodologies for describing and
designing biomaterials.

1I. Embedded Clusters and Order (N) Density Functional Methodology

Density Functional theory provides a comprehensive first-principles
quantum mechanical approach to the electron density and derived properties. In its
most common form, a self-consistent procedure is developed which ultimately
determines the ground state charge and spin densities, through solution of the
single particle Kohn-Sham equations[37,38]. In practice, the resulting one-
electron wavefunctions and eigenvalues have been extensively used to interpret
both ground state and excited state properties. Rigorous prescriptions for the
treatment of excitations have now appeared, and this remains an active area of
development
[39-43].

While the formal content of DF theory continues to evolve, an equally
important and concurrent development of practical computational algorithms can
be observed. We focus here on the utility of Embedded Cluster (EC) approaches,
and their use in realizing algorithms showing essentially linear growth in
computational effort with system size. Here N can be taken either as the number
of electrons or as the number of atoms to be considered. There are a considerable
number of ways to decompose a multi-atomic system to achieve order(N) analysis
times, dating back to the earliest days of computational physics and chemistry[44-
46]. For example, the idea of partitioning the Hamiltonian matrix, given in a basis
of atomic orbitals, appeals to basic ideas of chemical bonding and the limited
range of interatomic interactions. Placing the resulting coupled equations in the
language of Green's functions leads naturally to the concepts of embedding fields
and accompanying boundary conditions, all of which can be subjected to
reasonable approximations. In an embedded cluster approach one chooses a finite
localized fragment of the larger system, and solves the DF problem self-
consistently in the density-dependent potential and boundary conditions derived
from the host[47-50]. By moving around the 'window' which defines the local
cluster, one obtains a sequence of views of the system, which can be patched
together to represent the whole. The so-called Divide & Conquer (DAC) scheme
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places these ideas on a rigorous footing, and through the mechanism of a common
Fermi energy (chemical potential) provides a key for establishing equilibrium
among the various clusters{6-10]. The electronic density of each cluster 'k’ is
determined by Fermi-Dirac statistics as
pr(r) = 3 i [l ()

with occupation numbers 'n’' and single particle wavefunctions '? ' determined by
the global self-consistent potential. The interior region of each cluster is projected
onto an atomic-like density representation, which is used to synthesize the global
density, and from it, the potential.

The rest is 'mere detail’, but nonetheless important for obtaining
quantitatively useful models of interesting molecular and solid systems. We now
sketch out a few more details of implementation of the Embedded Cluster Density
Functional (ECDF) scheme and its performance. Given an entity like a protein,
the first step is to decompose the atom set into chemically meaningful and
overlapping fragments. The interior region of each fragment will be used to
extract electronic structure parameters for propagation onto chemically equivalent
regions; the overlap of fragments provides a 'buffer zone' of atoms which
participate in the quantum mechanical solutions for each cluster but have a less
accurate representation than the interior. A measure of convergence can be
obtained by generating a series of models, in which the fragments are defined as
groups of atoms lying within successively larger radii Rp , and comparing output
properties such as partial densities of states.

Basis functions are chosen in order to generate variational solutions of the
DF single particle equations; these functions may be analytical (Gaussian, Slater-
exponential, polynomial) or purely numerical solutions for atoms in a potential
well. Matrix elements of the Hamiltonian and Overlap operators are calculated
numerically to the desired order of precision, using a mixture of atom-centered
Gauss-quadrature and random sampling strategies. Standard secular matrix
equation solvers are used to find single-particle energy eigenvalues and
eigenvectors for every fragment. At each stage of self-consistent iterations the
total charge and spin densities are assembled from the designated interior atoms,
and used to generate the Coulomb and exchange and correlation potentials needed
by each cluster in the following step. The assembly process is typically mediated
by either using analytical Mulliken population analysis of eigenvectors, or by a
least-squares fit to the fragment densities. When every cluster has its potential and
density converged to the desired criterion, iterations are halted and property
analysis begins.

How is order(N) behavior of computation time achieved? As is well known,
standard matrix diagonalization procedures such as are applied to a cluster of size
M (measured by number of basis functions, ~ number of atoms) have a M3
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characteristic resolution time. There are furthermore terms linear in M (generation
of functions) and quadratric in M (assembly of potentials and matrices), so that
time required for a single cluster behaves like ty = (a; M' + a, M* + a; M? ) with
prefactors a; that can turn out to be quite important. If the number of fragments is
P= N/M, the computational time will be roughly P ty ; i.e., linear in N, and
strongly dependent upon strategies for minimizing the typical fragment size M
and efficiently passing data between parallel solutions of the fragment.
Experience shows that this is indeed obtainable, even with the use of rather simple
algorithms on loosely coupled multiprocessor networks.

Although we emphasize here the use of atomistic simulations as a 'search
engine' for finding minimum- energy structures and mapping portions of the
potential energy surface, the ECDF scheme can also be used for this purpose. This
is most effective when a rather small (< 20) number of free structural parameters
are to be varied, and we use atomic force algorithms already well-developed and
tested for free molecules[51-53]. A few special precautions have to be taken to
distinguish and utilize forces on well-described interior atoms, as opposed to
those sensed by the overlapping buffer atoms.

II1. Atomistic Simulations and Interatomic Potentials

Simulation methods using classical equations of motion have turned out to
be highly effective in addressing questions of dynamics and thermodynamics[54-
61]. While fundamental electronic processes may occur in the femtosec (107 s)
range, molecular vibrations are typically three orders of magnitude slower. The
picosec (1072 s) range sets the time scale for atomistic simulations and molecular
mechanics (MM) in general. The good news is that simple interatomic potentials
can be found which adequately reproduce observed geometrical configurations,
can be used to search for equilibrium structures, and are useful in describing
transport and energy transfer over short time intervals[58-60]. The bad news is
that with today's computers and straightforward algorithms, the available
simulation time for a significant macromolecular or solid system is of the order of
10-100 nsec. This is far less than required for study of diffusion processes and
kinetics of many important reactions. Clever schemes have been developed to
treat special problems, such as searching for the transition-state barrier height and
position along a reaction path. MM methods in general involve solution of
Newton's force-momentum equations

dp; /dt=-grad;(U) ()
with discrete time-steps of the order of femtosec, with some kind of 'thermostat’ to
control the sample temperature[43]. In the end, it becomes necessary to move to a
coarser-grained model of the structure, vs/hich can in turn merge into finite-
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element and continuum modeling.

It is appropriate to mention here the important role played by stochastic
sampling or Monte Carlo (MC) procedures, which do not explicitly involve the
time variable. MC and Generalized Simulated Annealing (GSA) schemes with a
variable effective temperature T are found to be highly efficient at surveying large
regions of configuration space, which may have numerous local energy
minimaf62-65]. The key step in MC/GSA sampling is the generation of
sequential random states of the system, with a selected probability distribution

P(Xl’ X27'"XN)= G(E,T) 3
where 'G' may represent Maxwell-Boltzmann statistics, or a more sophisticated
rule optimized for the specific system. Sequential or cyclic application of
MC/GSA and MM techniques based upon a given interatomic potential proves to
be very effective in mapping regions of the energy surface, which is in turn
critical for understanding dynamics.

In the present context we are most interested in the overlap and feedback
between quantum mechanics (e.g.,as represented by the ECDF scheme) and
atomistic simulations. Consider the following scheme:

()Generate a simple interatomic potential with parameters (U;, U,,...Uy)
optimized to fit some observed data- say lattice parameters, bond lengths,
cohesive energy, and dielectric and elastic constants of a bulk crystal.

(2) Create an (hkl) surface by cleavage of the ideal crystal, and 'decorate’ with
defects such as vacancies. Using the bulk-derived potential and MM, relax the
surface structure to obtain coordinates (X, X3, ...X).

(3) Using the derived geometry, carry out DF analyses of surface and bulk regions.
Extract charge densities, local atomic charges, bond orders, binding energies and
spectroscopic profiles.

(4) Compare computed electronic properties with available data, and with
theoretical data bases on related systems. Use these comparisons to improve the
potential parameters (U, U,,...Uy) and repeat steps 2-4 until convergence in
potential is achieved.

(5) Use the optimized potential in simulations to predict diffusion and reactivity of
the surface with incoming molecules, over the computationally available time
interval.Pass this information on to the next coarser level of simulation, and back
to DF procedures dedicated to description of the electronic structure associated
with basic processes (adsorption, dissociation, recombination) of surface-
molecule

reactions.
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Fig.1. Schematic of Data Flow and Interface Between Quantum Mechanical,
Atomistic Simulation, and Experimental Components.
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In favorable cases, where there are few degrees of freedom the DF/classical
interface can be organized to directly recover an effective interatomic
potential[66-68]. In our first example, we consider the case where adequate
atomic structural data are available, and first-principles DF calculations can be
effectively used to seek properties that can be fed back into atomistic models. The
number of degrees of freedom is , however, too great to permit direct 'inversion' to
obtain potential parameters. In addition we consider the value of projection
techniques on electrostatic potential and charge distributions as a rapid-scan
means of surveying interesting portions of the extended system. The second and
third examples represent cases in which there exist some data (e.g., ideal bulk,
impurity-free crystal) suitable for initial potential generation, but in which
atomistic simulations play an essential role in determining local structures whose
electronic properties are to be analyzed.

IV. Example 1: Electronic Structure of Two Simple Proteins

With accomplishment of the first mapping of the human genome and that of
numerous microorganisms, attention has already turned to the 'grand challenge' of
understanding protein structure- proteomics is a new catchword[69]. In the recent
past a great deal of attention has been given to the so-called 'protein folding'
problem, which is in principle amenable to large scale MM and MC searchs using
empirical potentials[70,71]. The relatively long time scales (msec or more) and
numerous local minima on the potential energy surface make this a far from trivial
problem. How does a protein determine its conformation, and how is it affected
by the environment? From the electronic structure perspective, proteins offer a
rich field of study due to their key role in cell regulation and metabolism. Seen
from a distance, a protein appears as a macromolecule with characteristic shape,
and ionic and electronic affinities associated with both local and global
conformation. Theoretical techniques developed for analysis of surfaces and
interfaces can be adapated for the study of 'superficial’ protein properties. Due to
the generally low symmetry, we expect to make topographical surveys of
properties, focusing upon regions which show especially interesting reactivity or
shape-function relations. The response of the protein to external fields and to the
addition/ subtraction of charge can be visualized on a supra-atomic scale by
mapping changes in properties. In particular the changes (dp/dN). and (dp/dN).
associated with electron transfer from/to the molecule can be associated directly
with the chemical concepts of soft-soft interactions, which are complementary to
the soft-hard interactions characteristic of the Coulomb field[72]. Density
response analysis has been further emphasized by Fukui and others as a powerful
way to estimate reactive regions within/on the macromolecular framework [73,74].
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The scheme used to break up a given protein structure into DAC fragments
of 'buffer radius' Ry is as follows: Each carbon atom is described in a separate
DAC fragment. N, O and S atoms are described in the same fragment as the
nearest carbon atom, and lastly, hydrogen atoms are described in the same
fragment as the nearest non-H atoms. This partition scheme is appealing. since it
has the tendency to keep functional groups (like _COOH, -NH,, -CONH; or the
peptide bridge _ CONH-) together in the same fragment. Since our calculations did
not employ a solvent model it was necessary to “de-ionize” the protein side
chains; i.e., all carboxylate anions (-COQ") and ammonium cations (-NH;") were
changed to neutral carboxylic acids and amino groups, respectively. Similarly,
other, formally charged protein residues were converted into their neutral
acid/base counterparts.

All calculations in this work - be they of the divide-and-conquer or the
traditional (single fragment) Kohn-Sham variety - were performed in the
framework of the discrete variational (DV) method of solving the DF equations
using our own DV, and DACDV codes [10,75]. Specifically, molecular orbitals
were expanded in LCAO fashion in terms of a valence double numerical orbital
basis set, all molecular integrals were evaluated over a numerical grid, the
Coulomb problem was solved by usinga “model” -density, least-squares fitted to
the eigenvector-derived density of each SCF cycle and expressed in terms of an
auxiliary “fit-function” basis set. A simple well-known exhange and correlation
potential was employed [76].

We first consider a synthetic deca-peptide, stored in the Brookhaven Protein
Data Base under the entry 1TOR [77,78], consisting of 153 atoms in 10 residues.
It is thus small enough that the effects of DAC buffer radius Ry on various
properties can be studied and also directly compared with the results of full (i.e.,
non-divide-and-conquer) DF calculations. This comparison allows an assessment
of the accuracy of the method. The reactive properties we will be looking at in
particular are: Partial atomic charges and densities of states (DOS) as well as
Fukui-type differentials of these with respect to change of the total number of
electrons in the system. Calculations on this protein where performed using DAC
buffer radii Rg = 6.0, 7.5, 9.0 and 10.0 au, which results in these fragments
containing in addition to the reference atoms, an average of 30-50 buffer atoms.
These DAC calculations are then compared in Table 1 with the results of a
traditionally performed “all-in-one” calculation which in every respect represents
the DAC Rg — limit.
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Rp=6.0a, | Rg=75a, | Rg=9.0a, | Rg=10.0a | Rg =>
Avg. 16 25 37 46 153
Number
of
Fragment
Atoms
-CONH, | C +0.597 +0.571 +0.587 +0.582 +0.603
0] -0.447 -0.444 -0.458 -0.451 -0.449
N -0.776 -0.779 -0.778 -0.777 -0.780
H +0.384 +0.386 +0.388 +0.388 +0.391
H +0.354 +0.351 +0.357 +0.357 +0.358
-NH, N -0.793 -0.794 -0.801° -0.799 -0.801
H +0.322 +0.332 +0.333 +0.335 +0.335
H +0.338 +0.332 +0.325 +0.326 +0.327
Standard +0.022 +0.010 +0.007 +0.003 --
Deviation
w.r.t. Rg
—>00

Table 1: Comparison of Mulliken partial atomic charges calculated for the 1TOR
protein using four O(N)-scaling DAC models of increasing buffer size Rg with
those obtained using a traditional, O(N*)-scaling single-fragment calculation ,
denoted here as Rg —.

The calculated Mulliken partial atomic charges Q, , as well as their standard-
deviations, show convergence with increasing fragment size, toward the single-
fragment reference model. A more detailed verification is obtained by examining
the potential field throughout the molecule, as synthesized from its component
fragments, as shown in Fig. 2.
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Non-DAC: R = Intinity 1TOR Protein - 133 Atoms

DAC: R =6.0 au DAC:R =75au

DAC: R =9.0 au DAC:R =100 au

Fig. 2. Equal-interval contours of electrostatic potential in a plane through the
center of mass for the 1TOR protein, with varying DAC fragment size.
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Figure 3 shows the same convergence effect for the calculated total density of
states (TDOS). This convergence is also observed locally as is evident in the local
density of states (LDOS) for the -CONH, functional group of the single
asparagine residue which is displayed in the same figure.

T T T T T T T T T T T T
Non-DAC
R=10 au
R=9 au
_WM 4
R=7.5 au
R=6 au
I J\_jq_ MM ‘m L
=30 -20 -10 0 10 20 -30 -20 -10 0 10 20
Ei/eV Fi/eV

Fig. 3. Electronic (a) total and (b) partial (-CONH,) densities of states for the
1TOR protein, with varying DAC fragment size. The zero of energy is the Fermi
level.

Let us now explore how these models perform with respect to response
properties, in particular those which measure changes in the electronic structure
upon removal or addition of electrons to the system. We will be looking for small
changes in the electronic structure and the question is whether these changes will
still be visible within the errors associated with the DAC fragment truncation.
Here, we answer the question empirically using the 1TOR protein as a test case.
Table 2 lists atomic Fukui indices f(-), approximated here as the difference
Qa(+1)-Q4(0) of Mulliken charges Q4 obtained in two calculations on the neutral
and single positively charged protein.
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N
Site Group RB = RB = RB = RB = RB —>0
6.0 ag 7.5 ay 9.0 ay 10.0 a,
Ni3 -NH, 0.008 0.030(5) | 0.038(3) | 0.049(2) | 0.066 (1)
(57)
013 -CONH- | 0.024(4) | 0.034 (4 | 0.037(4) 0.040 (5) | 0.058 (2)
012 -CONH- | 0.034(1) | 0.038(2) | 0.043 (D) 0.049 (3) | 0.057(3)
011 -CONH- | 0.021(8) | 0.037(3) | 0.033(5) 0.048(4) | 0.043 (4 |
Cs Trp- 0.034(2) | 0.062(1) | 0.072(1) | 0.058(1) | 0.043(5)
Aromatic

Table 2: Comparison of selected Fukui indices f(-) calculated for selected sites of
the 1TOR protein using four O(N)-scaling DAC models of increasing buffer size
Ry with those obtained using a traditional, O(N®)-scaling single-fragment
calculation (denoted here as Rg —>x) . Listed are those 5 sites that show the
largest response in the ‘exact’ single-fragment calculation; the rank of the
response is given in parentheses.

The agreement of these indices in comparison to those obtained by the non-DAC
calculation is numerically not very impressive, which can be attributed in part to
the fact that the magnitude of the calculated indices is not much larger than the
error in the charges from which they are calculated (Table 1). Yet, as can be seen
from the ranking given with the indices, all but the smallest model (Rz=6.0 ag)
manage to correctly predict which are the five sites of largest index and hence
largest predicted reactivity; even the smallest model identifies four of the five
correctly. In this way, we arrive at some measure of the size of fragment needed
to extract a particular type of information and the data illustrate two points which
believe are important:

(a) Convergence of charge-projections does occur and a desired level of accuracy
can be achieved by using a sufficiently large cut-off.

(b) Most, if not all, of the qualitative charge distribution and differential response
information is already contained in the smaller cut-off models.

The mean-square error of 0.022 in the partial atomic charges of the smallest
model (Rg=6.0 a;) may seem large. However, seeking high accuracy in atomic
charges and Fukui-indices, being as they are of a somewhat arbitrarily defined
nature and certainly of relative rather than absolute value, seems to us to be a bit
of a misplaced effort. We argue that for most purposes the two smalles models are
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quite adequate. In any case, we envisage a typical application to employ a smaller
cut-off model in a survey-type calculation to identify potential areas of interest
and then, in a follow-up, use of a locally increased cutoff in those areas.

Having now established the type of data that can be obtained using the
various DAC cut-off models and having confirmed its accuracy by comparison
with a traditionally performed DF free-molecule calculation, we can now proceed
to calculate those same properties for a considerably larger system; a system that
is clearly beyond the reach of traditional methods and for which a linear-scaling _
or O(N) _ approach, such as DAC, is of the essence. We now consider the
functionally interesting 1AAG protein, known as Carcinogenic Embryo Antigen
Antibody [79], which contains 3365 atoms. As was the case for the 1TOR
example, functional groups were charge neutralized. The division of this protein
into DAC fragments was performed using the same partitioning strategy as
described above, which leads to a total of 1381 fragments, with on average ~3
reference atoms per fragment. Inititial calculations were made with a buffer cut-
off Rp=6.0 au to establish general trends ; final calculations were made with a cut-
off of 7.5 au. With this choice, the average fragment size (reference and buffer
atoms) was 20 atoms and 40 atoms, respectively. The calculations were
performed in parallel on 16 processors of an 8 node Linux cluster on which each
SCF cycle took approximately one hour. Starting with the superposed atomic
densities, convergence proceeded steadily with SCF iterations. Our convergence
criterion (change in all density fit-expansion coefficients smaller than
10"*) was accomplished in 42 cycles.

In order to make some simple predictions about electrophilic and
nucleophilic sites on the protein surface, we again resort to electrostatic potential
maps and to differential electron densities. In Fig. 4 we present a composite in
which the Coulomb potential (reconstructed from partial charges) is projected
onto the van der Waals surface of 1AAG. Two perpindicular views are given, so
that some hint of the three-dimensional structure can be seen.

In Figure 5 is displayed the total DOS for the 1AAG protein which is
qualitatively very similar to that of the smaller ITOR protein (cf. Figure 2). A
fragment characterization of the most prominent peaks was accomplished using
level-by-level population analysis.
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Fig. 4. Electrostatic potential of 1AAG projected upon its van der Waals surface,
given in two orthogonal views (x,z) and (y,z) planes through the center of mass.
In the inset is a magnified view of atomic positions, Coulomb potential, and local
electron excess.
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CH,CH,.CH,  -CONH-
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(E-E)/eV

Fig.5. Total density of states for 1AAG protein; the zero of energy is the Fermi
level. Functional group origin of prominent peaks is indicated.

The Fukui response function (dp/dN). , approximated here as the difference
p (0)- p (+1) of electron densities p(r), was obtained in two calculations on the
neutral and single positively charged protein and is shown in Fig. 6, projected
upon the molecular Van der Waals surface. A magnification of the interesting
'knob' region is given in the inset, showing both local atomic structure,
electrostatic potential, and the local electron excess.
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Structure

Surface Projected
Fukui(-) Index

Electrostatic
Potential

Fig. 6. Response functions of 1AAG protein: (dp/dN). is projected upon the Van
der Waals surface of the molecule. Features around the ‘knob’ region shown in
the insets include local atomic structure, electrostatic potential difference, and
local electron excess.

We could think of automated ‘docking’ type calculations that would use
these data to find binding sites for inhibitor molecules. The electron density
defines the electrostatics of the system, and protein docking models based on
electrostatics are already in quite common use. We think such techniques could
conceivably be augmented by taking the Fukui response functions of the protein
and the inhibitor into consideration. Because Fukui-functions are related to the
important soft-soft type or orbital-controlled inter-molecular interactions, not
covered by the electrostatics, they would provide an alternative criterion that
could guide a molecule to a potential binding site; for example, we have proposed
the overlap of Fukui-functions of the two reactants could as such a criterion for it
would be largest when electron accepting regions of the protein are matched with
electron-donating areas of the inhibitor and visa versa[74].

The technical details of using this data whether by mere visual inspection
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and human interpretation or automated procedures remain to be substantiated in
due course; the main point that we wish to illustrate here is that calculation by
first-principles methods of the electrostatics and response properties that are
driving such models is becoming increasingly routine. The main challenge now is
to make full use of the results of such calculations.

V. Example 2: Defect Structure and Vacancy Diffusion near a Hematite
Surface

Metal oxide surfaces are ubiquitous, due to the action of the atmosphere on
structural materials, and an understanding of their formation, growth, and
stability is obviously critical for control of corrosion and wear processes. They are
also of great utility as catalytic supports, substrates for electronic components,
magnetic microstructures for data recording, etc. The chemical and geometrical
structure such surfaces is challenging from both experimental and theoretical
points of view. Even the 'simple' cases like nearly ideal (hkl) surfaces of MgO and
NiO present intriguing difficulties. Hematite, a-Fe,0;, has been extensively
studied with respect to bulk properties, as fine particles, and for its surfaces[80-
83], so that a general picture is now available. The experimental magnetic
structure is that of a canted antiferromagnet, with a Curie temperature of 675 C,
and a small remnant magnetization. Recent experimental interest has focused
upon nanoparticles, revealing superparamagnetic character and strong surface-
related anisotropy. The ion transport properties, due to flux of both cations and
oxygen vacancies, need to be understood in detail in order to interpret and predict
reactive processes at and near the surfaces. The a-Fe,0;(0001) surface is perhaps
the best characterized, with DF band-structure, atomistic simulations, and
experiment generally in accord on the relaxation of surface layers which are
nominally composed of alternating Fe** and O layers in the sequence
Fe-O-Fe-Fe-O-Fe-Fe... [84,85].

Here we present a brief outline of recent studies [86] on defect structure and
vacancy diffusion the the (0001) surface, using the hybrid schemes discussed
above. Let us examine first the predictions of atomistic simulations concerning
type and relative energy ordering of oxygen vacancy sites:

The frequency of jumps from one vacancy site to another depends upon the
available pathways, and in particular upon the height of the barrier along the
minimum-energy trajectory. The transition state corresponding to the peak of the
'mountain pass' connecting the valleys representing two sites was searched for by
a process of constrained variation. Among the most interesting results, we see that
the second layer vacancy has the lowest formation energy, that the near-surface
region is predicted to have a highly vacancy diffusion rate than bulk, and that the
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diffusion takes place preferentially by 'surfing' between adjacent layers.

[0001]

Ad(+)

Fig.7. Distinct oxygen vacancy sites in near-surface layers of hematite, showing
connection paths for possible diffusion jumps.

Given the vacancy-site geometries determined by atomistic energy
minimization, we next consider the resulting electronic properties. Comparison of
the relative vacancy energies suggests that the most important surface-related
regions for chemical reactivity would be associated with the depression of the
surface around the second-layer vacancies. Among the simplest outputs, which are
nevertheless of importance in verifying the interatomic potentials and predicting
reactivity, are the self-consistent atomic configurations associated with the
vicinity of defect sites. Recalling that the initial potential parametrization is based
upon an idealized model of the bulk crystal with ions of nominal valency, we will
be most interested in local deviations from this reference state. The nominal high
spin cation configuration Fe®™ (3d1)°(3d{)"4s°4p° is somewhat modified by
covalency effects in the bulk, principally through mixing of ~0.5¢ of (3d))
character into the “oxygen 2p” valence band, with lesser occupancy (<0.1 ¢) of 4s
and 4p orbitals. The average configuration in bulk, as given by Mulliken atomic

orbital populations is Fe*>® with a spin moment of ~4.5 pg arranged in an
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approximately antiferromagnetic structure. Not surprisingly, we fing surface- and
vacancy-related modifications to charge and spin distributions. In general, both
ionic charge and magnetic moments are reduced near the surface, and close to the
O-vacancy in particular. The average cation charge is reduced to ~2.15-2.20 close
to a near-surface vacancy, which is not a big change in comparison to bulk, but
worth considering in refined interatomic potential models. As shown in Fig. 8, the
overall charge distribution is little modified in the vicinity of a vacancy- charge
compensation is accomplished over the distance of several shells of neighbors,
consistent with the population analysis.

Layer: o) | 0@2) | 03) | 0@4) | 05) | 06) | Bulk
Relative
Def“(te"':,')‘"gy‘ +0.15 | -0.05 | +0.57 | +037 | +0.28 | +0.26 | 0.00

Transition Energy | (eV)

Al 1.66 | 0.71 | 058 | 0.63 | 0.63 | 0.62 0.63
+ 099 | 247 | 257 | 2.76 | 2.62 | 2.66

A2 - 2.03 136 | 2.66 | 2.69 | 2.67 | 2.65 2.66
240 | 123 | 1.83 | 1.78 | 1.73

A3 ! 2.31 176 | 1.64 | 1.71 | 1.72 | 1.72 173
t+ 264 | 122 | 1.23 | 1.07 | 1.09
t - 0.89 | 1.44 | 1.14 | 1.06 | L11

4 1.11
A 1+ 2.55 1.75 | 1.04 | 1.00 | 1.08 | 1.12
l - 0.80 1.97 | 095 | 0.99 | 1.10 | 1.12
t 522 | 530 | 5.65 | 5.38 | 5.43

AS } 513 | 583 | 546 | 531 | 542 | 545 >44

Table 3. Calculated defect relative formation and migration energies for oxygen
vacancies in the vicinity of the Fe,O; (0001) surface. O(1) is top layer, O(2) is
second oxygen layer, etc. For pathway notation A1, A2,... refer to Fig. 5.

The cation spins near the surface and vacancies suffer some net reduction in
moment, and become highly ‘confused’ in orientation. This is evidenced by
instabilities in the SCF convergence procedure and indications of multiple
metastable states, and is at least compatible with reported surface anisotropy and
sensitivity to surface treatment and environment in nanoparticles. However, as
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shown in Fig. 9, the gross picture of highly localized Fe d-moments on cation sites
is well preserved.

160+ R

140}

120+ O-vacancy
100+

80+

6o}
40} ST .
20} S 7

L . L 1 1
20 40 60 80 100 120 140 160 180

Fig. 8. Equal-interval contour map of charge density in an Fe -O- O’ plane
closest to the lowest energy (Layer 2) oxygen vacancy.

From these and more detailed electronic structure analyses, we can understand
why the bulk-based semiempirical interatomic potential works fairly well for
surface structure, and by implication, for near-surface oxygen vacancies- the local
ionic configurations suffer only ~10% changes. Nevertheless, it will be
worthwhile to introduce surface-related and magnetic interaction terms in future
simulations.



Toward Structure—Function Relations — a Hybrid Quantum/Classical Approach 57

0.06
005
0.04
0.03 :
002 T
001

-0.014
-0.02

-0.03

Fig. 9. Equal-interval contour map of spin density in an Fe -O- O’ plane closest
to the lowest energy (Layer 2) oxygen vacancy.

VI. Example 3: Metal Substitutions in the Bone Analog Hydroxyapatite

Hydroxyapatite (HAP) provides a starting point for the understanding of
formation and regeneration of bone and tooth and, in various modifications, has
wide medical applications. With chemical formula Ca;o(PO4)s(OH), it can be
visualized as a layered structure with two Ca sites, Ca(I) and Ca(Il) bound to
oxygen ligands in a distorted octahedral arrangement. The structure is knitted
together by interlinked phosphate groups, while the hydroxyl radicals are rather
free to move along a channel parallel to the c-axis. In bone (OH) is partially
substituted by carbonate groups, and  several metals substitute readily,
presumably on the Ca*™ sites. One of the important substituents is zinc, taken up
and released as part of the dynamic circulation of the element in the body
metabolism. A second important substituent is lead, which is readily absorbed
from the environment and is known as a cause of neurological and growth
problems in affected children[87,88].
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Fig. 10. Schematic of hydroxyapatite crystal structure. Top: Local geometry
about Ca(I) and Bottom: about Ca(Il) sites.
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Here we briefly review some recent work on Zn substitution in HAP which
exemplifies part of an extensive multilaboratory effort on related
systems[89,90].Given the experimental lattice parameters and atomic positions of
HAP obtained by X-ray and neutron diffraction, it is straightforward to calculate
the electronic structure of the 'host' compound. With Ca-O distances ranging
over 2.36 <R <2.51 _ the calcium ions are found to be close to the nominal
divalent structure, while the tightly bound PO, groups exhibit strong covalent
interactions. Some authors have preferred to describe Ca(I) and Ca(II) as 9- and 7-
fold coordinated, respectively due to nearby secondary oxygen neighbors. The OH
group is coordinated to Ca(ll), and exhibits a mixture of ionic and covalent
character. A Partial Densities of States diagram is given in Fig. 7 to show the
overlapping energy bands due to the different chemical components. ECDF
calculations were made with a near-minimal numerical basis set, and ~100 atoms
in the variational space.

Oy 2s,2px 3
O(I) 25,2px 3
o) 2s)2px 3

L_jd 0,252px3
%

PDOS ( Arbitrary units )

Energy (eV)

Fig.11. Partial densities of states for selected sites in HAP
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In order to study relaxation of the HAP lattice around an impurity, an
interatomic potential was constructed by fitting parameters to best reproduce
lattice constants, atomic positions, and dielectric constant. The program GULP
[61] was used to search for the best fit structure, using Buckingham-type pairwise
interactions among the atoms of the form

Vi=qqy/r + Ae"’*-B/r® @)

and a simple harmonic spring for OH. This kind of potential has proved quite
effective in modeling oxide ceramics, and when lattice elastic constants are
available they can be usefully included in the fit.

Since we are interested here in isoelectronic substitution of Ca™ by Zn*?
and Pb*? the main relaxation effects are expected to be mostly due to differences
in ionic radii: Zn(0.74) < Ca (0.99) <Pb(1.19) _, at least from the atomistic point
of view. However, zinc has a complex chemistry with significant 4-, 5-, and 6-
fold coordination geometries which can not be simply dismissed. Therefore, the
Zn-0O or Pb-O nearest neighbor interactions were modeled by a Lennard-Jones
potential

VL] = C12/ I'12 - CG/ I'6 (5)
so that the local parameters could be 'tuned' to produce the desired coordination
and
bond lengths consistent with ionic radii in that coordination. The GSA procedure
was used to relax a volume of several hundred atoms around the impurity, and the
different sites were ranked by energy. The (admittedly crude) interatomic
potential predicts the Ca(Il) 6- fold site to be most stable, as has been proposed by
other workers. For Zn, the Ca(II) 4-fold site is next most stable and energetically
available, followed by Ca(I) 6-fold.

Given the relaxed impurity geometry we may now carry out DF studies of
embedded clusters. The resulting charge densities and spectral properties then can
be used to predict and help interpret experimental results. As an example, we
consider the X-ray Absorption Near Edge Structures (XANES) and the closely-
related Spatially Resolved Electron Energy Loss Spectra (SREELS) of the
impurity atoms. One of the great advantages of XANES and SREELS is that very
low element concentrations, say 50 ppm, can be readily detected using
synchrotron sources, with absorption/loss profiles which reveal both chemical
state of the metal ion and influence of the near neighbor environment. Higher
energy Extended X-ray Absorption Fine Structure (EXAFS) and Diffraction
Anomalous Fine Structure (DAFS) can also be analyzed for neighbor composition
and coordination number[91-97].
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For Zn*? | the K-edge absorption starting ~ 9660 eV is dominated by ls--
>4p transitions, with the ionic 4p level broadened into a band of states with mixed
ligand character, followed by undulations in cross-section caused by
backscattering from the first few neighbor shells. As might be expected, 6-, 5-,
and 4-fold sites with varying degrees of distortion show considerably different
profiles, making a kind of ‘fingerprint' identification possible. In the
approximation that the transition oscillator strength is slowly varying in energy,
the XANES/EELS profile can be represented by the appropriate partial densities
of states curve. In order to treat the sizable excited state shifts due to the core hole,
it is often convenient to generate an excited state potential with the constraint of a
vacancy in the core level. Using these approximations we here show spectra
calculated for the Ca(ll) site in relaxed 6- and 4-fold geometries.[90] It is
expected that experimental XANES data will be shortly available.

150 | zn" at Ca(2) site 4P
1407 | relaxed structure
1307 4-fold

120
110
1004
90
80
707 5-fold
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50 1
40
301

20 7]
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o
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Energy(eV),E.=0.0eV

PDOS(arbitrary unit)

Fig.12. Zinc K-edge absorption spectra predicted for Ca(II) substitution sites,
(a) in six-fold and (b) in four-fold relaxed geometry.
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For Pb"™ the most convenient transitions arise from the [L-edges,
corresponding to 2s -->X (L)), 2pip ~->X (L), and 2p;, -->X (L3) electronic
excitations. Due to dipole selection rules the L, and L,; edges reveal distinctly
different features of the unoccupied states (p-like for Ly, and s.d for L, 3 ). With
relativistically calculated electronic wavefunctions it is further possible to exploit
the different content of the L, and L; edges. We report spectra obtained with a
fully relativistic embedded cluster model elsewhere, and compare them with
experimental data currently available on 100% substituted Pb-HAP [98]

VII. Conclusions

We have argued that a hybrid combination of classical atomistic simulations
and first-principles Density Functional analyses of electronic structure is a
powerful and appropriate tool to bridge the gap between traditional (t=0, T=0)
quantum chemical analyses of electronic structure and finite-t, finite-T properties
of real materials of interest. There now exist linear-scaling DF algorithms capable
of revealing electronic energy levels and density distributions of systems
containing thousands of atoms and little or no symmetry, with reasonable
computer resources. Flexible atomistic procedures with simplified interatomic
potentials are also highly developed, permitting finite temperature simulations
extending up to nanoseconds of 'real' time on samples of many thousands, or
millions, of atoms. Progress has been made on developing feedback mechansims
to include both experiment, analogy, and DF data in a process of iterative
refinement of effective potentials; this remains an area of active research. As we
move toward the goals of describing, understanding, and controlling structure-
function relations, increasing attention is being paid to improving the interfaces
between atomistic processes, multiscale models, and continuum descriptions. The
three examples we have chosen- a model protein, a surface defect structure, and a
bioceramic- give a snapshot of current directions and capabilities, which we hope
will stimulate others to join the exciting world-wide effort in materials theory and
simulation.
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The multiplet energies and absorption spectra of Cr**-doped Y;Al50;,
(YAG), Mg,Si0, (forsterite), and Ca,MgSi,0; (Akermanite) were
calculated by a nonempirical many-electron electronic-structure
calculation method. The cluster models having the atoms outside the
central CrQ, tetrahedron were used, (CrY4Al,04,)** for Cr*:YAG,
(CrMgySi,047)** for Cr**:forsterite, and (CrCagMg,Si0;4) > for
Cr**:4kermanite. In Cr**;YAG, both the near-infrared and visible bands
originated from the transitions to the states originating from the same
3T (et,) parent term. In Cr**:forsterite and Cr**:4kermanite, the different
polarization dependence was observed, although the CrQO, structures were
similar to each other. The contribution of the atomic orbitals of atoms
outside the CrQ, tetrahedra affected the transition probability.
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1. INTRODUCTION

The tetrahedrally coordinated Cr** is the impurity center of the Cr** solid-state
laser crystals. The absorption and the emission in the near-infrared (NIR) region are
responsible for the transitions related to the lasing. The theoretical understanding of
the basic absorption spectra has been based on the ligand field theory [1]. Since the
analysis based on the ligand field theory involves some empirical parameters, the
determination of the parameters has made it difficult to understand straightforwardly
the spectra. Although ab initio calculation methods under a one-electron
approximation became popular, they are still unable to apply to the problems of
impurity-metal centers which has an open-shell electron configuration producing
multiplet structure.

Recently. the discrete variational multielectron (DVME) method was developed
by Ogasawara et al. [2]. It is the first ab initio method that handles directly the
multiplet structure, independent of the traditional ligand field theory. The latest
systematic study on the multiplet structures of transition metals by the DVME method
was done by Ishii et al. [3]. The method was also applied widely to the analyses of x-
ray absorption spectra involving multiplet structures [4] and the magnetism of
transition-metal ion pair system involving superexchange interaction [5]. The aim
of this work is performing the DVME calculations for the analysis of optical
absorption spectra in Cr4+—doped Y;A150,: (YAG), Mg,Si0, (forsterite), and
Ca,MgSi,0; (3kermanite).

2. METHOD

2.1. The computational procedure of multiplet calculation

The details of the DVME method were written in Ref. [2]. Only the outlines
and needed explanations for the present study are written in the following.

First, a one-electron molecular orbital (MO) calculation by the SCAT code [6]
is conducted. The method is based on the density functional theory, and the exchange
potential Xa is set at 0.7. The self-consistent calculation is conducted with the use
of a cluster model. The atomic orbitals as the basis functions of the one-electron
calculation were 1s-4p for chromium (Cr) and calcium (Ca), 1s—2p for oxygen (O),
1s-3d for magnesium (Mg), aluminum (Al), and silicon (Si), and 1s—5p for yttrium
(Y). From the one-electron calculation, one-electron MO energies and MOs are
numerically obtained.

Next, the one-electron MOs directly related to the multiplet structure are taken
to construct many-electron wave functions in the form of linear combination of Slater
determinants. In the case of the multiplet structure derived from the d—d transition of
Cr** state (d* electron configuration), the five MOs having the main component of
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Cr 3d orbital are the components of Slater determinants. The number of Slater
determinants as the basis functions of many-electron system is 45. Since the
components of Slater determinants are MOs, covalency is included in the many-
electron wave functions. In the effective many-electron Hamiltonian, the one-electron
operator part which represents the interaction between the d-electrons and the other
electrons plus nuclei is expressed as average potentials. On the other hand, the two-
electron operator part which represents the Coulomb repulsion between d-electrons
is calculated explicitly. For the calculation of matrix elements, two-electron integrals
are calculated. The integrals are numerically obtained. Although the DVME method
is an ab initio method in principle, two reduction factors were introduced to obtain
the results with a good accuracy in multiplet energy. One was applied to the matrix
elements of one-electron operator term, and the values were 0.8 for YAG and 0.65
for forsterite and &kermanite. The main cause for the overestimation was the neglect
of lattice relaxation around Cr atom, and the reduction factor will be removed when
the calculation is combined with a geometry optimization one in the future. The
other reduction factor was applied to the two-electron operator term, and the values
were determined by fixing the related spin-flip transition energy at an average 0.93
eV. The reduction factor will be removed in the future when much larger number of
Slater determinants involving valence MOs are involved to sufficiently include
electron correlation. Finally, multiplet energies and many-electron wave functions
are obtained by diagonalizing the effective many-electron Hamiltonian. A theoretical
absorption spectrum is obtained by applying the oscillator strength of the electric-
dipole transition from ground state to the Lorentz resonance curve with a full width
at half maximum of 325 cm™..

(a) (b) ©

Fig. 1. Cluster models (a) (CrYgAl,04)** for Cr'*:YAG, (b) (CrMg,8i;037)"* for Cr'**:forsterite,
and (c) (CrCagMg,Si035)? for Cr'*:akermanite. The inset in (b) and (c) shows the labels of
ligand O atoms in CrQ, tetrahedron referred in Tables 2 and 3.
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2.2. Cluster models

The impurity Cr** ion is substituted for tetrahedrally coordinated Al site in
YAG, or Si site in forsterite and dkermanite. The cluster models are (CrY Al O )"
for Cr*":YAG, (CrMgqSi,057)* for Cr**:forsterite, and (CrCagMg,SiO33)°% for
Cr**:4kermanite, shown in Fig. 1. The models were cut out from the host lattices,
and the site symmetries at the central Cr atom are S, for YAG [7], and C, for forsterite
[8] and &kermanite [9]. In every model, point charges with formal valences were
placed at the atomic sites outside the cluster to reproduce the effective Madelung
potential. The four ligand O atoms around a Cr atom were completely shared by the
coordination polyhedra of host lattice, YOg and AlQq4 in YAG, MgQOq and SiQ, in
forsterite, and CaOg, MgO,, and Si0O, in dkermanite. Among the polyhedra, only the
Si0, tetrahedron in forsterite model did not share the ligand O atoms. The CrQ,
tetrahedra of forsterite and dkermanite have the same structural features: the Cr-O
separation decreased in the order Cr-O(3) > Cr-0O(2) > Cr-O(1).

3. RESULTS AND DISCUSSION

3.1. One-electron calculation

The calculated one-electron MO energies by Cr**: YAG, Cr**:forsterite, and
Cr**:4kermanite models are shown in Fig. 2. The valence bands were composed of
O 2p orbitals, and the unoccupied bands (conduction band) were composed of the
atomic orbitals of host cations. In the band gap, the Cr-3d impurity levels were

Cr-3d
0-2p b“)a(&bf’/e““&‘” Y-4d  Mg-3spd, Si-3spd, Cr-dsp
(a) (LT 1 RSN 1T
Cr-3d
Ozp MDA Mg-35pd, Sic3spd, Crdsp
ORE | 0 TR TR oo i
Cr-3d
02p s sbanan  EiRMEIw
. NP
ORI N IRt Y
~“~Ca-3d
L | | | | | | | |
-15 -10 -5 0 S 10 15 20 25

One-electron MO energy (eV)
Fig. 2. One-electron MO energies by (a) Cr**: YAG, (b) Cr**:forsterite, and (c) Cr**:akermanite models.
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Table 1. Composition of impurity-level MOs in Cr**: YAG.

Cr Ligand O Y Al
MO 3d 4s+4p 2s 2p 4d 4p+5s+5p 3s+3p+3d
beyy(e) 0.84 0.00 000 0.13 0.01 0.00 0.01
ape) 0.80 0.00 000 0.17 0.01 0.00 0.01
ba(®) 073 0.04 001 0.19 0.02 0.00 0.01

Table 2. Composition of impurity-level MOs in Cr**:forsterite.

Ligand O
Cr 2p Mg Si
MO 3d 4sHdp 25 O(1) O@) O@3) Total  3s+3p+3d 3s+3p+3d
apye) 082 0.00 0.00 0.03 008 003 014 0.04 0.00
a'(y(e) 082 000 000 0.02 008 005 015 0.03 0.00
(31 067 0.06 001 0.08 008 0.03 0.19 0.07 0.00
a"4(1) 0.67 0.07 001 003 015 001 0.19 0.05 0.00
a5t 0.69 0.06 001 002 008 009 020 0.04 0.00

Table 3. Composition of impurity-level MOs in Cr**:ikermanite.

Ligand O
Cr 2p Ca Mg Si
MO 3d 4s+4p 2s o) O2) 0O(3) Total 3d+4s,p 3spd 3s,pd
a"(ye) 082 000 0.00 003 008 003 0.14 0.02 0.01 0.01
a(ze) 0.81 000 000 004 008 002 0.14 0.03 0.01 0.01

dpt) 065 008 002 004 007 006 016 006 001 002
Taty 062 007 000 009 009 002 019 009 001 00
Q) 063 008 001 006 014 001 020 005 003 000

located, split into four or five levels by ligand field. Two electrons occupied the
lowest impurity level. In every result, the ideal ligand-field splitting of parent T4
symmetry was approximately kept: the impurity levels can be classified into e-
symmetry originating levels and t,-symmetry originating ones. The five impurity-
level MOs were taken as the components of Slater determinants in multiplet
calculation.

The estimation of covalency has been a great matter to determine the magnitude
of empirical parameters in the traditional ligand-field analysis. The analyzed results
of impurity-level MO composition by Mulliken’s scheme are shown in Table 1-3
for Cr**: YAG, Cr**:forsterite, and Cr*":&kermanite. The contribution of Cr 3d orbitals
were largely reduced by the mixing of O 2p orbitals, which produced covalency.
The proportion of Cr 3d orbitals were about 0.8 for e-symmetry originating MOs,
and 0.7 for t,-symmetry originating ones. Considering the corresponding magnitude
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0.8-0.9 in the case of octahedrally coordinated Cr’*, we can say that the results in
the tetrahedrally coordinated system showed large covalency. In each crystal, the
result showed the presence of the significant contribution of cations composing host
lattice, In the case of forsterite model, the contribution of Si orbitals was negligible.
Those results indicate that the coordination polyhedra surrounding completely the
ligand O atoms should be included in the models, but the other coordination polyhedra
outside the cluster do not affect the impurity Cr states. This result is new for the
traditional ligand field theory, because it typically handled only the environment
within the ligand O atoms. The different contribution of ligand O atoms between
forsterite and Akermanite indicates the importance of the atoms outside the CrO;,
tetrahedra, which had a similar structure.

3.2. Multiplet calculation
3.2.1. Cr*:YAG

The calculated multiplet energies and absorption spectrum of Cr**:YAG are
shown in Fig. 3(a). The multiplet states are presented by the multiplet-term symbols
in the parent T, symmetry, classified into singlet states ('E, 'A;, 'T,, 'T,) and triplet
states (*A,, *T,, 3T,). The focused states in this work are triplet states, to which the
multiplet-term symbols in the exact S, symmetry are also attached. For comparison,
an experimentally obtained absorption spectrum after Kiick et al. [ 10] is shown in
Fig. 3(b). The spectrum has two major bands: the near-infrared band at around 10
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n BRI R

3A,(e2) 3Tyfety) ITy(ety) T2

— —— —=
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| | ] | |
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Fig. 3. (a) The calculated multiplet energy and absorption spectrum by the Cr*:YAG model. (b) The
experimentally obtained absorption spectrum after Kiick et al. {7].
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000 cm™" and visible band at about 15 400 cm . In the early years, the NIR and
visible bands were considered to originate from the transitions to the 3Ty(et,) and
T (ety) states, respectively, based on a simple and popular analysis under the ideal
parent Ty symmetry. Controversal discussion was left on the oscillator strength of
the transition to the NIR band, because the transition to the 3T(et,) state is originally
forbidden. Eilers et al. proposed a different understanding which suggested that the
two bands appeared by the transitions to the states originating from the same T i(ety)
parent term which is originally allowed [11].

The calculated absorption spectrum showed the two-band structure
corresponding to the experimentally obtained spectrum. The NIR band originated
from 3B[3A2(e2)] — 3A[3T1(et2)] transition, and the visible band originated from
3B[‘*Az(ez)] —3EPT i{ety)] transition. This result showed that the ligand-field energy
splitting of the *T (et,) parent term should be large enough to create the NIR and
visible bands. The agreement in the absolute energy of NIR band may not perfect,
but the existence of the large energy splitting was confirmed by theoretical calculation
for the first time. By the traditional ligand field theory, the magnitude always depended
on the empirical parameters, and no straightforward confirmation has been done.
The negligibly small oscillator strength of the transitions to the two states originating
from *T,(et,) term also showed that the NIR band should not originate from the
transitions to the states of *T(et,) term. From those results by the theoretical
calculation without using any empirical parameters to adjust the magnitude of the
concerning ligand-field splitting, Eilers’ suggestion was justified to be valid.

3.2.2. Cr**:forsterite and Cr*:akermanite

The calculated multiplet energies and absorption spectra of Cr**:forsterite and
Cr*":3kermanite are shown in Figs. 4(a) and 5(a). respectively. The corresponding
experimentally obtained spectra are shown in Figs. 4(b) and 5(b) after Verdiin et al,
[12] and Garrett et al. [13], respectively. The absorption spectra show the polarization
dependence of the electric vector of incident light on crystallographic axes.

The calculated absorption spectra reproduced the obvious structures in the
experimentally obtained spectra: three strong peaks for different polarizations in
visible region, and weak NIR bands. The three peaks in visible region were attributed
to the transitions to the different states originating from the *T)(et,) parent term split
largely by the ligand field in C, symmetry. On the other hand, the NIR band was
attributed to the transitions to the states originating from the T,(et,) term. The small
oscillator strength originated from the forbidden character of the *A(e?) — *T,(et,)
transition in the parent T, symmetry. Thus, the origin of the NIR band in Cr**:forsterite
and Cr**:akermanite is different from Cr*":YAG.

In Cr**:forsterite, the strongest peaks in visible and NIR regions were observed
differently for E//a and E//c polarizations, respectively. On the other hand, in
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Fig. 4. (a) The calculated multiplet energy and absorption spectrum by the Cr**:forsterite model. (b)
The experimentally obtained absorption spectrum by Verdin et al. [9]. Details are in the inset.
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Fig. 5. (a) The calculated multiplet energy and absorption spectrum by the Cr**:akermanite model.
(b) The experimentally obtained absorption spectrum by Garrett et al. [10].
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Cr**:akermanite, the strongest peaks in visible and NIR regions were for the same
E//c polarization. Thus, the polarization dependence was differently obtained between
forsterite and dkermanite, although the CrQ, tetrahedra had a similar structure. As
indicated by the analysed results of impurity-level MOs, the atoms outside the CrQO,
tetrahedra should have to do with the polarization dependence. Actually, it was already
confirmed by another calculation by a (CrO4)*" &kermanite model that the polarization
of the strongest peak in NIR region was E_Lc, which corresponds to (E//a + E//b)
polarization in Cr**:forsterite. The results suggested that the traditional CrO,4 model
is not appropriate to discuss polarization dependence. To handle explicitly many-
electron wave functions is needed when the discussion is on transition probability.

4. SUMMARY

Multiplet-structure calculations for the analysis of the optical absorption spectra
in Cr**:YAG, Cr**:forsterite, and Cr**:kermanite were performed by a nonempirical
method. independent of the traditional ligand field theory. In Cr**:YAG, both the
NIR and visible bands were attributed to the transitions to the states originating
from the same T (et,) parent term with a large ligand-field splitting. In Cr**:forsterite
and Cr*":kermanite, the different polarization dependence was observed. It indicated
that the atoms outside the CrQ, circumstance should be included in the model when
we want to discuss not only peak position but also the transition probability.
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Abstract

Principles and applications of positron annihilation spectroscopy to electronic struc-
ture and defect studies are briefly reviewed and some recent advances and pending
problems are illustrated by specific examples. In particular, it turns out that the
sensitivity of calculated momentum densities of electron-positron annihilation pairs
(MDAP) to the choice of electron crystal potential is higher or comparable to its
sensitivity with respect to the choice of description of the electron-positron inter-
action. As a result, it is very hard to distinguish between various electron-positron
interaction theories on the basis of the comparison of theoretical and experimental
MDAPs. Furthermore, the positron affinity is determined theoretically for several
systems having aband gap (semiconductors, insulators). It appears that the calculated
positron affinities are significantly underestimated when compared to experimental
data and, apparently, electron-positron interactions in such systems are not described
satisfactorily by contemporary theoretical approaches. The above examples are re-
lated rather to electronic structure studies, but positrons are often used to investigate
various open-volume defects in solids, which is dealt with in the last illustration.
A non-selfconsistent computational technique suitable for the theoretical exami-
nation of configurations having large number (thousands) of non-equivalent atoms
has been updated recently to treat non-periodic solids. It is based on the superposi-
tion of atomic densities in order to approximate the electronic density of the system
studied. Though the charge redistribution due to selfconsistency effects is neglected,
positron annihilation characteristics are determined quite reasonably. This allows for
studying properties of extended defects like grain boundaries (and other interfaces),
dislocations, precipitates, etc., which is very helpful when interpreting experimental
positron annihilation data. Our technique is demonstrated for the case of nanocrys-
talline Ni where realistic atomic configurations are taken from large-scale molecular
dynamics simulations.

ADVANCES IN QUANTUM CHEMISTRY, VOLUME 42
© 2003 Elsevier Science (USA). All rights reserved
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1. INTRODUCTION

Positron annihilation spectroscopy (PAS) is one of the experimental methods
enabling us to probe the microstructure and electronic structure of matter up to
atomic dimensions. Its applications extend from advanced problems of solid state
physics and materials science to industrial use. The PAS is applied to the studies of
electron characteristics and magnetic structure of solids, defects in materials, plastic
deformation at low and high temperatures, phase tranformations in alloys, etc. (the
recent development of PAS is documented in the Proceedings of the latest positron
annihilation conferences [1—4] and in the Proceedings of the Enrico Fermi Summer
Schools [5, 6]). During the last two decades, PAS became a standard tool in solid
state physics and materials science. It is also widely used in chemistry, biology
and medicine (e.g., for location of tumors). The process of measurement does not
influence the properties of the investigated sample; therefore, the PAS is a non-
destructive testing approach which does not exclude a study of the same sample by
another methods. Experimental equipment for many applications is commercially
produced and is relatively cheap. This is the reason why more and more research
laboratories use the PAS not only for basic research, but also, e.g., for diagnostics
of machine parts working in hard conditions and for characterisation of high-tech
materials.
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In electronic structure studies, strong electron-positron (e-p) interaction is an
unwelcome complication. It deforms the electron wave functions and, therefore, the
information on electronic structure is somewhat encoded. However, it is this inter-
action which makes the PAS so sensitive to open-volume crystal lattice defects. It
turns out that for a thorough interpretation of positron annihilation data, a theoretical
analysis supported by ab initio electronic structure calculations is indispensable to
determine how the various features of electron density and defect configuration are
reflected by positron annihilation signal and to draw some quantitative conclusions.
The usefulness of information recovered from experimental data is therefore cruci-
ally dependent on the accuracy of the description of electronic structure itself and
of e-p interaction.

The purpose of the present work is to discuss some recent advances and pending
problems in applications of modern PAS. In Section 2, principles and methods of PAS
are briefly summarized. Section 3 deals with the sensitivity of calculated MDAPs
to electron crystal potential and to e-p interaction; quantitative illustrative examples
are given. In Section 4, recent problems in calculations of positron affinities in semi-
conductors and insulators are discussed. Section 5 shows some possibilities of PAS
in studying defect configurations at nanoscale; grain boundaries in nanocrystalline
Ni are employed as an example. Section 6 summarizes our conclusions and gives
some outlooks for future work.

2. PRINCIPLES AND APPLICATIONS OF THE POSITRON ANNIHI-
LATION SPECTROSCOPY

Positron is an antiparticle of an electron. It was theoretically predicted by
P. Dirac in 1928 and experimentally discovered by C. Anderson in 1932. Positrons,
as antimatter counterparts of electrons, have the same mass and the same lifespan as
electrons (they are stable, do not decay), but opposite electric charge. If a positron
meets an electron, the annihilation process takes place; in most cases, two y-quanta
arise according to the equations

ef + e = 27, (1)
E27 = 2m062 + Ee+ + E.-, (2)
moc® = 0.511 MeV, (3)

where E,,, E,- and E.+ are the energies of the resulting y-quanta pair and of
annihilating electron and positron, respectively, my is the rest mass of the electron
(and also of the positron) and c¢ is the velocity of light. On the Earth, there is a lot of
electrons attracted to a positron by strong Coulomb interaction (Fig. 1); therefore,
the typical positron lifetime (till annihilation) is about 100~1000 ps.

Fig. 2 shows a positron sitting in a vacancy in some crystalline material. While
the positron is gathering information about its neighborhood (its wavefunction is,
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SCrLLA

CHARTEDIL

Fig. 1. The challenges a positron must face in our (non-anti)material world. For a
positron, electrons constitute the same danger as Scylla and Charybdis for mytho-
logical Ulysses.

. roughly speaking, adjusted to its environment), the electron counter intelligence
service is hunting for it. The electrons feel the positron electrostatic field and,
sooner or later, one of the electrons will get the positron (Fig. 3), either as a young
man aged around 100 ps, or as an old greybeard of 500 ps (these positron lifetimes
are typical for metals).

However, the information positron gathered about its neighborhood during its
lifetime is not lost. It is contained in the characteristics of the y-quanta which advise
us about the annihilation event. Today, using modern electronic equipment, we are
able to decode this information and to learn more about the surroundings of positron
before the annihilation.

In a more scientific language the process of positron annihilation may be descri-
bed as follows (Fig. 4). A positron generated in some source (usually a radioactive
nucleus, such as 22Na, *Ti, #Cu, 3Co or ®*Ge) penetrates into a sample and reduces
its energy from several MeV to the level of ~ kT =~ 0.03 eV by ionization collisions
and electron and plasmon excitations within about 5 ps (& is the Boltzmann constant,
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\ ! )

Fig. 2. A positron gathering information about its environment. The electron counter
intelligence service is searching for it. Due to the strong Coulomb attraction, an
electron screening cloud is formed around the positron. The positron’s picoseconds
are numbered.

T is the absolute temperature). In the case of 2Na, the birth of a positron is indicated
by the emission of a y-quantum of energy of 1.28 MeV. During the subsequent time
interval T (typically 100-500 ps, depending on the material and its structure) this
thermalized positron annihilates with an electron, the energy of which is of the order
of 1-10 eV. In most cases, two y-quanta with energy of 511 keV +AF arise (the
probability of creation of more photons is quite low). They propagate in the directi-
ons deviating from 180° by the angle O (Fig. 4). The energy of 511 keV is equivalent
to the rest mass of an electron or a positron. As the energy and momentum of the
thermalized positron is negligible with respect to the energy and momentum of a ty-
pical electron, the A E and © correspond to the energy and momentum of annihilated
electron. Angular correlation positron annihilation spectrometers measure the lateral
component of the photon-pair momentum, which is proportional to the deviation ©
of the y-quanta from the straight direction. In a Doppler-broadening experiment, the
longitudinal component of the photon-pair momentum is recorded, proportional to
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Fig. 3. The positron annihilation event. The information the positron has gathered is
taken away by the pair of annihilation photons to our fast-electronics ~-ray detectors,
where it is decoded and analyzed.

the deviation AE of photon energy from the rest mass of the electron (or positron).
The positron lifetime is registered as the time difference between the emission of
the y-quantum generated almost simultaneously with the positron and one of the
511-keV annihilation y-quanta. The lifetime 7 of a positron in the material is inver-
sely proportional to the electron density at the site where positron was annihilated.
Measurement of angular correlation, Doppler broadening and positron lifetime re-
present three basic techniques of PAS. Let us note that there are also other positron
techniques as low-energy positron diffraction, positron-annihilation-induced Au-
ger electron spectroscopy, positron re-emission spectroscopy and age-momentum
correlation [4, 6]. Recent developments include also slow-positron beam techniques
where monoenergetic positrons of energy of 1-40 keV are used for investigations
of structure of surface layers and yield depth-resolved information on open-volume
defects like vacancies, vacancy clusters, voids, etc., up to the depth of 4000 nm
[4, 6-8].

The main areas of applications of PAS in solid state physics and materials
science today are:

1. Electronic structure of metallic and superconducting materials.
Here PAS yields important information on electron momentum distribution
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Fig. 4. Positron annihilation in a solid sample and basic positron annihilation expe-
riments [9, 10].

and on topology of Fermi surface. In comparison with the other methods
of Fermi surface investigations, the PAS does not require low temperatures,
strong magnetic fields and high purity of the samples and, therefore, we
can study, for example, the Fermi surface geometry of concentrated alloys,
changes of electronic structure at phase transitions, etc.

2. Defects in solids. Positrons are preferably localized at the open-volume
defects such as vacancies, vacancy clusters, dislocation cores, voids, etc. For
example, PAS belongs to the most accurate methods for determination of
vacancy formation enthalpies. It also yields useful information on distribution
and type of open-volume defects. The latest development of the Doppler
broadening (DB) technique has led to an essential improvement of defect
recognition possibilities by PAS. In particular, the significant reduction of
the background in the high-momentum regions of DB spectra allows for the
identification of the atomic environment of positron trapping sites [11-13].
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3. SENSITIVITY OF CALCULATED MOMENTUM DENSITIES TO CRYS-
TAL POTENTIAL AND ELECTRON-POSITRON INTERACTION

A very important feature of positron annihilation is a strong Coulomb e-p
interaction. As mentioned in the introduction, it may be considered as a blessing
in defect studies as it greatly enhances the sensitivity of positrons to open-volume
defects (see, e.g., [5, 6, 14]). On the other hand, it is taken as a curse in electronic
structure investigations. Namely, it is many-body and long-range, which is hard for
a thorough theoretical description. It deforms electron and positron wavefunctions
and, in this way, it changes information on electronic structure we get from PAS
(see, e.g., [5, 6, 15, 16]). In the last decades, there were a lot of various theories
of e-p interaction in solids. Some of them are quite sophisticated, but it seems that
none of them is able to explain fully all aspects of e-p interaction. And there is one
important question we want to address in this contribution: How much we are able,
on the basis of comparison of theoretical and experimental results, to distinguish (or
to quantify) various e-p interaction theories? Can we decide which one is better or
more realistic?

For this purpose, we have undertaken several “sensitivity studies” to see how
the momentum densities of annihilation pairs (MDAP) are sensitive to (i) various
crystal potentials and (i) various e-p interaction theories [17-20]. Here we would
like to summarize briefly the most important results of these studies and draw some
major conclusions.

3.1. The effect of crystal potential

Let us suppose that we calculate the MDAP for some material from first prin-
ciples, i.e., from the fundamental quantum theory. The MDAP p(p) within the
local-density approximation is given by

pp) = Y f(n,k)dé(p—k-K)

nk
Xy !Jep(l'; nk) Unk (r)% (l‘)

where hp represents the electron-positron pair momentum and f(n, k) denotes the
Fermi-Dirac distribution function for an electron state of band index n and (reduced)
Bloch vector k. The functions v, and v, are the wave functions of an electron
in the state [nk) and of a thermalized positron, both normalized to unity in the
volume of the Wigner-Seitz cell 2. Further, K denotes a reciprocal-lattice vector
such that p — K lies in the first Brillouin zone. The two-particle e-p correlation
function g, (r; nk) is, in general, dependent both on the positron position r and

/ d®r exp(—ip - r)
Q
2

(4)
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electron state |nk). It describes the formation of a screening electron cloud and the
enhancement of the electron density around the positron (Fig. 2). Eq. (4) gives the
MDARP per spin direction, 1.e., without a factor 2 for the spin degeneracy.

To get the electron and positron wavefunctions, we must calculate the electron
and positron crystal potential. For the calculation of MDAP according to Eq. (4), we
must also adopt some e-p interaction theory to obtain the e-p correlation function ge,.

Most electronic structure calculations determining the electron and positron
crystal potential are performed within the density functional theory. They may
differ in the choice of exchange-correlation energy (usually, in the local-density
approximation, formulas of von Barth-Hedin [21], of Perdew and Zunger [22] and
of Vosko-Wilk-Nusair [23] are used, the last two parametrizing the electron-gas data
of Ceperley and Alder [24], in generalized-gradient approximation one often adopts
the formulas of Perdew et al. [25] or of Perdew, Burke, and Ernzerhof {26]). In most
cases, the calculations are converged to self-consistency, i.e., the electron density
obtained from the electron crystal potential V, generates, within some tolerance, the
same electron crystal potential.

Let us suppose that we will employ some electron crystal potential V() and
get some MDAP p{®) and, when using some another potential V.(%), we arrive at the
MDAP ' (applying the same e-p interaction theory in both cases). The sensitivity
sy of the MDAP with respect to the electron crystal potential may be defined as
[17--20]

A p(_a,ﬂ)

7
Av_e(a”g) ) (5)

where the relative deviation in the potential is given by

Av;(a,ﬁ) = jﬂ d*r l‘,;(a)(r)(_) Ve(ﬁ)(r)|
fo dr V& (r)|

Sy =

and the relative deviation in the momentum densities is defined by

fdsk |p(a)(k + GJ) - p(/j)(k -+ G])' (7)
[Pk (K + G,)

a.8)

with the integration in k space going over the first Brillouin zone and G; indicating
whether the calculation of Ap is performed within the central momentum region
[Gy = (000)] or within some Umklapp region [the nearest Umklapp regions corre-
spond to G; = (27 /a)(110) for bee metals and Gy = (27/a)(111) for fcc metals
(a is the lattice constant)].
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3.2. The effect of electron-positron interaction

Alternatively, we could define the sensitivity sy of MDAP with respect to
various e-p interaction theories (for a fixed electron crystal potential ;) as

Ap
Sr = 'A—T (8)

However, it is difficult to quantify the difference AT between different e-p inter-
action theories; we do not know how to do that. Therefore, the sensitivity of MDAP
to these theories may be estimated only by comparison of the resulting MDAPs.

An important problem consists in the fact that the sensitivity of MDAP with
respect to various crystal potentials is too high, whereas it is too low with respect to
various e-p interaction theories. It may happen that Ap due to uncertainties in the
crystal potential (e.g., in the exchange-correlation potential) may be comparable or
even higher than Ap due to different e-p interaction theories. For example, let us
suppose that the Vosko-Wilk-Nusair formula for the exchange-correlation energy
[23] is the best choice in the crystal potential. In this case, a certain e-p interaction
theory, say theory A, will give the best agreement with the experimental MDAP.
However, when we suppose that possibly the von Barth-Hedin exchange-correlation
energy [21] is the best choice, it may happen that some another e-p interaction the-
ory, say theory B, yields the best agreement with experiment. Then the question is:
How to decide which e-p interaction theory is better?

3.3. Illustrative examples

Let us illustrate this situation on the series of 4sp and 3d metals with atomic
numbers from 19 (K) to 30 (Zn). Most of these metals have the body-centered cubic
(bce) or face-centered cubic (fce) crystal structure; Sc, Ti, Co, and Zn, with their
hexagonal close-packed (hcp) structure, are also treated as fcc metals with the same
atomic volume as in the hep case. For comparison, the results for alkali metals are
also presented.

To see the sensitivity of MDAP with respect to various crystal potentials, we
employed the following ones:

V™). Non-selfconsistent muffin-tin potentials based on Mattheiss’ construc-
tion scheme [27], i.e., on a superposition of atomic electron densities. The exchange-
correlation part of the potentials has been approximated according to Slater formula.
For all d-band metals investigated in the present study, the atomic configuration
3d" ! 45" has been used as it turned out that this configuration is closer to the atom
state in a solid than is the configuration 3d"~2 452 (see Refs. [28] and [29]). Also the
non-selfconsistent calculations with these configurations and full Slater exchange
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are, as a rule, in a good accordance with the self-consistent calculations using a
better treatment of the exchange-correlation potential [30, 31].

VIEA):  Selfconsistent muffin-tin potentials, obtained by the conventional non-
relativistic augmented-plane-wave method. For the exchange-correlation part of
the potentials, we used a local-density approximation based on correlation energy
calculations by Ceperley and Alder [24] (CA) in the parametrized form of Vosko ez
al. [23].

V8):  Self-consistent muffin-tin potentials, where only the exchange part of
the electron-electron interaction according to Slater formula is taken into account,
and correlation effects are completely neglected.

The positron potentials V™), V{(°A), and V() have been obtained by taking
the corresponding electron potentials without the exchange-correlation terms and
by using the opposite sign compared to that for the electrons.

‘We would like to stress here that we have chosen these three potentials as
examples to investigate the influence of various approximations to crystal potentials
frequently used in MDAP calculations, e. g. employing various electron exchange-
correlation potentials.

Now, we may compare all pairs of potentials. (CA,S) represents the comparison
of two selfconsistent potentials with different choices of the exchange-correlation
(xc) part. (M,S) corresponds to the comparison of potentials including the same
approximation of the xc part of the potentials (namely, simply Slater exchange),
but without or including selfconsistency. Consequently, the comparison of (CA,M)
demonstrates the combined influence of these two effects.

The muffin-tin type potentials are spherically symmetric inside the muffin-tin
spheres with the radius ryr and constant in the interstitial region {2, ; this constant
is given by the average value of the crystal potential in the interstitial region. As the
crystal potential is determined up to an additive constant, we may shift it such that
its constant value in ), is equal to zero; this is the reason why it is also called the
muffin-tin zero. However, if we compare two muffin-tin potentials, their shape may
be quite different and their average values in the interstitial space do not have to be
the same. In addition to that, there is no absolute scale for the crystal potentials [32]
so that we do not know a priori how to adjust the compared potentials with respect
to each other. Therefore, we better define the relative deviation of both potentials as
a function of the parameter 7

A g dr r?|VE) (r) = VEI (r) + nf + Qowe|n)
am J5 dr 2|V (7)]

NAROE G

where 7 means the difference between the constant parts of the two potentials within
Qout» the volume between the surface of the muffin-tin sphere and the boundary of
the Wigner-Seitz cell. We choose 7 such that AV, becomes a minimum; such a
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comparison seems to be more appropriate than just to set the averages of both
crystal potentials in the interstitial space to the same value, i.e., to put p = 0 in
Eq. (9). All values of AV, used in this work are based on this method. It turns out,
a posteriori, that the physical conclusions are not dependent on the fact whether
Eq. (9) is evaluated using 7 = 0 or whether the minimum values of AV are used.
The integral in the denominator of the expression (9) is evaluated setting the value
of V/{*) in the interstitial region to zero.
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Fig. 5. Valence sensitivities sy of the MDAPs in the central momentum region
[G;=(000)] calculated within the IPM in alkali metals (Li, K, Cs), calcium, and the
series of metals from scandium to zinc. The values of 7 in Eq. (9) are chosen such
that the AV, are minimum — see the discussion in the text. For clarity of the figure,
only every second name of the series Ca—Sc—Ti—V— Cr—Mn—Fe—Co—Ni
—Cu—Znis indicated along the horizontal axis. Solid lines with circles: comparison
of potentials (CA,M); dashed lines with squares: comparison of potentials (CA.S);
solid lines: comparison of potentials (M,S).

As an illustration, let us show here (Fig. 5) the sensitivities sy [Eq. (5)] of the
MDAP due to the valence electrons (further called valence sensitivities) calculated
within the central momentum region for alkali metals, calcium, and the series of
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metals from Sc to Zn within the independent particle model (IPM), i.e., using
gep(r;nk) = 1 in Eq. (4); a detailed discussion of sensitivities of MDAP due to
valence and core electrons both in central momentum regions and in Umklapp
regions may be found in [19] together with the analysis of sensitivities of electron
momentum densities; there we can see the net effect of the changes in electronic
structure (without the positron).

It may be seen from Fig. 5 that for the alkali metals and for all cases investigated
[(CAM), (CA,S), and (M,S)], sy exhibits relatively small values (an extended
discussion of these results is given in Ref. [17]). Generally, for the 3d metals, the
valence sensitivities are significantly higher than for the alkali metals, and a detailed
interpretation of the sensitivity profiles is quite complicated. In order to discuss these
results properly, it is necessary to remember that — in contrast to the alkali metals —
more than one valence band contributes to the momentum density. If we investigate
separately the MDAP values due to the first (energetically lowest) valence band and
due to the higher valence bands, we learn that the individual contributions to Ap are
quantitatively similar and of the opposite sign. For these reasons, we should expect
a cancellation of the potential-caused deviations for the first and the higher bands
resulting in small sensitivities of the MDAP for the whole d-band region. However,
this expectation is not fulfilled by the results for the pairs (CA,S) and (M,S). On
the contrary, we observe a monotonous increase of these quantities from K over Ca
and all 3d metals up to nickel where remarkable values of sy of 15 and more are
reached, indicating that the MDAP of the 3d metals is very sensitively influenced
both by the xc part of the crystal potential and by the fact whether the potential
is selfconsistent or not. The reason for this increase is that the first valence band
is always completely occupied whereas — for most of the 34 metals — some of the
higher bands intersect the Fermi level and are therefore only partially occupied.
Consequently, the cancellation effect mentioned above is incomplete for all metals
from Sc to Ni; only for the last two metals investigated, copper and zinc, with their
completely filled 34 shells, this compensation effect is nearly (Cu) or completely
(Zn) perfect which explains the abrupt decrease of the sensitivity curves in Fig. 5
for these metals.

On the basis of the similarity of the curves (CA,S) and (M,S), it may be concluded
that the sensitivity of MDAP to various xc terms is roughly the same as the sensitivity
due to the fact whether the potentials are selfconsistent or not.

Until now, we have not discussed the curve for (CAM) in Fig. 5 with its
relatively complicated shape. At first, we observe that for all 3d bands (except for
Cu and Zn), the sensitivity for (CA,M) is smaller than both the sensitivities for
(CA,S) and (M,S). This indicates a further compensation process, namely, between
the effects of different xc potentials and of selfconsistency. Another strange feature
of this curve is its decrease for Mn — Fe — Co, followed by a steep increase to Ni
and Cu. As a result of numerous calculations, we got out that this behavior is due
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Table . Atomic and metallic electron configurations for K, Ca, and the 34 transition
metals, Fy and Er mean the valence electron bottom energy and the Fermi energy
in Ry, calculated by using the V{CA) electron crystal potentials. The definition of
the energy F; and the meaning of the terms first band and higher bands are given
in the text.

atomic configuration metallic configuration
of valence electrons: of valence electrons:
total 3d 4s Eyq E, Er first band higher bands

K 1 1 0.0003 0.1614

Ca 2 2 -0.0101 0.2729

Sc 3 2 1 0.0662 03889 0.4340 1.964 1.036
Ti 4 3 1 01391 04645 0.5677 1.920 2.080
v 5 4 1 02169 0.5248 0.6765 1.745 3275
Cr 6 5 1 02231 05309 07695 1.648 4.352
Mn 7 6 1 01096 04498 0.6564 1.921 5.079
Fe 8 7 1 00905 04326 0.6744 1.751 6.249
Co 9 8 1 00423 04111 0.6576 1.927 7.073
Ni 10 9 1 -00005 03816 0.6245 1.919 8.081
Ca 11 10 1 -00752 02832 0.5975 1.893 9.107
Zn 12 10 2 -0.2028 -0.0694 0.5467 1.541 10.459

to a change of the sign of the differences between (€4 and p™): p(CA) < pM) for
all metals before Co and p(®» > p™) for Ni and Cu (after Co) nearly everywhere
in the central momentum zone, leading to the very small value of 58’“1) = 0.76 for
the sensitivity of valence MDAP in Co.

To make the interpretation of the above resunlts more transparent, let us divide
the k space integral in the numerator of the expression (7) into two parts: for the
first valence band and for the other valence bands. For this purpose, we define for
each metal the energy F, which separates the first band from the higher bands.
This definition is illustrated by Figs. 6 and 7, where we show the eigenvalues of
valence electrons in fcc scandium (Fig. 6) and copper (Fig. 7) as a function of [k|,
i.e., without taking into account the direction of the Bloch vector. The energy E is
represented by the mean value of the maximum energy of the lowest band and the
minimum energy of the second-lowest band.

The results of this procedure for the electron bands obtained by using self-
consistent crystal potentials V() is given in Table I where we show the values of
the bottom valence energy Fy, the above defined energy E,, and the Fermi energy
EF for the metals investigated, together with the numbers of electrons per unit cell
which belong to the first band and to the sigher bands. We may see that the number
of electrons in the first band is always higher than the number of 45 electrons in the
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corresponding atomic configuration: this is obvious because the first band is in all
cases more or less hybridized by the 3d bands and contains therefore both sp- and
d-like electrons. Of course, for our purpose, the above procedure of getting E, is
only useful for d-band metals and not for the alkali metals and calcium.
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Fig. 6. Energy eigenvalues for valence electrons in fcc scandium as a function of |k|
(given in units of 27/a, where a is the lattice constant of the metal). The horizontal
lines indicate the Fermi energy (solid line) and the energy F) defined in the text
(dashed line).

Let us perform now a more detailed analysis of valence sensitivities sy for the
potentials (CA,M) [solid line with circles in Fig. 5]. First, let us define a “modified”
sensitivity 3y by the equation

] 5p5™7)
v = AP (10)
with AV/*#) given by Eq. (6) and
[ @ () (k + Gj) = Pk + Gy) ay
[ &3k p @ (k + G;) '

6p§a,ﬁ) =
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Fig. 7. Energy eigenvalues for valence electrons in fcc copper as a function of |k
(given in units of 27 /a, where ¢ is the lattice constant of the metal). The horizontal
lines indicate the Fermi energy (solid line) and the energy Ej defined in the text
(dashed line).

i.e., similarly as in Eq. (7), but without absolute values in the numerator. Fig. 8
shows the behavior of 3y not only for the whole energy region Fy < E < Ep,
but also for the energy regions of the first band (Ey < E < E)) and of the higher
bands (E; < E < Ep); the latter two will be denoted in the following as 3}, and g,
respectively.

Comparing the solid curve with circles in Fig. 5 with the results shown in
Fig. 8, we may conclude that a relation sy = —§, = —5}, — §% should hold for all
metals from Sc to Fe, whereas for Co, Ni, Cu and Zn, a relation sy = 5y = 35 + 8
should be valid. A carefull analysis of our numerical results shows that, indeed, these
relations are almost perfectly fulfilled by all metals from Sc to Fe and by Ni, and quite
satisfactorily by Co, Cu, and Zn. Therefore, on the basis of the behavior of 5y and
its components, we can explain the behavior of sy-. It turns out that, for the greatest
part of the d-band metals, the sensitivity sy of MDAP due to the valence electrons
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in the central momentum region with respect to the potentials (CAM) is dominated
by the contribution of electrons from the first band where the (integrated) difference
5p between p(©A) and p™) within the central momentum region is negative for all
metals from Sc to Fe. In all these cases, the higher bands play only a subordinate role
for the sy, but it is worth mentioning that the corresponding differences between
p(€A> and p™) are positive.
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Fig. 8. The "modified” sensitivity ;- for MDAPs due to valence electrons in the
central momentum region calculated for the potentials (CA, M). The curve with
squares: 3y for the whole energy region, Ey < E < Ef; the curve with triangles: 5},
for the energy region of the first band, Ey < E < E; the curve with circles: 8%, for
the energy region of the higher bands, £} < F < Ep. The energy F, is defined in
the text and given in Table 1. The dashed line from Fe to Zn shows the values of §y
for the whole energy region (i.e., a hypothetical branch of the curve with squares)

under the assumption that all 3d bands of these metals are fully occupied.

Let us note that the behavior of 5., and 5% along the series Fe — Co — Ni —
Cu — Zn is very interesting (Fig. 8). Here we observe a change of the sign of the
differences ép between p{®4) and p™ (from negative to positive values for the first
band, and vice versa for the higher bands), with the consequence that, for cobalt,



94 M. Sob et al.

both the first and the higher bands show a very small sensitivity with respect to V.
The reason for this special situation of Co cannot be understood on the basis of the
present investigation. For Cu and Zn, both the first band and the higher bands show
marked values (up to 16) of 5!, and 5% with different signs, positive for the first and
negative for the higher bands.
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Fig. 9. The valence MDAP profiles for nickel (the upper part) and copper (the lower
part) along the {100] direction in the momentum space for the first band (full lines)
and the higher bands (dashed lines). The momentum p is given in units of 27 /a with
a being the lattice constant. The letters CA and M refer to the corresponding crystal
potentials (see the text), and the dashed-dotted lines denote the Fermi momenta. The
shaded areas indicate the regions of momenta where the (integrated) differences
dp between pM(p) and p©A(p) belonging to the first band are not cancelled by the
differences between p™(p) and p°*(p) belonging to the higher bands because the
higher bands are only partially occupied. Note: despite the fact that the individual
deviations between pM(p) and p®*(p) are significantly larger for Cu than for Ni,
due to the more effective cancellation effect in copper, the sensitivity sy for this
metal is much smaller than for nickel.

Therefore, the sensitivity sy with respect to the whole energy region is deter-
mined by a more or less pronounced cancellation of s}, and 5%. This cancellation
is almost perfect for zinc, leading to small values of sy for this metal (see Fig. 8)
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but only incomplete in the case of Ni and Cu which is illustrated in Fig. 9 where
the shaded region indicates the contribution of the first valence band which has no
counterpart in the higher valence bands. This clarifies the abrupt decrease of the
sy and §y curves in Figs. 5 and 8, respectively, for these metals. Similar analysis
may be performed also for the pairs of potentials (CA,S) and (M,S), explaining the
behavior of corresponding curves in Fig. 5.
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Fig. 10. Normalized MDAPs p(p) in calcium along the [100] direction in the
momentum space. The enhancement effects are described by the local-density ap-
proximation. Solid line: (CA) electron and positron crystal potentials, enhancement
according to [41]; dashed line: (CA) potentials, enhancement according to [33, 34];
dashed-dotted line: (M) potentials, full line with dots: (S) potentials, enhancement
for both curves according to [41]; dotted line: (CA) potentials, enhancement accor-
ding to [44].

Now, let us discuss the sensitivity of the MDAP with respect to various e-p
interaction theories. We remain in the range of local-density approximation [Eq. (4)].
According to the proposal of Daniuk et al. [33, 34], the e-p correlation function
gep can be taken from the enhancement theory of thermalized positrons within a
homogeneous electron gas (see, e.g., Refs. [35] and [36]), namely

Gep (13 1K) = €nom [1o(x); x5 75(r) = [d7n(r) /3], (12)
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with n(r) being the total local density of the electron gas.

Following the ideas of Sob [37-39] and, independently, of Mijnarends and
Singru [40], the quantity x,ik Which describes the momentum-dependence of the
enhancement factor can be considered as an energy- and state-dependent function.
However, despite the impressing success of the local-density approximation, the
physically most convincing form of y,x is not clear.
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Fig. 11. Normalized MDAPs p(p) in vanadium along the [100] direction in the
momentum space. The description of the curves is the same as in Fig. 10.

Let us discuss here three approaches to the e-p correlation function ge:
Theory A [37-41}: Eq. (12) with

Yok = { V(B — Eo)/(Er — Eo) Ene—Ey >0 (13)
0 Enk — E() < 0.

Here Ly is the bottom energy of the electron conduction bands and FF is the Fermi
energy.

Theory B [33, 34, 42, 43]: Eq. (12) with

o2 [ VE V) (B —Ve®) B~ Val) 20
o) { / 0 E,,:—Ve(r) <o, ¥
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The values of x,i according to Eqgs. (13) and (14) differ considerably for the
valence electrons and are quite similar (namely, small or zero) for the core electrons.

Theory C: g, according to Borofiski and Nieminen [44]; it is given by
Gep(r;nk) = 1+ 1.237, + 0.8295r%2 — 1.26r2 + 0.3286r%2 + r3/6.  (15)

Here the position dependence is included by means of r,(r) given in Eq. (12). No
momentum dependence of the enhancement is included.

Let us assume now that we want to compare the calculated positron annihilation
profiles with experimental data to get out which of these three approaches to e-p
interaction is the most appropriate one.

Figs. 10 and 11 demonstrate the differences of the MDAPs calculated with va-
rious crystal potentials and e-p interaction theories in Ca and V. The solid line, solid
line with dots and dash-dotted line show the effect of using various crystal potentials
(VO ViS), and VM), respectively) with the fixed e-p interaction theory (theory
A), whereas the solid, dashed and dotted line exhibit the impact of employing various
e-p interaction theories (A, B, and C, respectively) with the fixed crystal potential
(V{CA)). Tt may be seen that the differences due to various e-p interaction theories
(between the curves in the second set) are comparable and in some regions even
smaller than the differences due to various crystal potentials (between the curves in
the first set). This makes it very difficult or even impossible to decide, on the basis
of comparison of theoretical and experimental MDAPs, which of the e-p interaction
theories is better as the variations of the MDAP are masked by the effects of crystal
potentials. It seems to us that a unified description of both electron-electron and
electron-positron interaction in solids could solve, at least partly, this problem and
would be highly desirable.

4. POSITRON AFFINITIES IN METALS, SEMICONDUCTORS AND IN-
SULATORS

Another positron quantity related to electronic structure is the positron affinity
(Ay) [45]. It can be calculated as a sum of the electron (y.) and positron (y,)
chemical potentials, i.e.,

Ay = e + pip. (16)

The electron chemical potential is considered here to be the energy of the
highest occupied electron state at zero temperature. The positron chemical potential
is identified with the lowest positron energy. Of course, both quantities (y, and
p) have to be defined with respect to the same reference level. Alternatively, the
positron affinity can be determined as a negative of the sum of electron (%®,) and
positron (®,) work functions:

Ay = — (P + D). (17)
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The positron affinity is a bulk property and does not depend on the surface
characteristics of the studied material. However, when doing practical measurements
of A, surface effects have to be carefully treated [46]. The equivalent definitions
(16) and (17) are, respectively, suitable for obtaining the A, from theory and
experiment. A necessary prerequisite to measure A, is that the positron work
function is a negative number. Namely, it is usually measured by means of so-
called positron re-emission spectroscopy [47], and if no positrons are spontaneously
re-emitted from the sample (after they thermalize), the positron work function cannot
be determined. To be complete, A, can also be obtained by measuring the formation
potential of positronium atoms {48].

The practical importance of A, is apparent in cases when two different materials
have a common interface. The most frequent case is a matrix with some embedded
precipitates. Then, the difference in A between the host and precipitate determines
the positron potential step at the interface. For a positron, a precipitate may represent
both a potential well or a barrier. In the first case, the positrons can, in principle, be
trapped in the precipitate. On the basis of ab initio electronic structure calculations,
it is possible to determine the height of the potential step and thereby to predict
whether the positrons will be trapped or repelled by the precipitates. For instance,
trapping of positrons in nano-sized lithium precipitates embedded in MgO matrix
was independently verified by performing such calculations [49]. Another aspect
of positron affinity is that the calculated value of A, can be used to estimate the
positron work function (without actually measuring it) using Eq. (17) as @, is known
for many materials. Therefore, knowledge of positron affinity is very important in
number of interesting situations.

Table II. Theoretical and experimental values of the positron affinity for selected
materials.

positron affinity (eV)
material type structure theory experiment
tungsten (W) metal bee -1.5° -1.5°
diamond (C) semiconductor diamond -3.0¢ -1.2¢
silicon carbide (3C-SiC) semiconductor =zinc blende -5.5¢ -3.8¢
magnesium oxide (MgO) insulator rock salt -6.0¢ 2.3;-4.2¢

@ this work, ® [53], ¢ [50] and references therein, ¢ [49] and references therein.

However, the application of positron affinity is not quite free from problems. It
turns out that, using the state-of-the-art approaches, the calculated positron affinity
is underestimated (its magnitude is overestimated) in materials with a band gap
[46, 49, 50]. Table II contains the calculated positron affinities of selected materials
together with their experimental counterparts (see [46, 50] for more examples). The
linear-muffin-tin-orbital (LMTO) method within the atomic sphere approximation
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(ASA) [51] was employed in calculations (computational details are given in [46]).
For the sake of comparison, we include also tungsten, which is a metallic system. One
can see that an excellent agreement between theory and experiment was achieved
in this case and a similar conclusion has been found for other studied metals [52].
On the contrary, the calculated affinities for semiconductors and insulators turn out
to be too low (their magnitudes are too large) when compared to experiment.

A detailed analysis of this effect was done in Ref. [46], where three distinct
polytypes of SiC were examined. Actually, both electron and positron parts of
the problem were found to contribute to the deficiency presented above. As for
positrons, it should be taken into account that they are not completely screened in
systems having a band gap. All calculated values in Table II were obtained using
the so-called semiconductor model [54] for electron-positron correlations (except
for W where the correction due to incomplete positron screening has no meaning).

Of course, the calculated values of A, are, to some extent, sensitive to the choice
of the exchange-correlation potential for electrons. To be more specific, the above
values were obtained using the scheme of Ceperley and Alder [24] as parametrized
by Perdew and Zunger [22]. If the potential of von Barth and Hedin [21] would be
employed, the values of A, would be by about 0.5 eV lower (i.e., larger in mag-
nitude). This means that one has to be careful when comparing numbers obtained
using different exchange-correlation potentials. The values of 1, (and thereby A.)
can slightly be increased (i.e., decreased in magnitude) by using another approaches
to the electron-positron correlation potential {54, 55]. On the other hand, it is well
known that the local density approximation (LDA) does not work satisfactorily when
calculating electronic structure of semiconductors and insulators [56]. Even if this
fact and its influence on the value of 1, is considered, one can hardly get the values
of A, which would match the experimental ones. As also concluded by Panda et al.
[50], contemporary approaches to electron-positron interactions in systems having
a band gap require a revision.

5. POSITRON DEFECT STUDIES IN POLYCRYSTALLINE METALS AT
NANOSCALE

Positrons are used to investigate so-called open-volume defects in solids, such as
vacancies and their clusters, dislocations, grain boundaries, etc., where the electron
density is less-than-average”. Such defects are attractive for positrons as the re-
pulsion of the atomic nuclei is weaker there and the positron can relax into the
additional volume due to the defect with considerable energy advantage. In this
way, positron samples the “free volume™ in the solid and its wavefunction is usually
strongly localized in the region of the defect [5, 6, 10]. It turns out that the response
of the positron is defect specific and, therefore, different types of defects can be
distinguished.
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Probably the most common positron annihilation technique used in defect stu-
dies is the positron lifetime spectroscopy (PLS). In open-volume defects, the posi-
tron lifetime increases considerably (for example, in monovacancies it is about 1.6
higher than in the defect-free bulk material). To associate measured lifetimes with
particular defects, positron lifetime calculations are often indispensable. At present,
reliable models of many types of defects based on atomistic simulation are availa-
ble. It is therefore advisable to investigate positron trapping at defects with realistic
atomic configurations which may appear in real materials, rather than at elementary
defects with simplified geometry as has been done frequently so far.

In this section we demonstrate a suitable computational technique applied to a
model sample of nanocrystalline Ni (the details will be published elsewhere [57]).
The formula to calculate the positron lifetime 7 reads [52]

1/r = 7r'r§c'/ ne(r)n, (r)y[ne(r)]d%r, (18)

where 7 is the classical electron radius, c is the velocity of light, n. and n, are,
respectively, electron and positron densities, and <y stands for the so-called enhan-
cement factor which describes the pileup of electrons around positrons. The enhan-
cement factor is closely connected with the e-p correlation function g, introduced
in Eq. (4) and increases with decreasing electron density. The positron lifetime also
increases with decreasing electron density and saturates at a value of 500 ps. This
fact somewhat limits the possibilities of PLS in the case of large vacancy clusters
(voids) because the lifetime corresponding to positrons trapped at such clusters al-
most does not change with their size. Nevertheless, there are many defects where
this limitation does not apply.

5.1. Atomic superposition method

The electron density to be used in Eq. (18) and the positron crystal potential
is usually obtained from ab initio electronic structure calculations. However, for
systems having large number (thousands) of non-equivalent atoms, this procedure
is unmanageable. A method devised to perform positron calculations in such sys-
tems is the atomic superposition technique (ATSUP) [58]. It is a non-selfconsistent
technique which makes use of the atomic densities and electron Coulomb potentials
of all atomic species in the system considered in order to approximate the electron
density and Coulomb potential in the defect region by numerical superposition on
a three dimensional (3D) mesh according to the atomic configuration of the system
supposing its periodicity. The positron potential is constructed as a sum of two parts:
V, = —VEoul 4 yeorr where V,C° is the electron Coulomb potential originating
from the superposition of Coulomb atomic potentials (the negative sign is due to the
opposite charge of positrons) and V" is the positron correlation potential which



Positron Annihilation in Inorganic Solids 101

depends on the electron density n,. The Schrodinger equation for positrons is then
solved numerically on the 3D-mesh using the conjugate gradient method [58]. As an
output of the calculations, we get the positron wavefunction and energy as well as
the positron lifetime and momentum distribution of annihilation photons characte-
ristic for the defect studied. The calculated positron lifetime may be compared with
experimental results. A great advantage of the ATSUP technique consists in its high
computational speed; therefore, quite large atomic configurations may be treated.

Some model (virtual) samples of materials may contain excessive number of
atoms (even hundreds of thousands or more). Such samples are too large to be
considered as one cell for positron calculations and smaller parts (’cuts’) containing
regions of interest have to be examined. However, such cuts (generally parallelepi-
peds) are not periodic and the ATSUP technique has to be modified. Explanations
of needed changes are given in [59]. Here we mention the basic points only.

First, a shallow potential well is created for positrons by adjusting the positron
potential at the sides of the cut and, in this way, physically reasonable behavior of
the positron wave function in this region is achieved. Second, as the cut may contain
more positron traps, we extend the procedure for solving the Schrédinger equation
so that it is possible to look for more positron states. We also employ a multigrid
approach to speed up the calculations.

5.2. Defects in nanocrystalline Ni

In this study, we investigated nanocrystalline sample of Ni described in detail by
Van Swygenhoven et al. [60]. It was constructed as follows: First, the simulation cell
volume was filled with nanograins (seeds) with random location and crystallographic
orientation. Subsequently, the grains were allowed to grow until they touched each
other. The sample was then relaxed for 50-100 ps at 300 K using molecular dynamics
with second-moment (tight-binding) potentials according to Cleri and Rosato [61].
As a result, a computer sample of nanocrystalline Ni was obtained. It contained
about 1.2 million of atoms and 15 grains, the average grain size being 12 nm. Its
average density amounted to 96 % of that of the perfect bulk Ni. A lot of high-
angle grain boundaries were present. However, the sample did not contain any large
vacancy clusters and only small free volumes (up to size of one vacancy) associated
with grain boundaries (GBs) were found.

So far, we have examined only several GBs and one triple junction (a common
point of three or more GBs). Table III contains the results of our lifetime calculations
for several positron lowest states at selected GBs (they are identified by the grain
numibers of adjacent grains). Most calculated lifetimes are in the interval of 117-126
ps except for the GB 13-14. This GB exhibits slightly lower lifetimes (110-118 ps)
than the triple junction and other GBs as it is close to a twin GB and has a little bit
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denser atomic arrangement and, therefore, smaller amount of free volume (Figs. 12
and 13). All these values exceed the calculated bulk positron lifetime in Ni (100 ps)
only slightly and correspond to rather shallow positron traps. The sites of positron
localization (maxima of the positron density) are marked by large spheres in Figs.
12 and 13. In the case of GB 1-14, we have found a vacancy (with a positron lifetime
of 162 ps) close to the GB (Fig. 12).

Fig. 12. A part of the grain boundary 1-  Fig. 13. A part of the grain boundary be-
14. The sites of positron localizationare  tween the grains 13 and 14 together with
marked by large spheres. The vacancy  the sites of positron localization. A pair
is located a little bit aside from the GB.  of two twin atomic planes is indicated
The orientation of some atomic planes by solid lines.

is also indicated.

Till now, we have analyzed a small fraction of GBs existing in the sample and
found one vacancy only (see Table III). This would correspond to a vacancy concen-
tration of about 1 ppm which may not be too far from reality. Currently, a computer
code for a geometrical analysis of free volumes in simulated samples is being de-
veloped. This will allow us to perform positron lifetime calculations for regions
indicated by that code (without looking for them ‘manually’) and, consequently, to
determine the concentration of vacancies with a higher precision.

Table III: Calculated positron lifetimes for selected grain boundaries and triple
junction (last column) in the computer sample of nanocrystalline Ni.

grain boundary 1-7 1-14 13-14  3-7-15

lifetimes (ps)  118-126 117-123,162 110-118 119-125
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The experimental lifetime spectra on nanocrystaline Ni [62] exhibit two com-
ponents. Depending on the sample preparation procedure the first one ranges from
156 to 187 ps and its intensity varies from 43 to 80 %. This component is attributed
to vacancy-like defects which are supposed to be associated with grain bounda-
ries [63]. It seems, therefore, that in the measured samples positrons are trapped
predominantly by defects having a size of about one vacancy.

The longer lifetime component found in measured samples varies from 300 to
400 ps. It corresponds to larger vacancy agglomerates, which do not appear in the
computer sample due to the way of its construction (see above and [60]), and we do
not discuss it here in detail. Other examples of positron calculations and experiments
in nanocrystalline materials may be found, e.g., in [59, 64].

As for the comparison of theoretical calculations with experimental data, we
concluded that the measured samples contain vacancies and vacancy clusters whe-
reas the computer sample seems to be rather dominated by shallow traps (that have
not been yet observed experimentally) though vacancy-like defects are also present.
The real nanocrystalline samples certainly contain many shallow positron traps as
there is a large volume fraction of GBs in such samples. From the point of view of
PAS the comparison of theory and experiment is complicated by the fact that the
trapping efficiency for these shallow traps is not known,; it seems that it is quite
low (compared, ¢.g., to that for vacancies), which prevents these traps from being
observed by PAS.

It would be desirable, of course, to construct a computer sample which would
be closer to the measured samples. At least a realistic description of larger vacancy
agglomerates is needed. Furthermore, the influence of different preparation condi-
tions on the structure of GBs would also be worth of studying. For these purposes,
our sample may be considered as a good start. It may be expected that, changing the
conditions of computer simulations and improving the description of interatomic
interactions, we will arrive, by trial and error, to more and more realistic computer
samples.

6. CONCLUSIONS

In this paper we have discussed some recent advances and pending problems in
application of positron annihilation spectroscopy (PAS) to solid state physics and
materials science. It turns out that PAS may be very helpful in variety of issues, but
it also has some serious limitations. Very often careful theoretical calculations have
to be performed in order to understand properly the positron annihilation signal.

In Secs. 3 and 4 of this paper, we discussed the reliability and accuracy of first-
principles electronic structure calculations in PAS. We can believe that, probably,
the computational tools we have are good enough to find electronic structure and
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positron states with sufficient accuracy. These tools include, among others, the Kohn-
Sham equations based on density functional theory and the numerical methods for
their solution. However, the main difficulty seems then to consist in the fact that we
do not have the input which is sufficiently accurate. In the electron crystal potential,
there are several approximative descriptions for exchange-correlation energy and
we do not know which one is the best one. Regrettably (or fortunately?), using
different formulas yields somewhat different electronic structures and electronic
wavefunctions. To include positron properly, we need a reliable description of
electron-positron interaction. There are also several different approaches for that.
Most of them have a local-density nature. However, recently it was demonstrated that
non-local effects in e-p correlations are of substantial importance for d-electrons in
transition metals and for core electrons {65]. Now, one of the problems we discussed
here is that the sensitivity of the calculated momentum densities of annihilation pairs
(MDAP) with respect to different electron-positron interaction theories is smaller
or comparable with their sensitivity with respect to different crystal potentials. We
have shown that this fact may have far reaching consequences. Specifically, in this
contribution, we have demonstrated that, at present, a high sensitivity of MDAP
to crystal potentials makes it difficult to apply the comparison of theoretical and
experimental MDAPs as a criterion to decide which electron-positron interaction
theory is better. This is not very good news for theorists working in the field.
Also the calculated values of positron affinities A, are influenced by the choice
of electron potential and electron-positron interaction theory quite strongly and, in
semiconductors and insulators they are quite different from the experimental data. It
seems to us that, to solve these problems, we will have to change the present paradigm
and to try to describe the electron-electron and electron-positron interaction in solids
on equal footing, in some very unifying and compact way, including properly all
interactions and not having to resort to some serious approximations. A theory like
that would be very desirable.

In Sec. 5, we have shown that the present atomistic simulation techniques enable
us to generate quite realistic computer samples and to calculate the corresponding
positron signals which may be then compared with those obtained in experiment.
Due to the speed and capacity of present-day computers, we may investigate positron
states at defects with realistic atomic configurations which may appear in real mate-
rials. In this way, theoretical PAS investigations have achieved a qualitatively higher
level where the results of a positron experiment performed on a complex system can
be simulated before actually performing the experiment itself. Of course, the goal of
such simulations is not to obtain numbers, but insights. The results include electron
and positron wavefunctions, charge densities, trapping coefficients, positron-defect
binding energies, formation and migration enthalpies, etc. Comparing the calculated
positron annihilation characteristics with experimental results yields also significant
information about the adequacy of defect configuration. In this manner, there is a
feedback between the structural models and reality which brings us to more and
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more complete description of the underlying structures and atomic configurations
of material defects — we can somehow 'tune’ the computer sample to reproduce as
much experimental results as possible. This also requires better and better descrip-
tion of interatomic interactions. We expect that in future the first-principles methods
will allow to simulate larger and larger atomic configurations and will contribute
most significantly to studies of electronic structure and atomic configuration of
extended defects such as grain boundaries, interfaces, dislocation cores, etc., espe-
cially in systems with covalent bonds, such as non-close-packed metals, non-cubic
intermetallics, metal-ceramic interfaces, semiconductor systems, etc. Notwithstan-
ding, simpler methods, such as atomic superposition method [58], embedded atom
method {66] and N-body central force [67] or second-moment [61] potentials, wiil
remain essential for studies of very large systems. To proceed further, it is necessary
to combine simpler methods with the first-principles approaches on one hand and
experiment on the other.

Therefore, in understanding properties of defects in materials, our task is two-
fold: First, we should have reliable description of interatomic interactions and rele-
vant numerical methods to be able to create realistic atomic configurations (e.g., a
computer sample of nanocrystalline Ni analyzed in this paper). Second, we need a
code which, taking the computer-generated sample as input, will give us the defect
characterization and distribution and, for the purpose of PAS, for example, the posi-
tron lifetime distribution or some other annihilation characteristics. Here we face a
problem of defect trapping efficiency which is different for different types of defects
and it is quite hard to compute. Nevertheless, some advancement in this direction
have already been recorded and further work is in progress.
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Abstract

Theoretical calculations of positron lifetimes for vacancy defects in B2-type
intermetallic compounds (FeTi, CoTi and NiTi) and MgO have been performed
using DV-Xo method. In B2-type intermetallic compounds, the charge transfer
from Ti to Fe/Co/Ni induces the difference of the positron localization between the
Ti vacancy and Fe/Co/Ni vacancy. At the Fe/Co/Ni vacancy surrounded by the
positively charged Ti atoms, the positron is not well localized and yields a shorter
positron lifetime than at the Ti vacancy. Our recent positron lifetime measurement
for MgO reveals that the bulk positron lifetime of MgO is about 30 ps shorter than
the previously reported value. The experimental positron lifetime for the bulk state
is well reproduced by the semiconductor model. The comparison of calculated and
experimental positron lifetimes for the Mg vacancy suggests that the inward
relaxation occurs around the Mg vacancy trapping the positron.

CONTENTS

1. Introduction
2. Method
2.1 Electronic structure calculation
2.2 Positron state calculation
3. Positron lifetimes in TMTi compounds (TM = Fe, Co and Ni).
3.1 Defects in intermetallic compounds
3.2 Bulk state in TMTi
3.3 Vacancy state in TMTi
3.4 Comparison with experimental values
4. Positron lifetimes in MgO
5. Conclusion
6. References

ADVANCES IN QUANTUM CHEMISTRY, VOLUME 42
© 2003 Elsevier Science (USA). All rights reserved
0065-3276/03 $35.00



110 Masataka Mizuno et al.

1. INTRODUCTION

Positron lifetime spectroscopy is a powerful tool for the study of vacancy-type
defects in solids. In a perfect crystal lattice, the positron is delocalized in the
interstitial regions because of the repulsion from the ion cores. The vacancy-type
defects in solids trap the positron due to the missing of the ion cores. The
localization of the positron at the defect leads to the increase of the positron lifetime
compared to the bulk lifetime due to the decrease of the electron-positron overlap.
In compounds, several types of defects may exist and it is more difficult to
characterize the measured positron lifetime than in elemental solids. In particular,
the charge transfer between constituent atoms affects the positron distribution. This
indicates that the atomic superposition method [1] in which the positron
wavefunction is solved under atomic charge densities can not be applied for the
positron in compounds. In this case, a theoretical calculation including electronic
structure calculations is indispensable in order to interpret the measured positron
lifetime. In the present work, we have performed theoretical calculations of positron
lifetimes of the bulk and the mono-vacancy for B2 type intermetallic compounds
TMTi (TM=Fe, Co and Ni) and MgO based on first-principles electronic structure
calculation. We also present the experimental results for CoTi and MgO. The
accuracy of the calculation and properties of defects in these solids are discussed by
the comparison of the calculated positron lifetimes and the experimental values.

2. METHOD

2.1 Electronic structure calculation

In order to obtain the electron density and potential for the calculation of the
positron wavefunction, the DV-Xa cluster method using a program code SCAT
[2,3] is employed. In this method, the exchange-correlation potential is given by

V,c(r)=—3a[8ip(r)]3, (1)
¥4

where p(r) is the electron density and a is the scaling parameter, fixed at 0.7. The
molecular orbital wave function is expressed by a linear-combination of atomic
orbitals (LCAO) and may be written as
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¢ = zczlli ) )

where C;; ’s are coefficients. As the basis function y; we use the numerical atomic
orbitals obtained by solving the radial part of the Schrodinger equation for each
atom in a given environment. In order to obtain the orbital populations and the net
charges, the Mulliken population analysis {4] is performed. The orbital population,
Qu(), and the overlap population, Q(/), of the /-th molecular orbital between y; and
%, are defined by

0=2 Z}}C},C,, PAATAA ARG

0,(n=2fCC, X o) 2z, @), @

where f; is the occupation number of the /-th molecular orbital, #; is one of the
sample points and o (r%) is the integration weight of the sample point. 500 sample
points per atom are used for the numerical integration. The orbital population is
useful to determine the effective atomic charge. The bond overlap population
between A and B atoms is given by

O = 2. 2.2.0,. ()

i€eA jeB [

The overlap population can be used as a measure of strength of the covalent
bonding. The net charge of each atom AQa is obtained by

AQA =ZA_ZQ1" (6)

i€A

where Z, is the atomic number of atom A.

The model clusters composed of 113 atoms are used for the bulk state of FeTi,
CoTi and NiTi. In the case of MgO, the model cluster is composed of 43 Mg atoms
and O atoms surrounding each Mg atom. The Madelung potential generated by
point charges is employed in the calculation of MgO. For the calculation of the
vacancy state, the central atom of the model cluster for the bulk state is extracted.
The lattice relaxation around the vacancy is not taken into account for FeTi, CoTi
and NiTi. In order to estimate the effect of the lattice relaxation, the first-nearest
neighbor O atoms are relaxed by —10 to 10 % of the bond length for the calculation
of the Mg vacancy in MgO.
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2.2 Positron state calculation

The three-dimensional potential V.(r) experienced by a positron is constructed as
a sum of the electrostatic potential Ve(r) due to the nuclei and the electrons, and a
correlation potential Veor(#.(r)) describing the electron-positron correlation:

Vir) = Ve(r) + Veor(n(r)), @)

where n.(r) is the electron density. For the density dependence of Veor(n.(r)) we
have used the interpolation formula of Borofiski and Nieminen [5] based on the
result of many-body calculation by Arponen and Pajanne [6] The Schrédinger
equation for the positron is solved by the finite-difference method [7] employing
the periodic boundary conditions for delocalized positron wave function in the bulk
state. In the case of the localized positron at the vacancy, the boundary condition is
the vanishing of the positron wave function on the surface of a large polyhedron.

The positron lifetime 7 is calculated as the reciprocal value of the positron
annihilation rate A given by

A=mic|n, (rn_(ry(rdr, ®)

where 7, is the classical electron radius, ¢ is the speed of light, #.(r) is the positron
density and #(r) is the enhancement factor describing the short-range pileup of the
electron at the positron. For the enhancement factor, we have used the interpolation
formula by Puska ef al. [8] based on Lantto’s data [9] quoted by Boronski and
Nieminen [5]. This parameterization is called BN model here. Partial annihilation
rates are obtained using the results of the Mulliken population analysis.

In insulators and semiconductors, the band-gap affects the enhancement effect.
The band gap is considered to reduce the enhancement because of an imperfect
screening of electrons. Two models are proposed by Puska er al for the
enhancement in compounds having the band gap [10]. One is called semiconductor
model using the dielectric constant. The other is called insulator model based on
atomic polarizability. The calculated positron lifetimes for bulk state in MgO
reported by Puska er al. are 119 ps within the semiconductor model and 167 ps
within the insulator model. In the insulator model, adjustable parameters are
included and determined in order to reproduce the experimental lifetime of several
insulators including MgO. However, experimental results recently measured in our
group indicate the positron lifetime of bulk component is much shorter than



Positron Lifetimes for Defects in Solids 113

previously reported value of 166 ps. It is suggested that this longer positron lifetime
may reflect the defect component introduced by impurities as discussed below.
Therefore the insulator model is not appropriate. In this work, the conventional
enhancement factor, the BN model, mentioned above and the semiconductor model
are employed for MgO.

3. Positron lifetimes in TMTi compounds (TM=Fe, Co and Ni).
3.1 Defects in intermetallic compounds

In intermetallic compounds having a wide range of concentrations around the
stoichiometry, structural defects are introduced in order to compensate deviations
from the stoichiometry and have influence on several properties. Main structural
defects are vacancies on the sublattice or antisite atoms occupying the other
sublattice. If the vacancies are mainly responsible for the deviation from the
stoichiometry, longer positron lifetimes should be measured compared to the bulk
lifetime. The measured and calculated positron lifetimes for both the bulk and the
monovacancy in most of elemental metals were reported. However, it is difficult to
estimate the positron lifetime in intermetallic compounds using the reported values
for the constituent elemental metals. In intermetallic compounds, the charge
transfer occurs between the constituent atoms and affects the localization of the
positron at the vacancy.

3.2 Bulk state in TMTi

The total and partial densities of states for FeTi, CoTi and NiTi are shown in Fig. 1.
The DOS curves are obtained by broadening the discrete energy levels by Gaussian
function with full width at half-maximum (FWHM) equal to 0.5 eV. They are
shifted so as to set the Fermi level (Er) at zero. There have been several theoretical
studies for the series of Ti-based intermetallic compounds, FeTi, CoTi and NiTi
[11-13]. The basic features of our DOS agree with those in previous works. The TM
3d band is located just below the Er and interacts mainly with the Ti 3d orbitals.
Going from FeTi to NiTi, the TM 3d band is shifted downwards and the separation
between the Ti and TM 3d band increases. Figure 2 shows the net charges
calculated from the Mulliken population analysis. The electron transfer occurs from
the Ti to TM atoms and its amount increases from FeTi to NiTi. The increasing
electron transfer causes the increasing downward shift of the TM 3d band.
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The positron lifetimes, annihilation rates and positron distributions for bulk state
are presented in Table 1. The Ao represents the sum of annihilation rate from 1s to
3p orbitals. Although all the three compounds have almost the same positron
lifetime, the annihilation rates and positron distribution show different character.
The largest contribution to the positron annihilation is the TM 3d orbital. Judging
from the atomic radius, the Ti atom is expected to have a larger contribution to the
positron annihilation rate. However the positron distribution in Table 1 shows that
the positron resides more around the TM atom and the preference becomes stronger
with the increase of the atomic number. Figure 3 shows the positron and electron
density along the [111] direction (containing both the Ti and TM atom sites). The
distance in the figure represents the length from the center between the Ti and TM
nuclei. Whereas the positron density is peaked around the interstitial regions
because of the repulsion from the nuclei, the peak is slightly shifted to the TM site
and the positron overlaps with the electron of the TM atom more than the Ti atom.
This indicates that the positron density around the TM atom is higher and the
annihilation occurs preferably around the TM atom rather than around the Ti atom.
As seen in Fig. 2, the electron transfer occurs from Ti to TM atom. The Ti atom is
positively charged and the region around the Ti atom turns into positive
environments for the positron.

Table 1 Positron lifetime, annihilation rate and positron distribution for bulk state in
FeTi, CoTi and NiTi.

Lifetime(ps) Annihilation rate (ns™) diIs’:)rsiglrxct)iIcl)n
T theo A core A 3d A 4s A 4p

FeTi 115

Fe 0.859 2.082 0.846 1.451 0.600

Ti 1.370 0.846 0.438 0.797 0.400
CoTi 117

Co 0.757 2216 0.928 1.450 0.619

Ti 1.279 0.769 0.415 0.729 0.381
NiTi 120

Ni 0.652 2.169 0.990 1.567 0.636

Ti 1.206 0.706 0.395 0.670 0.364
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Fig. 3 Positron and electron density around the interstitial region between the Ti
and TM site in (a) FeTi, (b) CoTi and (c) NiTi. The densities are shown along the
[111] direction containing both the Ti and TM site.

3.2 Vacancy state in TMTi

The positron lifetimes, annihilation rates and positron distributions for vacancy
state are given in Table 2. In all the three compounds, the positron lifetime of the Ti
vacancy is longer than that of the TM vacancy. The difference in the positron
lifetime between the Ti vacancy and the TM vacancy increases in the order of FeT,
CoTi and NiTi. The large values of positron density at the TM atoms around_the Ti
vacancy indicate that the positron wave function is mainly distributed at the TM
atoms surrounding the Ti vacancy. Therefore, the positron is well localized at the Ti
vacancy and the localization leads to a longer positron lifetime. In comparison with
the bulk state, the decrease of the core annihilation rate also indicates the
localization of the positron wave function at the Ti vacancy. On the contrary, the
positron distribution at the TM atoms around the TM vacancy is comparable to that
of the Ti atoms although the TM atoms are not located near the TM vacancy. The
large contribution of the TM atoms to the positron annihilation rate indicates that
the positron wave function is not well localized at the TM atom vacancy. Figure 4
shows the positron density near the vacancy along the [110] direction. It is clearly
seen that the positron density at the Ti vacancy is higher than that at the TM atom
vacancy. Is may be also seen that the difference of the positron density between the
Ti vacancy and the TM vacancy increases when going from FeTi to NiTi. This
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difference is due to an increasing electron transfer. Figure 5 shows the potential
V.(r) experienced by a positron which is a sum of the electrostatic potential Ve(r)
due to the nuclei and the electrons, and a correlation potential Veor(n2.(r)) describing
the electron-positron correlation. Because of the electron transfer from the Ti to the
TM atoms, the TM atoms are negatively charged and the potential around the Ti
vacancy surrounded by the TM atoms is lower than the in other regions. On the
other hand, the potential around the TM vacancy is also negative; at the center of
the TM vacancy, it is slightly higher than the interstitial regions 2.5 A away from
the center. This is because the potential at the interstitial region is lowered by the
negatively charged TM atoms. As a result, the positron is more scattered throughout
the interstitial region and is not well localized at the TM vacancy.

Table 2 Positron lifetime, annihilation rate and positron distribution at vacancies
in FeTi, CoTi and NiTi.

Lifetime(ps) Annihilation rate (ns™) diIs)tor?glrlfir;n
T theo A core A 3q A 4s A %
FeTi
Fe Vac. 144
Fe 0.503 1.288 0.592 1.035 0.451
Ti 1.109 0.814 0.545 1.037 0.549
Ti Vac. 197
Fe 0.357 1.276 0.822 1.600 0.820
Ti 0.245 0211 0.177 0.387 0.180
CoTi 135
Co Vac.
Co 0.547 1.633 0.732 1.136 0.509
Ti 1.125 0.768 0.525 0.925 0.491
Ti Vac. 201
Co 0.301 1.282 0.857 1.600 0.828
Ti 0.221 0.189 0.171 0.356 0.172
NiTi
Ni Vac. 134
Ni 0.513 1.740 0.811 1.247 0.541
Ti 1.093 0.727 0.502 0.848 0.459
Ti Vac. 205
Ni 0.254 1.258 0.899 1.595 0.836

Ti 0.203 0.169 0.166 0.340 0.164
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3.4 Comparison with experimental values

The experimental positron lifetimes in CoTi are presented in Fig. 6 [14]. Positron
lifetime spectra were measured at room temperature using a fast-fast timing
coincidence system with a time resolution (FWHM) of 190 ps. A 30 uCi positron
source of 2NaCl was sandwiched between two identical sample plates. The source
contribution and the resolution functions were evaluated by using the code
RESOLUTION [15]. The lifetime spectra were analyzed by means of the
POSITRONFIT EXTENDED program [16,17]. Irrespective of the kind of the
defects introduced for the deviation from the stoichiometry, the thermal vacancies
still remain in water-quenched specimens. If structural vacancies are induced due to
the deviation from stoichiometry, the positron lifetime of the vacancy state, which
is longer than that of the bulk state, is detected even at room temperature both in
water-quenched and in furnace-cooled specimens. On the other hand, if antisite
atoms are introduced due to the deviation from the stoichiometry, the longer
positron lifetime is not observed in furnace-cooled specimens where thermal
vacancies disappear. The positron lifetime in the furnace-cooled specimen near the
stoichiometry can be considered as the bulk positron lifetime. Our calculated
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Fig. 6 Mean positron lifetime for CoTi.
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positron lifetime of the bulk state in CoTi, 117 ps, is in a good agreement with the
experimental value. The slight decrease of positron lifetime in the furnace-cooled
specimens going from the stoichiometry to 47% Ti is due to the increase of the
composition of the Co atom having a larger annihilation rate as seen in Table 2.

In comparison with the positron lifetime of furnace-cooled specimen, it seems
reasonable to suppose that the positron lifetime of 143 ps in water-quenched
Coso.sTias 5 at the Ti-poor side is associated with the annihilation at the Ti vacancy.
On the other hand, the positron lifetimes both of the water-quenched and of the
furnace-cooled specimens in Coag 5Tisg s exhibit almost the same value of about 163
ps which is longer than the bulk positron lifetime. This suggests that the structural
vacancies are mainly responsible for the deviation from the stoichiometry on the
Co-poor side in CoTi and the positron lifetime of about 163 ps originates from the
positron annihilation at the Co vacancy.

The calculated positron lifetime of the bulk state of CoTi is good agreement with
the experimental data, whereas the calculated positron lifetimes of the vacancy state
show the opposite trend to the experimental values. As mentioned above for the
calculated results, the electron transfer from the Ti to TM atom in TMTi causes a
longer positron lifetime of the Ti vacancy compared to that of the Co vacancy. On
the contrary, the experimental results show that the positron lifetime of the Co
vacancy is longer than that of the Ti vacancy. One of the reasons may be that the
lattice relaxation around the vacancy is neglected in our calculation. Generally, the
inward relaxation around a vacancy reduces the positron lifetime due to the
decrease of the open space. However, the difference between the calculated and
experimental lifetime for the Ti vacancy is too large to be compensated by the
lattice relaxation. Another reason consists in the fact that impurities such as oxygen
trapped at the vacancy may reduce the positron lifetime. In the case of the Co
vacancy, the experimental positron lifetime may reflect another type of vacancies
which have a larger size than a monovacancy. In B2-type FeAl, the divacancy and
triple defects, i.e. two vacancies and one antisite atoms were observed using
positron annihilation methods, Mdssbauer spectroscopy and X-ray diffraction [18].
We will calculate the positron lifetimes for the Co divacancies and triple defects
composed of two Co vacancies and one antisite Co atoms in near future.

The accuracy of the theoretical calculation of the positron lifetime also needs
further consideration. The difficulty of the positron calculation for TiTM
compounds arises from their crystal structure and the charge transfer. The
interstitial regions in the B2 structure are slightly larger than in other structures
such as L1, and L1, since the B2 structure is not the close-packed. In comparison
with a vacancy, the size of the interstitial regions in the B2 structure is not large
enough to trap the positron, whereas the charge transfer between the constituent
atoms complicates the situation as it affects the Coulomb potential around the
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interstitial regions. In metals, the Coulomb potential at a vacancy is always lower
than in the other regions and the positron is trapped at a vacancy. However, in
intermetallic compounds where the charge transfer occurs, it is possible that the
Coulomb potential at the interstitial regions near negatively charged atoms is
comparable to that at the vacancies surrounded by positively charged atoms as seen
in Fig. 5. The positron distribution around the vacancy in these intermetallic
compounds is very sensitive to the amount of the charge transfer. Therefore, high
accuracy electronic structure calculation is required for the determination of the
positron state in these intermetallic compounds. In this work, we employed model
clusters composed of 113 atoms. This ciuster size is large enough to calculate the
positron state at a vacancy in metals, whereas it is possible that the potential
experienced by a positron is not well reproduced by the cluster size in intermetallic
compounds such as CoTi. For further considerations, larger model clusters should
be used or band-structure calculations with large supercells should be performed
which can reproduce the potential around the vacancy more accurately.

4. Positron lifetimes in MgO

In MgO, impurity atoms having a different charge from Mg atom induce Mg
vacancies for the charge neutrality [19]. In the case of A’ impurity, two AI’* atoms
give rise to one Mg vacancy in order to cancel out excess of charge by two AP’
atoms. Figure 7 shows the change in mean-positron lifetimes of MgO with addition
of aluminium recently measured in our group using sintered specimens made of
ultra-high purity MgO powder in which the amount of the impurities is under 30
ppm. Positron lifetime measurement and analysis for MgO were made in the same
way as for CoTi. Mean-positron lifetime increases linearly with the addition of Al.
The increase of the mean-positron lifetime can be ascribed to the formation of Mg
vacancies, since the positron in ionic compounds such as MgO is not localized at
the anion vacancy due to the Coulomb repulsion from the surrounding cation atoms.
We can determine the type and amount of defects employing two-component
analysis for positron lifetime spectra. According to the trapping model [20-22], the
positron lifetime spectrum, 7(7), may be approximated by to two discrete
components:

T(@) = (i—oj exp(- ;LJ + [é"—j exp[— TL) . ©®
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The second term represents the defect component. The decay constant 74 is the
positron lifetime in the defect. The relative intensity of the defect component, /g,
increases with the defect concentration (Jo+/¢=1). The first decay constant 7 is
always shorter than the bulk positron lifetime 7, [23,24] because the trapping rate x
is included in 7 as

1

T, = : 10
O (10)
The relative intensity /o and /4 can be written as
A -
b z‘d K (1 1)

sl e

The bulk positron lifetime 7, can be derived from the decay constants 7% and 73 and
the relative intensity according to

1

7, =—— (12)
’ Io/To +Id/Td

The results of the two-component analysis are shown in Fig. 8. The bulk lifetime 7,
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=135-140 ps is much shorter than the previously reported bulk lifetime of 166 ps
[15] which seems to reflect not the bulk but the defect state arising from impurities.
The relative intensity of defect component /4 increases with the increase of the Al
content. This is the evidence for the Mg vacancy formation by the addition of Al
The calculated positron lifetimes for the bulk state and at the Mg vacancy in MgQ
are listed in Table 3. In both cases, the positron lifetime obtained within the
semiconductor model is longer than that evaluated within the BN model since the
reduction of the screening of the positron by electrons is taken into account in the
semiconductor model. The experimental bulk lifetime of 135-140 ps is well
reproduced by the calculation using the semiconductor model. On the other hand, in
the case of the Mg vacancy, the calculated positron lifetime within the BN model is
in a better agreement with the experimental lifetime of 180 ps than within the
semiconductor model. The reason for this contradiction is that the lattice relaxation
around the vacancy, which affects the positron lifetime, was not taken into account.
In order to estimate the effect of the lattice relaxation, the first nearest oxygen
atoms around the Mg vacancy are relaxed and the electronic structure and positron
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lifetime calculations are performed. The results are shown in Fig. 9. For the
agreement with the experimental value, about 5 % inward relaxation is required
within the semiconductor model. However, about 6 % outward relaxation around
the Mg vacancy is expected using first-principles calculation, CASTEP [26]. The
outward relaxation arises from the Coulomb repulsion between the oxygen atoms.
In the case of MgO including the positron, the positron localized at the Mg vacancy
can be considered to reduce the Coulomb repulsion, which leads to the inward
relaxation. In order to discuss the absolute value of lattice relaxation, further
calculations including the relaxation effect by the positron are needed.

Table 3 The calculated positron lifetimes in MgO. #" and 7™ are the
calculated positron lifetimes within BN model and semiconductor model,

respectively.
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5. Conclusion

We have performed theoretical calculations of positron lifetimes for the bulk and
the vacancy in B2-type intermetallic compounds (TMTi: TM=Fe, Co and Ni) and
MgO using the electronic structure obtained by DV-Xa method.

In the TMTi intermetallic compounds, the electron transfer occurs from the Ti to
the TM atoms and its amount increases in the series of FeTi, CoTi and NiTi. The
charge transfer induces the difference of the potential experienced by the positron at
the Ti and TM vacancy. The positron lifetime for the Ti vacancy is longer than that
for the TM vacancy since the Ti vacancy is surrounded by the negatively charged
TM atoms. However, the experimental results for CoTi show opposite trends. It is
suggested that the experimental positron lifetimes reflect another types of vacancies
or vacancies trapping impurities. Further, it turns out that the potential seen by the
positron at the vacancy in intermetallic compounds is sensitive to the amount of the
charge transfer. Electronic structure calculations with larger model clusters or band
calculations with large supercells are desirable for further consideration.

Our recent positron lifetime measurement reveals that the positron lifetime of
bulk MgO is shorter than that previously reported. The bulk positron lifetime can be
well reproduced using the semiconductor model. With respect to the defect
component, the measured positron lifetime for the Mg vacancy is shorter than that
expected from our theoretical calculation within the semiconductor model. This
result suggests that the inward relaxation around the Mg vacancy occurs because of
the decrease of the Coulomb repulsion between oxygen atoms surrounding the Mg
vacancy at which the positron is localized.
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Abstract

We discuss the recent advances in the theoretical and experimen-
tal studies for the momentum distributions of annihilating electron-
positron pairs in solids. First, we briefly review the experimental setup
and, on the other hand, the theoretical background starting from the
two—-component density-functional theory. We then move on to describ-
ing the recent work on this field, especially the comparison between
the calculations and experiments performed in order to understand de-
fects and defect complexes in solids. The high-momentum region of the
spectra are fingerprints of the chemical environment of the annihila-
tion. Simple models based on the superposition of free atom densities
can model this momentum region. Moreover, we show that using self-
consistent calculations for the valence electron densities, momentum
distributions that are in quantitative agreement with the experiments
for the whole momentum region can be obtained. This further raises the
potential of the experiment-theory comparison in defect identification.
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1 Introduction

Positron annihilation spectroscopy has during the recent decades become an
important and versatile tool for studying defects in solids [1, 2, 3, 4]. In contrast
to the delocalised nature of the positron wave functions in perfect bulk, open-
volume defects are known to trap positrons. This leads to different annihilation
characteristics and allows one both to distinguish between perfect and defected
samples and even between different defects species. The characteristics to
be measured include the positron lifetime and the momentum (or angular)
distribution of the annihilation radiation. The lifetime, which is discussed in
more detail elsewhere in this volume, is a useful quantity for determining the
open volumes and concentrations of vacancy type defects. However, it is an
integrated quantity which means that part of the information obtained on the
annihilation events has been lost, making it less straightforward to obtain any
chemical information from the lifetime only.

The momentum distribution, on the other hand, can be used to extract in-
formation on the chemical surroundings where the annihilation took place. The
annihilations with the low momentum valence electrons produce the high peak
around 511 keV whereas the high momentum tail arises from the annihilations
with the tightly bound core electrons (See Fig. 3 below). The wave functions
of the core electrons are localized and resemble those in free atoms. Therefore,
the high momentum part of the momentum distribution is characteristic to
the chemical environment of the annihilation event. It was realized for a long
time ago already [5], that it is possible to determine this high momentum part
accurately by measuring the Doppler broadened momentum spectrum by us-
ing a two-detector system. In the conventional Doppler-broadening method,
only one of the annihilation quanta is detected which leads to a high number
of background events which tend to dominate at the low amplitude high mo-
mentum region. If, however, both quanta are detected simultaneously, one can
exclude the background almost completely. In the original work of Lynn and
Goland, a Nal detector was used in coincidence with a Ge detector in order to
provide the synchronization needed for the recording of the v quanta arising
from the annihilation events only. Little later it was realized [6] that the back-
ground can be lowered by another four orders of magnitude by detecting the
energies of both v:s using two Ge detectors in coincidence. This technique has
been revived twenty years later by Asoka—Kumar et al. [7] who showed that,
especially combined with theoretical calculations, it can be used to achieve
elemental specificity in the positron measurements.

Soon after the double-detector method was published, it was applied to
the study of vacancies in Al and Cu [8]. Apart from this, the method was
not much applied till 1995 when Alatalo et al. used it for detecting vacancy-
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impurity complexes in InP [9]. They also introduced a simple method for the
calculation of the core part of the momentum distribution. The calculations
for the electron-positron momentum distribution have later been extended to
include the valence electrons, the wave functions of which have been calculated
self-consistently [10, 11, 12, 13]. The purpose of this paper is to review these
methods and describe the physics obtained using them. The rest of the paper
is organized as follows. In Sec. 2, we briefly review the two-component density-
functional theory on which many of the calculations for positrons in solids are
based on and, on the other hand, provide some recent results that support the
use of the simpler 'conventional’ scheme. In Sec. 3 we describe the methods
for calculating the electron—positron momentum distributions and discuss the
results of these calculations and their relationship to the recent experiments
in Sec. 4. Finally, we provide some conclusions and speculations on the future
directions.

2 Two—component density—functional theory

Suppose we have a system consisting of negatively and positively charged
fermions with densities n_ and n,, respectively. In principle, the positive
particles need not to be positrons, and the below scheme can be also applied
to the electron-hole liquid, liquid hydrogen etc. Here we assume the positive
particles to be positrons and that both the electrons and positrons are moving
in an external potential Vg (r). According to the density—functional theory
(DFT) [14] the total energy of such a system can be written as [15]

Eln_,n.] = Fln_] + Flns] - / AVeze (1) [ () — 714 (1) (1)

- (E)ny (1) | pe
—/dl‘/dl‘w— +E§ ”[n_,n+],
where ES"P[n_, n,] is the electron-positron correlation energy functional and
the functional F[n] reads as

F[n] =T[n] + %/dr/dr'% + Eqge[n). (2)

Above, T[n] is the kinetic energy of noninteracting electrons or positrons,
E..[n] is the exchange—correlation energy between indistinguishable particles
and F¢P[n_,n,] is the electron-positron correlation energy functional. The
most commonly used approximation for E.[n] is the local density approxima-
tion (LDA) where the exchange—correlation energy is approximated as

Evln] = / n(r)ege(n(r))dr, (3)
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where e,.(n(r)) is the exchange—correlation energy per particle in a homo-
geneous one-component electron gas. Several improvements over the LDA
nowadays exist but they are beyond the scope of this paper. The electron—
positron correlation energy at the limit of vanishing positron density was first
calculated by Arponen and Pajanne [16]. At finite positron densities, the cor-
relation energy functional was first parametrized by Boronski and Nieminen
[15] and later on by Puska, Seitsonen and Nieminen [17]. Both parametriza-
tions are based on the hypernetted chain calculation by Lantto [18], which can
be considered highly accurate. The electron-positron correlation is usually
also treated within the LDA. Only for the limit of vanishing positron den-
sity schemes beyond the LDA, such as the generalized gradient approximation
(GGA) [26] or the weighted density approximation (WDA) [27, 28], have been
constructed.

From the above total energy functional, one can derive the two-component
Kohn-Sham equations for the electrons and positrons, respectively (in atomic
units):

—5ote) + [ - o+ - an @

oo+ §Egeln] SECPI| vy s
V@ + [w L o)+ ?T} W =duE, 6
where )+ na () + mo(r)
ny(r (T
o) = [dr'= lrjr’| (6)

is the total Coulomb potential. Here, ng(r) denotes the positive ionic or nuclear
charge density providing the external potential V. (r). Because in the positron
spectroscopy measurements there is only one positron in the solid sample at a
time, one makes a self-interaction correction when calculating positron states
(15, 17] by dropping out the self-Coulomb and self-exchange terms from Eq.
(5). It has been suggested (20] that the self-interaction correction should be
extented by using the limit of vanishing positron density for the electron-
positron correlation. However, using this correction in the two-component
scheme has been shown to yield results which contradict the experiments (17,
20]. The electron and positron densities are obtained by

= > |w() (7)

€ <€p

= Y P, ®)
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where ep is the electron Fermi energy, N, is the number of positrons, and
¥i(r) (¥ (r)) are the Kohn-Sham single particle eigenstates for electrons
(positrons). Solving Egs. (4)-(8) self-consistently yields the electron and
positron densities and allows one to calculate e.g. the positron annihilation
rate A which, in the LDA, can be written in terms of these densities as

A= wrﬁc/drn+(r)n_(r)g(0; Ny, N_), (9)

where g(0;n.,n_) is the electron—positron pair correlation function evaluated
at the positron in a homogeneous two—component plasma with positron density
n, and electron density n_, ry is the classical electron radius and c is the speed
of light. The inverse of the annihilation rate is the positron lifetime which is one
of the important measurable quantities in positron annihilation spectroscopy.

In the limit of vanishing positron density the above equations simplify
considerably. This situation is encountered when the positron resides in a
perfect bulk lattice, i.e. its wave function is completely delocalized. There-
fore, the positron cannot affect the electronic structure which can be solved

self-consistently by setting the electron—positron correlation potential %5—_:?};—‘1
and the positron density to zero. Using the result of the electronic structure
calculation, one can solve the positron state from the Kohn-Sham equation

where in this case the potential sensed by the positron reads as
Vi(r) = (r) + Veorr (n-(x)), (10)

where ¢(r) is the Coulomb potential, obtained from the electronic struc-
ture calculation and V..., is the zero—positron—density limit of the electron—
positron correlation potential. A commonly used form for this potential is the
parametrization by Boronski and Nieminen [15} who used the data of Arponen
and Pajanne [16].

In the case of positrons localized into defects, the positron density does
not vanish and the above approximation is in principle invalid. Neverthe-
less, it has been widely applied since the calculations performed using the
full two-component formalism tend to be overly time consuming. The ensu-
ing scheme is called as the ’conventional’ scheme. It should not be confused
with the above-mentioned self-interaction correction scheme using the limit
of vanishing positron density for the electron-positron correlation. It requires
the simultaneous self-consistent solution of the electron and positron densities
whereas in the conventional scheme the electron density is first solved without
the effect of the positron and then the positron state is calculated without any
self-consistency iterations. The use of the conventional scheme can be justified
by noticing that the positron and the electron screening cloud around it form a
neutral quasiparticle which does not affect the average electron density of the
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(a) (b)

Figure 1: {a) An isosurface of the positron wave function in a perfect Si lat-
tice. The positions of the Si atoms are denoted by spheres, and the electronic
interatomic bonds as sticks. The positron lifetime in this state is according to
experiments and theory about 220 ps. (b) An isosurface of the positron wave
function at a vacancy surrounded by one Sb impurity. The Sb atom is denoted
by a light sphere. The positron lifetime in this state is according to theory
about 230 ps [From Ref. [22]].

system. Moreover, the results of the conventional scheme have been shown to
be in agreement with those obtained by the two-component density-functional
calculations (15, 17].

Within the conventional scheme the practical calculations can be further
simplified by noting that the positron annihilation characteristics can often be
estimated using non-self-consistent electron densities. This is because the cor-
responding calculated positron density has a tendency to follow the details of
the electron density so that the electron-positron overlap remains unchanged.
These ideas are benefitted in the so-called atomic superposition method {21]
in which the electron density and the positron potential are obtained by over-
lapping neutral atom charge densities, and the positron wave function is cal-
culated without geometrical approximation in a three-dimensional point grid.
As an example of the use of the atomic superposition method, Fig. 1 shows
the density of a positron delocalized in a perfect Si-lattice as well as that for
a positron trapped by a vacancy defect in Si.
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Using the two-component DFT (or the conventional scheme) one can also
compute the Hellman-Feynman forces, caused by the electrons and positrons,
acting on the ions and move the ions accordingly. It has been shown [19, 20]
that the positron induced relaxations around, say, vacancies in semiconductors
can be considerably large and affect also the annihilation characteristics. The
positron induced Hellman-Feynman force within the conventional scheme can
be obtained as follows. In this case the total energy reads as

Eiot [n-(r), n4(r)] = Epot [n-(1)] + €5, (11)

where ¢, is the positron energy eigenvalue. The positron induced force can
then be obtained from

=~ [ Szjyt @ (12)

Above, R denote the ionic positions and the integration is over the three-
dimensional coordinate space. In the atomic superposition one obtains further

e

gvatem (T Veorr an‘ilom(T )
_‘Q‘m—lr'—lr R| T (n)|n="(l‘) or =lr—R| ‘l' R|7

where V&7 (r) and n*™(r) are the spherical Coulomb potential and electron
density for a neutral atom at R.

As an example of the force calculations Fig. 2 shows the forces acting on a
nearest-neighbor ion surrounding a vacancy in Si trapping a positron[22]. In
the calculation the Ty symmetry of the perfect lattice point is assumed. The
force due to the electronic structure is calculated using the pseudopotential-
plane-wave method. This force tends to relax the ions inwards toward' the
center of the vacancy. The positron indused force, calculated using the atomic
superposition method, naturally points outwards. At the equilibrium these
forces are equal resulting in an outward relaxation of the ions surrounding the
vacancy. The ensuing positron lifetime is roughly 260 ps, close to the reported
experimental values [23] that are around 270 ps, whereas the value obtained
with a zero relaxation is clearly smaller.

3 Calculations for the electron—positron mo-
mentum distribution

The momentum distribution of the annihilating electron—positron pairs can be

written as .
o(p) = 7r3e 3| [ dre Ty (r,m)P, (14)
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Figure 2: (a) Forces acting on the atoms neighboring a vacancy in Si as a
function of the atomic relaxation. The force caused by the electrons is obtained
by a pseudopotential plane wave calculation and the positron incuded forces
by the atomic superposition method. (b) The positron lifetime at a vacancy
in Si vs. the relaxation [From Ref. [22]].
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where p is the total momentum of the annihilating pair and ¢®(r,r) is the
two—particle wave function when the positron and electron reside at the same
point. The two-particle wave function is in principle difficult to calculate and
therefore it is usually written in terms of the positron and electron single-
particle wave functions 9. (r) and v;(r), respectively. We assume here that
there is only one positron in the system and have therefore dropped the index
i present in the positron wave functions in Egs. (5) and (8). The two-particle
wave function then reads as

¥ (r, 1) = P (D)) (T), (15)

where all the many-body effects have been buried into the enhancement factor
7(r). Setting the enhancement factor to unity yields the independent particle
model (IPM), which is known to be a reasonable approximation at the high
momentum region [6]. As discussed below, it can also be utilized in more
precise calculations for a wider momentum region.

Eq. (15) would suggest that the momentum distribution should be calcu-

lated from
p(p) = mrie 0| [ dre P (r)i(r) y (o), (16)

This form has been used succesfully for the calculation of the low—momentum
region of the distribution, which is dominated by the annihilation with valence
electrons [25]. However, it has been shown [24] that it might yield spurious
effects at the high momentum region. Instead, Alatalo et al. [24] ended up
using the so—called state-dependent enhancement factors

5 (0) = M/ N, (17)

where XM = 7r2c [ dry? (r)93(r) is the annihilation rate calculated using the
IPM and J; is the annihilation rate obtained by a calculation utilizing the LDA
or the GGA [26]. Using these enhancement factors, Eq. (14) can be written in

the form

p(p) = 112 Y uw3(0)] [ dre Py (r)y(r) . (18)

In Ref. [24], positron wave functions obtained from a linear-muffin-tin-
orbital (LMTO) calculation were used in a parametrized form, assuming an
isotropic form around each nucleus. This enables a quick calculation and is
shown to be a reasonable approximation for perfect bulk systems (24, 29]. As
an example, Fig. 3 shows momentum distribution of the Al core electrons
in comparison with the measured Doppler spectrum. The theoretical distri-
butions have been convoluted by a Gaussian function corresponding to the
experimental resolution. For vacancy type defects where the wave function
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LDA (Eq. (16)) Al

P (p,) (10°(myc) )

Figure 3: Positron annihilation probability density P(p,) for bulk Al. The
experimental data (circles) are shown together with two different theoretical
approximations: IPM (solid line) and the state-independent LDA scheme of
Eq. (16) (dashed line) [From Ref. [24]].

of the localized positron is rather unisotropic, some improvements have been
considered. Ghosh et al. [30] performed calculations utilizing the positron
wave functions, obtained with the method of superimposed atomic densities,
which were used for the calculation of the annihilation rates and thus the state
dependent enhancement factors, also in the calculation of the momentum dis-
tribution. Some improvement was found for bulk Al and vacancies in Al [30].
Tang et al. [31] used an ab initio approach to the problem, by using the
full-potential linearized augmented plane wave (FLAPW) all-electron method
[32] for the calculation of the electronic states and a full potential plane wave
method for the positrons. They obtained a good agreement with the experi-
ment for bulk Si and oxygen—vacancy complexes in Si. The FLAPW method
was also used by Baruah et al. [33] for the calculation of the electron mo-
mentum density in Li; the data obtained with the FLAPW was then used in
the construction of the one- and two-dimensional angular distribution of the
positron annihilation radiation. Instead of the schemes of Egs. (16) and (17)
Rubaszek et al. ended up with a state-selective electron-positron correlation
functions which depend on the momentum of the annihilating electron.
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4 Theoretical and experimental results

In the first application of the double—-detector Doppler broadening method to
defects in semiconductors, Alatalo et al. considered impurity-vacancy com-
plexes in InP [9]. A Zn decorated phosphorous vacancy (Vp) serves as a good
test case for the method, since the Zn 3d electrons produce a clearly wider
momentum distribution than the less localized In 4d electrons. Indeed, the
native vacancy in Zn-doped InP was identified to be Vp decorated with Zn,
although the exact atomic configuration of this defect remained somewhat un-
clear. Another early experimental application to defects was made by Szpala
et al. [35] who studied defects in Si, showing that the vacancy-Sb pair was
responsible for the saturation of the electrical activity in highly Sb doped Si.
The method has also been tested with extensive experiments [36] and calcu-
lations combined with experimental data [29] for elemental bulk materials.
Moreover, the chemical specificity was demonstrated by Myler et al. [37] by
measuring the fingerprints of implanted ions in Si and comparing them with
the corresponding bulk materials. The two-detector Doppler measurements,
combined with calculations using the KKR method, have also been used to
assess the validity of different enhancement schemes [38], although this kind
of approach has been recently criticized [39] on the basis that the effect of the
crystal potential chosen in any particular calculation is larger than that of the
different enhancements.

Several other applications of the double detector Doppler broadening
method to defects in solids have been published during the recent years
(40, 41, 42, 43, 44, 45, 46, 47, 48]. Here, we concentrate on the works
where calculations have been used to support the experiments, especially those
where theoretical improvements have been presented. In a theoretical paper,
Hakala et al. [12] used the method of Ref. [24], extended to include the self-
consistently calculated valence electron states [11] to study vacancy clusters in
Si. The agreement with the experiments [24, 49] was good in the cases where
experimental data is available. The authors also pointed out that, with a
computational method at hand that can reproduce both the high and low mo-
mentum region, the comparison of the whole spectrum with the experiments
is more meaningful than to compare the integrated S and W parameters only.

The same method, combined with experiments, was used by Saarinen et
al. [45] to identify vacancy-impurity complexes in n-type Si (See Fig. 4). It
was shown that the native vacancy defects in highly As-doped Si are monova-
cancies surrounded by three As atoms (V—As3), confirming earlier theoretical
predictions [50] on the As diffusion mechanism in Si. In contrast to the earlier
works where the theoretical spectra were convoluted with the experimental
resolution, Saarinen et al. [45] used a deconvoluted experimental spectra to
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Figure 4: (a) High-momentum parts of the positron-electron momentum distri-
butions. Measured results for positrons trapped in electron-irradiated P-doped
(filled circles), electron-irradiated As-doped (open circles), and as-grown As-
doped Si (triangles) samples as well as calculated distributions (solid lines)
for vacancy-P, vacancy-As, and vacancy-Asg complexes are shown. (b) Mo-
mentum differences of vacancy-As and vacancy-Asz complexes with respect to
the momentum distribution at the vacancy-P complex. The measured and
calculated results are given by markers and solid lines, respectively [From Ref.
[45]].

compare directly with the calculations. This resulted in a remarkably good
agreement between the theory and experiment, also in the case of vacancy-P
and vacancy-As complexes that were identified in addition to the V-As; com-
plex. Indeed, as pointed out by Ghosh et al., [51] the effect of the detector
resolution is important and should be taken into account in comparing the
theory with the experiments.

Apart from defects in semiconductors, other interesting applications of the
double detector Doppler broadening technique include a study of nanosize
Cu particles in an Fe—Cu alloy [52, 53] and a measurement of the electron
momentum using in—flight annihilation [54].

5 Conclusion

In this brief review we have discussed results extracted from the electron-
positron momentum distributions in solids. The present status of the cal-
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culations for the momentum distributions enables a quantitative comparison
with the experiments,; although full self-consistent calculations are naturally
quite time consuming. On the other hand, simple model calculations utiliz-
ing e.g. the method of superimposed atoms and including only the atomic
like core electron states as a first approximation can be used in a ’quick and
dirty’ interpretation of the experiments. Here we have tacitly assumed that
the problems related to the electron—positron correlations can be solved and
proceeded in describing the practical calculations and their results, although
this field is still under active study [55].

Naturally, there is still room for improvement, especially in the speed of the
computations. An interesting line of development during the recent years has
been the use of real space methods in the calculation of the electronic structure
(56, 57] and also the positron states [58, 59, 60]. Work is in progress to utilize
these methods also in the calculation of the momentum distributions.
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Abstract

In order to evaluate intercalation voltage of LiMO, and to understand the
electronic mechanism determining the voltage, two kinds of first principles
calculations are combined. The voltage is quantitatively evaluated by total energy
calculations using the full-potential linearized augmented plane wave method. The
electronic structures are analyzed by molecular orbital calculations on model
clusters using the discrete variational Xa method. Two factors determining the
voltage are estimated separately: 1) the effective electrostatic potential at the Li
position, and 2) the energy of the highest occupied molecular orbital. They are
related to the energies required to remove a Li ion and an electron from LiMO,,
respectively. The sum of these two factors reproduces well the theoretical voltage.
Moreover, it agrees well with experimental voltage.
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INTRODUCTION

A number of materials with the ability of insertion and/or extraction of lithium
have been investigated for application to electrode materials of primary and/or
secondary lithium batteries. In 1970s, transition-metal chalcogenides, e.g., TiS,
and MoS,, attracted attention as the positive electrode materials. In 1980,
Mizushima et al. first reported LiCoQ, as the positive electrode material of
rechargeable lithium battery [1]. Its voltage is as high as approximately 4 V
against metallic lithtum, though the voltages of the many chalcogenides are
approximately 2 V. Since then, numerous investigations on the 3d transition-metal
oxides as the electrode materials have been performed [2-4].

Layered LiMO, (M = 34 transition-metal element) with a-NaFeQ,-structural
type is a series that has been widely investigated [4]. For it, the redox reaction of
M(III/M(IV) can be used. Its crystal structure is of an ordered rock-salt type such
that Li and M occupy alternate (111) layers, as shown Fig. 1. Among the layered
oxides, LiCoO, was first investigated as electrode material and has been used as
the positive electrode material of commercial lithium-ion battery. It has good
electrochemical properties [1, 5-7], namely, high intercalation voltage, large
reversible capacity, high energy density and excellent cyclic durability. Three
other oxides, LiVO,, LiCrO, and LiNiO,, also have the isomorphic crystal
structure as LiCoO,. LiNiO, has somehow lower voltage and larger reversible
capacity than LiCoO, [8, 9]. In contrast, LiVO, and LiCrO, have less reversible
capacities [10-12]. Crystal structures of LiTiO,, LiMnO, and LiFeO, are related to
the rock-salt type, but they are not really isostructural to a-NaFeO, [13-15].
Although LiFeO, and LiMnO, would obviously be of great interest, the structures
conventionally prepared do not allow Li to be intercalated reversibly to any
significant degree. Several different approaches [16-20] have been attempted to
prepare LiMnO, and LiFeO, with the a-NaFeQ,-structural type. However, those
with good reversibility of Li intercalation have not been prepared yet.

For electrode materials of rechargeable lithium battery, examinations for
many properties such as intercalation voltage, reversible capacity, cyclic durability,
chemical stability and conductivity of Li ion, are very important. While many
studies on the electrochemical and physical properties of the materials have been
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Fig 1. Crystal structure of layered LiMO, with a-NaFeQO,-structural type (a) from
the hexagonal viewpoint and (b) from the cubic viewpoint. Li, M and O atoms are
denoted by crossed-patterned, filled and open circles, respectively.

performed, the mechanism on Li intercalation process has not been clear. In order
to design and to develop advanced electrode materials rationally, the electronic
mechanism behind the intercalation process should be thoroughly understood.
Theoretical calculations are indispensable for such a purpose.

In the present study, our attention is directed to understanding of the
electronic mechanism that determines the intercalation voltage of lithium
transition-metal oxide. The voltage of lithium transition-metal oxide is examined
in detail by experiment [2]. Roughly speaking, the voltage increases with rising
atomic number of transition-metal element in each period in the Periodic table.
For example, LiVO, shows a voltage of approximately 3 V against metallic
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lithium although only about one-third of Li can be extracted [10, 11]. On the other
hand, LiCo0O, and LiNiO, can be used at approximately 4 V [1, 5-9]. The voitage
should be related to sum of energy required to remove a Li ion from LiMO, and
that to remove an electron. The former is related to the electrostatic potential at
the Li position. The latter is analogous to the work function of the system,
although these two factors are dependent on each other.

Some theoretical studies showed the voltages by first principles calculations.
Miura et al. were the first who attempt to correlate the voltage of spinel-type
LiMn,0, (0 £ x < 2) using first principles calculations by the discrete variational
(DV)-Xa method on model clusters [21]. They discussed the voltage from the
viewpoint of the difference in work function, but they did not take account of the
chemical potential of Li ion. Moreover, they performed calculations only for
spinel-type LiMn,0,. Aydinol et a/. made a systematic theoretical study [22, 23]
on the voltage of LiMO, (M = Ti, V, Mn, Co, Ni, Cu, Zn and Al) using the first
principles plane-wave pseudopotential method. Although the work truly
contributed to gaining an insight into the problem, it cannot be fully sure of their
results. The reason is that they did not include spin polarization into their
calculations, which may be essential for the discussion of certain transition-metal
oxides. Wolverton and Zunger [24-26} studied Li/Co and Li-vacancy/Co orderings
associated with the intercalation process of LiCoQ, using a combination of first
principles total energy calculations by the full-potential linearized augmented
plane wave (FLAPW) method, a cluster expansion technique and Monte Carlo
simulations. Its voltage was also discussed in detail.

Despite these elaborate studies and successes, the important question from the
viewpoint of the design and development of electrode materials has not been
answered: What is the factor determining the voltage? In the present study, two
kinds of first principles calculations are combined in order to evaluate the voltage
of layered LiMO, (M = Ti - Ni) and to understand the electronic mechanism
determining the voltage. The electronic structures of layered LiMOQ, are analyzed
using first principles molecular orbital calculations by the DV-Xa method in order
to discuss the electronic mechanism determining the voltage. This is followed by
first principles total energy calculations using the FLAPW method in order to
allow for a quantitative discussion of the voltage.

COMPUTATIONAL PROCEDURE

Molecular orbital (MO) calculations were performed using model clusters for
layered LiMO, employing the computer code called SCAT [27], which is a
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(a) (Li;sM7054)15- cluster (b) (Li;M5,0,4)%3- cluster

® Li o M Qo

Fig 2. Model clusters for layered LiMO, (M = Ti - Ni), (a) (Li;,M;0,,)'* and
(b) (Li:M,0,)*. Li, M and O atoms are denoted by crossed-patterned,
filled and open circles, respectively.

modified version of the original DV-Xa program [28, 29]. Spin polarization was
taken into account using the exchange and correlation term by Slater with o = 0.7.
Numerical atomic orbitals, which are generated flexibly by solving the radial part
of the Schrédinger equation for a given environment, were used as basis functions.
Minimal basis sets were used in order to understand the phenomena simply from
the viewpoint of chemical bondings. Basis sets were 1s, 2s and 2p for Li and O,
and s, 2s, 2p, 3s, 3p, 3d, 4s and 4p for 34 transition-metal elements. Integrations
to obtain energy eigenvalues and eigenfunctions were made numerically.

Two kinds of model clusters as shown in Fig. 2 were chosen for layered
LiMO, (M =Ti - Ni). One is centered by transition-metal ion. Li ions are located
on the surface of the clusters. On the other hand, Li ion is located at the center of
the other set of clusters. As will be seen later, the results of the two kinds of
clusters are the same except for a small difference in absolute energy level. The
model clusters were embedded in electrostatic potential generated by
approximately 10,000 point charges of formal values. The values of Li, M and O
were +1, +3 and -2, respectively.

Although LiTiO,, LiMnO, and LiFeO, with a-NaFeQO,-structural type are
metastable or not yet synthesized, all lithium 34 transition-metal oxides of LiTiO,
to LiNiO, were chosen in the present study. Lattice parameters were adopted from
the experimental data for LiIMO, (M =V, Cr, Co and Ni). Metastable layered
LiFeO, was synthesized by hydrothermal and ionic exchange method [18, 19].
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Lattice parameters for layered LiFeO, were adopted from the experimental data
reported by Ado er al [19]. The structure of layered LiMnO, [16, 17] was a
distorted a-NaFeQ,-type due to the strong cooperative Jahn-Teller effect of high-
spin Mn** ion. In the present study, the distortion was ignored and the structure
was considered as a regular o-NaFeO,-type, keeping the same volume and
interlayer distances as the experimental data reported by Capitaine er al [16].
Experimental synthesis of LiTiO, with a-NaFeO,-structural type has not been
reported yet. The lattice parameters reported by Aydinol er al [22], which were
optimized using the first principles plane-wave pseudopotential method, were
adopted.

Spin polarization was allowed in all of the present calculations. Low-spin
states were used for LiCoO, and LiNiQ, as initial states of the calculation,
whereas high-spin states for LiTiO, to LiFeO,. In the present study, the spin state
was not constrained during self-consistent calculations. In other words, the
resultant spin configuration is an energetically favorable one, at least in the sense
of local minimum. As for the magnetic structure, all of LiMO, were assumed to
exhibit ferromagnetic ordering, since detailed magnetic structures were unknown.
Singh reported that the difference in the total energy obtained by first principles
band-structure calculations for ferromagnetic and antiferromagnetic LiMnO, is
0.173 eV [30]. The assumption of ferromagnetic ordering does not affect the
discussion in the present study significantly.

Total energy band-structure calculations were made by the FLAPW method
using the program code WIEN97 [31], developed by Blaha er al. The sphere
radius was chosen to be 0.85 A for all atoms. The exchange and correlation term
under the generalized gradient approximation (GGA) of Perdew er al. [32] was
employed. The number of basis functions was determined by an energy cutoff of
340 eV. Li-1s and M-3s and 3p orbitals were treated as semicore states. Reciprocal
space integration was carried out using 5x5x5 mesh points in the first Brillouin
zone. Convergence tests of the energy differences with respect to the basis-
function cutoff, the number of mesh-points for the integration in reciprocal space
and the sphere radii were carefully checked. The primitive cell of a-NaFeO,-
structural type is a thombohedral one that contains only one chemical formula unit.
The lattice parameters were the same as those used in the cluster calculations.
Spin polarization was taken into account, assuming a ferromagnetic structure.



Electronic Structures/Electrode Potentials of Layered Li Insertion Electrodes 151

151 smspmy smeE@i gupmm

/i eV

mhﬁmmrm

= ==
N gy gu 500 gE 0E -

MO Epergy
< o

'
N

ST S U A A A
LiTiO, LiVO, LiCrO, LiMnO, LiFeO, LiCoO, LiNiO,

Fig 3. Energy level diagrams of the M-centered clusters, (Li;;M,0,,)"*, obtained
by DV-Xa calculation. T and | denote majority (up) and minority (down) spin
states, respectively.

RESULTS AND DISCUSSION

Molecular orbital calculation using model clusters

Figure 3 shows MO energy level diagrams of all LiMO, by cluster calculations
using the M-centered clusters, (Li,,M,0,,)'>". With the increase in atomic number
of M from Ti to Fe, the M-3d levels of majority spin (up spin) decrease in energy
and the energy separation between majority and minority (down) spins increases.
This behavior is quite natural for transition-metal oxides, leading to a high-spin
electronic configuration of Mn** and Fe**. Conversely, LiCoO, and LiNiO, exhibit
a low-spin configuration. This agrees well with experimental data [33]. The
results of a series of Li-centered clusters, (Li;M,,0,,)* are not greatly different
except for absolute energy levels, which will be explained later.

The open-circuit voltage, V-(x), is given by the difference in the chemical
potential of Li in the positive electrode material of LiMO,, UP™°(x), and that

mgauv e

in negative electrode material of metallic lithium, %",

Vooul®) == ( pf*™ (x) — pi=™ )/ z F, M

where F is the Faraday constant and z is the charge transported by Li in the
electrolyte. In most nonelectrically conducting electrolytes, z = 1. UPe (x) may
be related to sum of energies required to remove a Li ion and an electron from
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Fig 4. Net charges of Li, M and O, and modified charge of Li given by
Eq. (2) in the M-centered clusters obtained by DV-Xa calculation.

Li MO,. The former is related to the electrostatic potential at the Li position in
LiMO,. The latter is analogous to the work function of the system. These two
factors in layered LiMO, will be evaluated on the basis of cluster calculations.
Figure 4 shows net charges of Li, M and O ions obtained by Mulliken’s
population analysis [34] at the central part of the M-centered clusters. Regarding
charges of Li, two values are shown. One is the net charge of Li, Q;, directly
obtained by standard Mulliken’s population analysis and the other is the modified
net charge of Li, Q°,,, determined by

OL=-(0u*20,), 2

where O, and {J, are the net charges of M and O obtained by standard Mulliken’s
population analysis. Because of the use of clusters that are different from the
formal stoichiometry of the corresponding compounds, charge neutrality is not
strictly satisfied. In order to discuss the electrostatic potential, a modified value,
as given by Eq. (2), is practically useful. Q;; may be better evaluated in the Li-
centered cluster. It is approximately +0.7, which is almost independent of the
transition-metal species. It is not significantly different from Q’;; in the M-
centered cluster, which is approximately +0.75. On the other hand, net charges of
M and O are almost half of formal charges. This provides the evidence for the
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Fig 5. Electrostatic potential at the Li position deduced by the formal
and net charges.

strong covalent bonding between M and O [35]. The values and their dependence
on the transition-metal species are almost the same when a series of Li-centered
clusters are used.

The electrostatic potential (Madelung potential) at the Li position, V;, is then
computed using the net charges and the modified one. Calculations were made by
the Ewald summation technique employing the program code GULP [36]. In this
program, the acceleration parameter, 5, was optimized in order to have an
optimum convergence with respect to distance. The potential deduced by a set of
formal charges is compared with that by net charges in Fig. 5. The potential
deduced from the net charges is smaller by approximately 7 V than that from the
formal charges, because of their smaller ionicity. Besides the absolute value, the
dependence on the transition-metal species is different. It exhibits a maximum at
LiCrO, when the formal charges are used, whereas it increases almost
monotonically when the net charges are used. This could be explained by the
trade-off between interatomic distances and net charges. The potential by formal
charges is overly sensitive to the variation of the interatomic distance. The
difference of about 1 V in the effective potentials evaluated using the two types of
clusters is found. The dependence of the potential on transition-metal element by
the two types of clusters is almost the same.

The energy required to remove an electron from the system may be correlated
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Fig 6. Energy of the HOMO in the two kinds of model clusters
obtained by DV-Xa calculation.

with the energy of the highest occupied molecular orbital (HOMO), ¢, It is
true that some ambiguity is always present for absolute energy levels. However,
relative values may be reliable among a series of isostructural compounds. Figure
6 displays the energy of the HOMO. Results of the two types of clusters are
almost the same except for the difference in absolute energy of about 1 eV. It is
interesting that the energy of the HOMO does not decrease monotonically with
increasing atomic number of transition-metal element; it shows a minimum at
LiFeO, and then increases. In the case of isolated transition-metal ion of a fixed
valence, the energy of 34 orbital decreases with the increase in its atomic number
when spin polarization is not allowed, because of the increase in the nuclear
potential. In the present case, however, spin configuration is changed from high-
spin state to low-spin one at LiCoQ,. This leads to the minimum of the energy of
the HOMO at LiFeQ,, as shown in Fig. 6.

The sum of energies required to remove a Li ion and an electron from LiMO,
can be expressed as

-(e Vit &omo) s 3)

which is shown in Fig. 7. Comparison of this quantity with experimental and
theoretical voltages will be made in the following section.
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Band-structure calculation for LiMO, and MO,

Band-structures of layered LiMO, and MO, were systematically reported by
Aydinol er a/. [22] using the plane-wave pseudopotential method. As described
above, they did not include spin polarization. Figure 8 compares density of states
(DOS) of LiCo0, obtained 1) by the present FLAPW calculation, 2) by the
present cluster calculation using the Co-centered cluster, 3) by Aydinol ef a/. using
the pseudopotential method, and 4) by Czyzyk ef al. [37] using the localized
spherical waves (LSW) method. They are aligned so as to make the highest
occupied energy zero. The cluster result was broadened by Gaussian functions
with a full width at half maximum (FWHM) of 0.5 eV. As can be seen in Fig, 8,
the DOS of up and down spins are the same. In other words, the net magnetic
moment is zero. Therefore, inclusion of spin polarization does not change the
electronic structure in this case. The DOS of the present FLAPW calculation
using the tetrahedron method looks almost the same as that reported by Czyzyk
et al. The O-2p band by Czyzyk et al. is composed of three major peaks. A gap
can be seen between the O-2p and the Co-3d (t,.-like) bands. The result of the
present cluster calculation agrees well with those of the band-structure
calculations except for the larger band gap. Contrary to them, the DOS reported
by the pseudopotential calculation did not reproduce these features, particularly
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Fig 8. Density of states of LiCoO, obtained (a) by the FLAPW calculation, (b) by
the cluster calculation using the Co-centered cluster, (c) by the plane-wave
pseudopotential method (Ref. 22) and (d) by the LSW method (Ref. 37).
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calculations. They are aligned so as to make the highest occupied energy zero.

around the band gap. Aydinol et al. [22] pointed out that the choice of
computational method does not affect the voltage. However, the claim may not
always be valid. The DOS of the layered LiMO, (M = Ti - Ni) by the FLAPW
calculations are compared in Fig. 9. No contradictory results are found with the
cluster results, which confirms the validity of each computational result.

The average voltage of LiMO, is given by

Vae= J:Vocv (x)dx , N C))



158 Yukinori Koyama et al.

using V. (x) defined by Eq. (1). The following quantity V' is often used [22-
25, 38, 39] as an approximated average voltage by the band-structure calculation.

VI-AVE =—{ E{[LiMO,] - E;[MO,] - E{[Li] } / F, (5)

where E, is the total energy of the system. V', is equal to V,; when both
entropy and volume-change terms are negligible in free-energy difference
between LiMO, and MO,. The latter term is known to be on the order of 10° V
{22]. In the present study, the total energies per unit formula for LiIMO,, MO, and
metallic lithium with the body centered cubic (BCC) structure were computed
independently, and then V',,; was obtained. The same lattice parameters of
LiMO, as those for cluster calculations were used. As experimental data of MO,
are not known for most of the cases, the same lattice parameters as those for
LiMO, were used for MO,. In other words, structural optimization was not carried
out. Wolverton and Zunger [24] reported that lattice constants are reduced by
1.1 % for a and 10.8 % for ¢ in the extraction of Li from layered LiCoO, by
FLAPW calculation. However, their V' for LiCoO, is 3.78 V, which is only
0.32 V higher than the present FLAPW result. The present V', values are
displayed in Fig. 10, together with those reported by the pseudopotential
calculations {22]. Experimental voltages are shown for comparison. The values of
Ve calculated by the two methods are not significantly different. This is a
surprising result because the magnitude of the voltage is only about 10 of the
total energies of LiMO, and MO.,.

The tendency of V', by the FLAPW calculation and that of the quantity
shown in Fig. 7 agree well for M = T1, V, Cr, Mn and Co. The FLAPW result is
approximately 1 V smaller for LiFeQ,, and is approximately 1 V larger for LiNiO,
when values in Figs. 7 and 10 are aligned to meet the best agreement. Since two
calculations were conducted for the same pair of LiMO, and MO, structures,
excluding the lattice relaxation associated with the extraction of Li, the
discrepancy cannot be attributed to the structural relaxation. However, the value
shown in Fig. 10 includes both the total energies of LiMO, and MO,, whereas
only the response of LiMO, to the extraction of Li is taken into account in the case
of Fig. 7. The differences of LiFeO, and LiNiO, may be explained by the
differences in the relative stability of MO,.

Unfortunately, experimental data of LiMO, (M = Ty, Cr, Mn and Fe) are not
available. In addition, experimental data of layered LiVO, is obtained in the range
of 0 £x<1/31in Li, VO, [10, 11}, whereas a whole range of x from 0 to 1 is used
to obtain the experimental voltages for Li, .CoO, and Li, NiQ, They may not be
comparable. Nevertheless, the experimental voltage agrees with the calculated
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Fig 10. Average voltages obtained by the present FLAPW calculation
and by the plane-wave pseudopotential calculation (Ref. 22). Value
defined in Fig. 7 is shown for comparison.

V' g within an error of 1 V.

CONCLUSION

Two kinds of first principles calculations, i.e., molecular orbital calculation using
model clusters by the DV-Xa method and total energy band-structure calculation
by the FLAPW method, are combined in order to evaluate the voltage of layered
LiMO, (M =Ti - Ni) and to understand the electronic mechanism determining the
voltage. The voltage is quantitatively evaluated using the FLAPW method. The
electronic structure is then analyzed using molecular orbital calculation. Effective
electrostatic potential at the Li position is estimated using the net charges by the
Ewald summation technique. The effective electrostatic potential should be
related to the energy required to remove a Li ion from LiMO,. It is smaller by
approximately 7 V than the electrostatic potential deduced by the formal charges
because of the smaller ionicity. Besides the absolute value, the dependence on the
transition-metal species is different. The effective electrostatic potential
monotonically increases with the increase in the atomic number of transition-
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metal element. The potential deduced by formal charges should be overly
sensitive to the variation of the interatomic distances. The energy required to
remove an electron from the system is estimated from the energy of the HOMO. It
shows a minimum value at LiFeO,, which can be explained by the balance of two
factors: 1) the decrease in energy of the M-3d band with the increase in the atomic
number of transition-metal element, and 2) the spin configuration of the M-3d
band. The approximated average voltage, V ,, obtained by the FLAPW
calculation reproduces experimental average voltage within an error of 1 V. The
sum of the two factors as described above is found to explain the experimental
dependence of the voltage on the transition-metal element. The sum also agrees
well with the theoretical average voltage except for LiFeO, and LiNiO,, which
show discrepancies of about 1 V.
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Chromium aluminum oxide compounds have received attention recently, because
of their potential application as a phase shift mask material for deep UV
microlithography in semiconductor industry. Their performance as a mask
material seems to strongly depend on their electronic structure. It motivated us to
investigate the electronic structure of chromium aluminum oxide via the first
principle calculation method and X-ray photoelectron spectroscopy (XPS). The
atomistic simulation is used to determine their atomic structures of different
concentrations of Al in Cr;O;. Then the embedded cluster method within the
framework of discrete variational (DV)-Xa method is employed to investigate the
electronic structure of their optimized structures. The density of states (DOS) for
several model clusters are calculated and discussed with experimental XPS,
conjunction with their atomic structures.
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1. INTRODUCTION

In past several years, chromium aluminum oxide (Cr-Al-O) compounds have got
increasing attention due to their application to attenuated-phase shift mask for
deep-UV microlithography in semiconductor fabrication process{1]. The prior
requirements of mask material are proper optical band gap and chemical stability
at the exposure wavelength. Cr-Al-O-based mask materials have been studied for
application of microlithography using 193 nm wavelength of ArF laser [2]. First,
Cr-based materials have been developed for the mask materials at 248 nm
exposure wavelength due to its optical band gap of 4.25 eV (about 290 nm) and
its chemical stability during etching process. For the mask material of 193 nm
{6.42 V) exposure wavelength, Al was introduced to Cr,0s, because the optical
band gap of AlO; is much larger than the exposure wavelength. However, the
semiconductor industry requests more fine microlithography technique with
shorter wavelength of 157 nm F; laser. For further development of new mask
material, full understanding of the present material is needed. Previously Z. Jiang
et al. [3,4] calculated the band gap of chromium aluminum oxide theoretically by
the Discrete Variational (DV)-Xa method with the cluster model of crystalline
phase. However, the electronic structure of Cr-Al-O system has not been
discussed with experimental spectroscopy yet. In this report, we show X-ray
photoelectron spectroscopy (XPS) spectra and discuss the calculated atomic
structures and the density of states from the model clusters conjunction with XPS
results.

2. EXPERIMENTS

Chromium aluminum oxide (Cr-Al-O) films were deposited using a planner
circular type DC magnetron reactive sputtering system with a disc-shaped 4 inch
Cr-Al target [2]. The Ar, N», and O, gas mixture was injected as a reaction gas
into the chamber. The films were deposited under the conditions of substrate
temperature of 573K, power of 40W and total chamber pressure of 4.7x10° Torr.
The target to substrate distance was fixed to be 132.4mm. Films were deposited
on quartz and Si substrates simultaneously. The Composition of film was
analyzed by a wavelength dispersive spectrometer (WDS). The photoemission
spectra were measured by an ESCALAB MKII (VG Scientific) spectrometer. The
exciting beams were Mg Ko radiation (hv=1253.6eV) for X-ray photoelectron
spectroscopy. Binding energy was referred to the C 1s peak at 284.6eV from
adventitious hydrocarbon contaminant.
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3. COMPUTATIONAL METHODOLOGY

3.1 Atomistic Simulation

The atomistic simulation method, which is implanted in GULP (General Utility
Lattice Program)[5], is employed to determine the atomic structures of several
combinations of Cr-Al-O system, such as Cr4sOs, Cr3Al;04, CroALOg, CriALOg,
and Al4Os. The details of the atomistic simulation technique have been described
elsewhere [6] and we will give a short review here. The atomistic calculations are
based on Born model, in which potential energy is partitioned into long range
Coulombic term and short range pair potential of Buckingham form,

— Y ¢,
Vi) = 4, exp(—f) -— (1)

6
i rij

where r; is interatomic distance, and 4y, py, and Cy are parameters assigned to
each ion-ion interaction [7], listed in Table 1. The ionic polarizibility was
incorporated into the potential model via shell model. The shell model describes
ionic polarization by treating each ion in terms of core (representing the nucleus
and core electrons) connected via a harmonic spring to a shell (representing the
valence electron) [8]. The shell model has been proven to simulate effectively
both dielectric and elastic properties for many ceramic oxides. The spring
constant of the shell model is also listed in Table 1.

Table 1
Interatomic potential parameters used for Cr-Al-O system

Interaction A(eV) p(A) C (eV+A®%
cr-0* 9547.96 0.2192 32.0
AP - 0% 1725.20 0.28971 0.0
0¥ - 0% 1204.18 0.3165 0.0

Spring constant O core - O shell 6.3
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Cr;03 and Al,O3 have rthombohedral structures, as shown in Fig. 1-(a) and they
form a completely solid solution at whole composition. It is reported that lattice
parameters of solid solution change linearly with a concentration ratio of Cr and
Al [9]. Therefore, we took lattice parameters by interpolation between lattice
parameters of Cr,0; and Al,O; for Cr3Al10g, CraAlyQg, and CrAlzOg. However
there are four possibilities even when one Cr ion is replaced by Al in Cr;AlOe,
for example. To determine the structure of the lowest energy, the electrostatic
energies were calculated for all the possible combinations of Cr and Al. Figure 1-
(b) shows the configurations of cations in a unit cell, which have the lowest
energies. The individual atomic positions were also relaxed keeping the lattice
parameters fixed. It was found that the atomic positions hardly changed after
relaxation.

(2) (b)

N &, —©-0-0-8— Cr,0;
. —5—-0—0—@— CrAlQ
| “ ‘ ——8—-O—8®— CrAlLQ,
—O—0-C-O— CrAlLO;
000 ALO,

® Cr OAI

Fig. 1 (a) Unit cell of Cr,0O3 rhombohedral structure, which consists of 4 Cr
atoms along the dotted line. (b) Schematic diagrams of cation (Cr and Al)
configuration in a unit cell, which give the lowest energies by the atomistic
simulation.
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3.2 Embedded Cluster Method

The first-principles method employed for embedded cluster calculations is the
Discrete Variational (DV)-X a method, which is described in detail elsewhere
[10,11]. The DV-X & method is based on density functional theory, in which the
Coulomb and exchange potential energy is a functional of the electronic density.
The exchange potential for DV-X a method is represented as

Via (F) = -3(1[(5—)/)(7)}3, @)
4

® Oxygen ® Cation (Cror Al)

Fig. 2 A model cluster of 38 atoms, MgO3y (M=Cr or Al) embedded in
crystal environment: Dark big circles are oxygens and gray small circles are
cations. The small dots are atomic positions of environment, which are treated
as ionic potentials.
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where the value of 0.7 for a has been known to be optimal in reproducing
experimental ionization energies and used through our calculations.

In the present cluster calculations, we have used a frozen core approximation.
Details of it can be obtained from Ref.[10]. Atomic-centered core orbitals are
obtained from appropriate atomic/ionic configurations, and are held fixed through
the SCF iteration process within the frozen core approximation. Here we include
(3d4s4p) orbitals of Cr, (2s2p) orbitals of O, and (2s2p3s3p) orbitals of Al in the
variational procedure.

Figure 2 shows one of the model clusters that we took for Cr-Al-O system. 38
atoms of MgO39(M=Cr,Al) are included in each cluster, in which each cation is
fully coordinated with 6 oxygens. We have carried out calculations for five model
clusters of CrgOjp, CrgAl030, CrsAlsOs9, Cr:AleO30, and AlgOsg representing
Cry03, Cr3Al 04, CrALLOs, CriAlzOs, and AL O, respectively. The center of the
cluster was taken between the central two cations. The atoms in a cluster were
grouped as 2M-30-60-6M-30-60-60-60 (M=Cr or Al) according to their
distance from the center. Each cluster was embedded in about 450 atom
environment within a sphere of radius 10 A. The atoms in the environment are
represented as ionic potentials obtained from the cluster calculations self-
consistently.

The coordinates of the each ion in the cluster and the environment were taken
from the optimized structure by atomistic simulation. When Cr is replaced by Al,
the positions of the ions deviate a little from those of the crystailine Cr,0s.
Therefore, no symmetry was assumed for the present cluster calculations.

Partial density of states (PDOS) of the central cations and the nearby oxygens are
calculated using Mulliken charge analysis of the molecular orbitals with
Lorentzian broadening, as described in Ref. [12].

4. RESULTS AND DISCUSSIONS

Figure 3 shows the X-ray photoelectron spectroscopy (XPS) spectra of the various
samples of Cr-Al-O system. Cr component of the sample increases from (a) to (g),
where (a) is close to Al,O3 while (g) is close to Cr,05;. However, it should be
noted that any samples are not exactly AlO; nor Cr;0s, since it is difficult to
obtain the stoichiometric sample with DC magnetron reactive sputtering.
Therefore, we have to limit our discussion to the trend of change as the ratio of Cr
and Al changes. In Fig. 3-(I), there are two major peaks shown. The first peak, in
the range of 20 eV and 25 ¢V, and the broad second peak, near 5 eV, can be
assigned to O 2s band and O 2p band, respectively. The O 2s peak seems hardly
influenced by the ratio of Cr and Al in Cr-Al-O compounds. Figure 3-(II) shows
XPS spectra measured under 16 eV for the information of the valence band in
detail. The O 2p peak near 5 eV is getting broader as Al component increases, and
it develops into two peaks at the sample (a). The third peak near 1 eV is found in
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the sample (g) of Fig. 3-(II), as pointed by an arrow. There is also a shoulder peak
near 1 eV in the samples of (e) and (f). This third peak near leV seems to
belong to Cr 3d valence band, since this peak is clearly shown as Cr component
increases.

The calculated PDOS is shown in Fig. 4. The first peak of Fig. 3-(I), between 20
eV and 25 eV of binding energy, is confirmed as O 2s peak by PDOS calculation.
The PDOS peak of Cr 3d below 0 eV, which is pointed by an arrow, is the valence
band of partially occupied Cr 3d. This Cr 3d peak agrees with the third peak of
Fig. 3-(I), which is shown in Cr- rich compounds only. The PDOS of O 2p
locates in the range of S eV and 12 eV below Fermi energy. The O 2p PDOS does
not show any big change from Al;O; to Cr;03. The O 2p PDOS of AlOs is little
broader than the others. The O 2p valence band seems hardly changed, when Cr is
replaced by Al.

intensity (a. u.)

30 25 20 15 10 5
Binding Energy (eV) Binding Energy (eV)

Fig. 3 X-ray photoelectron spectroscopy (XPS) spectra of the various
samples of Cr-Al-O system; (I) shows XPS spectra under 30 eV, while (II)
shows more detailed XPS spectra under 16 ¢V. Cr component of the sample
increases from (a) to (g), where Cr/Al/0 atomic ratios are
(a)(0.00/0.28/0.72), (b)(0.08/0.33/0.59)), (c)(0.13/0.26/0.61),
(d)(0.16/0.20/0.64)), (€)(0.29/0.12/0.59)), (£)(0.40/0.05/0.55),
(2)(0.61/0.01/0.38), respectively.
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Fig. 4 Partial density of states of the central cations and the nearest
neighboring oxygens from the model cluster calculations of Cr-Al-O

system. Fermi energy of the system is taken as 0 eV.
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Fig. 5 Comparison of PDOS and XPS spectra; (I) The PDOS is calculated
from the cluster taken from crystalline Cr,O;, and the XPS spectra are
obtained from the Cr-rich compound of sample (g). (II) The PDOS is
calculated from the cluster taken from crystalline Al,Os, and the XPS spectra
are obtained from the Al-rich compound of sample (a).

Figure 5 shows comparison of XPS spectra of sample (a) and (g), and the PDOS
of valence band of Cr,0; and Al,Os in detail. In Fig. 5-(1), the PDOS of O 2s and
Cr 3d of Cr;05 agrees well with the XPS spectra, while the PDOS of O 2p does
not. The calculated O 2p PDOS of Cr,0s is much broader than XPS O 2p band of
sample (g). In Fig. 5-(II), an overall shape of PDOS of O 2s and O 2p of ALOs
agrees well with XPS spectra. The main reasons for disagreement of O 2p PDOS
with XPS in Cr-rich compound can be two aspects. All the measured samples are
off the stoichiometry of M;03;(M=Cr or Al). It means coordination of O near a
cation can be much different from the coordination of O in rhombohedral
structure. Usually O 2p PDOS is very sensitive to the coordination of O with the
nearby cations. The disagreement in the Cr-rich compounds infers that local
oxygen coordination is much different from that in rhombohedral structure. The
mixed structure of crystalline and amorphous structures of Cr,O; film was
reported when it was prepared by DC magnetron sputtering method [13]. Another
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possible reason is a limitation of frozen core approximation in our calculations.
The effect of Cr 3p should be checked in the further investigation.

S. SUMMARY

We have investigated the local electronic structure of the Cr-Al-O system using
XPS and atomistic simulations and model cluster calculations. Qur atomistic
simulations show that no drastic change in atomic structure when Cr is replaced
by Al It is expected from that the ionic radius of AI**(0.054 nm) is similar to that
of Cr” (0.062 nm) in the coordination number 6 environment. Therefore our
cluster calculations, based on the structure obtained from atomistic simulation,
reveal the characteristics of crystailine Cr,0; and Al,O3 only. Unfortunately, our
Cr-rich compounds are much out of stoichiometry of CryOs, rather close to Cr30,.
Thus we cannot expect 6-fold coordination of oxygens around Cr. Moreover, the
discrepancy between O 2p PDOS and XPS results demonstrates that its local
structure is much different from the crystalline structure of Cr,0;. On the contrary
to Cr-rich compounds, the calculated O PDOS agrees well with XPS spectra of
Al-rich compounds. It infers that the structure of Al-rich compounds seems to
keep 6-fold coordination. Even the Al-excess compound of the sample (a) seems
to keep 6-fold coordination locally. From our calculations and XPS results, we
can conclude that the amorphous structure can be expected in Cr-rich compounds,
while the crystalline structure is kept locally in Al-rich compounds.
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Abstract

Symmetric tilt boundaries in ZnO have been investigated by a first-principles
molecular orbital method to elucidate the effects of bond disorder on the
electronic structure. Equilibrium geometries with and without dangling bonds,
which are obtained within a £=7 misorientation by empirical lattice statics
calculations, are employed. For the configuration without dangling bonds, the
electronic structure is similar to that of the bulk despite the presence of bond
distortion. The configuration with dangling bonds exhibits localized electronic
states near the conduction band edge, which are not deep in the band gap. The
interaction of atomic orbitals that constructs the valence and conduction band is
examined to understand this behavior. The results suggest that bond disorder has a
tendency to generate specific electronic states within the valence and conduction
band owing to the band structure intrinsic to ZnO. Bond disorder is therefore
unlikely to form deep electronic states in general at ZnO grain boundaries.

Keywords: ZnO, Grain boundary, Molecular orbitai method, Electronic structure,
Dangling bond
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1. INTRODUCTION

Grain boundaries often generate specific properties in polycrystalline materials.
Nonlinear current-voltage characteristics of ZnO ceramics, which are utilized as
varistors, are one of good examples of the boundary-induced electrical properties.
[1-3] The appearance of the characteristics is attributed to the double Schottky
barrier originating from deep interfacial electronic states in the band gap. [4-8] A
number of reports suggest that the formation of the interfacial states is related to
the presence of some impurities and/or native defects associated with oxygen
excess at boundary regions. [9-14] Deformed atomic arrangements or bond
disorder such as distorted and dangling bonds at boundary regions likewise has a
potential to generate specific electronic states in the band gap. However, this
fundamental effect has not been clarified. Recently, the electronic structure of
some tilt and twist grain boundaries has been investigated using first-principles
calculations for covalent materials such as Si [15], Ge {16], and SiC [16], and
metal oxides such as Al,O; [18], TiO, [19], SrTiOs; {20], and ZnO [21-24].
According to these reports, bond disorder at boundary regions generally induces
localized electronic states near the valence and/or conduction band edges.
Furthermore, for the boundaries with dangling and/or largely distorted bonds in Si
and Ge, such electronic states can be deep in the band gap. {15, 16] It should be
significant to understand the electronic structure originating from bond disorder in
Zn0O as well, differentiating from the extrinsic effects by impurities and native
defects.

In the present study, stoichiometric configurations of symmetric tilt boundaries
with a £=7 misorientation in ZnO have been investigated by a first-principles
molecular orbital method to elucidate the effects of bond disorder on the
electronic structure. Two types of equilibrium geometries previously obtained by
empirical lattice statics calculations [21] are employed: one configuration shows a
reconstructed atomic arrangement without dangling bonds, whereas the other has
some dangling bonds at the boundary core. The electronic structure particular to
these geometries is investigated in comparison with the bulk and (101 0) surface of
ZnO. The effects of bond disorder are discussed form the viewpoint of the
interaction of atomic orbitals that constructs the band structure of ZnO.

2. COMPUTATIONAL PROCEDURE

The molecular orbital calculations were conducted using SCAT program code
[25] based on the discrete variational (DV) -Xa method [26]. In this method,
one-electron Schrodinger equations are iteratively solved to achieve the
self-consistent electronic structure of model clusters. Molecular orbitals (MOs)
are represented by the linear combination of the atomic orbitals that are
numerically obtained by solving Schrodinger equations for constituent atoms. At
respective iterations for the self-consistent field, the charge densities of the atoms
are renewed using atomic orbital populations calculated using Mulliken’s scheme
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[27]. Thus, the atomic basis functions are generated under given chemical
environments, which enables fairly accurate MO calculations using only a nearly
minimal number of basis functions. 1s-2p for O and 1s-4p for Zn are sufficient to
reproduce the core and valence states of ZnO. In the present calculation, however,
Zn-4d and -5sp orbitals were added for better reproduction of the conduction
band.

The structures of the grain boundary model clusters used in the calculations are
shown in Fig. 1.These were constructed on the basis of the atomic structures of an
[0001] /(1230)Z=7 symmetric tilt boundary that were previously determined by
lattice statics calculations using empirical interatomic potentials. [21] The
translation states as well as the atomic positions were optimized so as to minimize
the total lattice energy. As a consequence, two types of equilibrium geometries A
and B shown in F1g 1, were obtained with similar boundary energles of
approximately 1.4 Jm™. For the boundary A, the atomic arrangement is largely
reconstructed to vanish dangling bonds, although the boundary core shows
relatively open structure. For the boundary B, larger open channels are present
and some atoms adjacent to the channels have lost one of the first nearest
neighbors. In other words, these atoms have dangling bonds. For respective
geometries, the model clusters were constructed on the basis of the connection of
ZnQ,4 tetrahedral units to include four O- and three Zn-basal planes The
compositions and charges of the clusters are [Zn35070] and [Zn42077] for the
boundaries A and B, respectively. The Zn and O atoms in the columns marked
with asterisks in Fig. 1 will be focused because of the most remarkable characters:
for the boundary A, these atoms are located at the middle of the open core
structure and show large bond distortion, while these have dangling bonds for the
boundary B.

The sizes of model clusters are chosen according to our previous study on the
ZnO (1010) surface; the electronic structures for atoms below the
third (10 1 0) layer from the surface are not significantly influenced by the presence
of the surface. [28] Therefore, we believe the present grain boundary clusters
including three or four(1010) layers from the channels are sufficient in size to
reproduce electronic structure particular to the geometries. To take electrostatic
potential into account and minimize the termination effects of the finite-sized
clusters, about 10000 point charges with the charges of +2 were located at
external atomic sites.

For comparatlve discussion, calculatlons for ZnO bulk and the (1010) surface
were conducted using [Zn57096] and [Zn3605g] model clusters, respectively,
and point charges. The structures are shown in Fig. 2. Similarly to the boundaries’,
these clusters were constructed on the basis of the connection of ZnQ, tetrahedral
units to include up to the fifth nearest neighbors of the Zn atoms located at the
center of the clusters; for the surface cluster, atoms above the surface plane were
then removed. Atomic coordinates calculated by lattice statics calculations [21]
were also used. The errors of +0.5% and -2.5% for the lattice constants a and c,
and +2.4% for the internal parameter were confirmed not to affect the electronic
structure significantly. [21] The atomic positions at the surface were relaxed to
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[1230]

I———»[E410]

[0007]

| — GB

Fig. 1 View of the grain boundary geometries and model clusters from the
[0001] direction. The boundaries are indicated by arrows and the scale
corresponds to the periodicity unit of the =7 misorientation. Filled and open
circles denote Zn and O atoms, respectively. Atoms in the clusters are shown with
black circles. Atomic columns most characteristic of respective geometries are
marked with asterisks.

achieve optimum geometry. The most remarkable feature is that Zn atoms on the
surface are relaxed more inwardly by 0.16 A Such a feature has also been
recognized by some researchers and the amount of relaxation is within a reported
range: 0.03 A - 0.4 A [29, 30].

To discuss one-electron structure and the interactions of atomic orbitals, we use
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(@) (b) l [0001]

[1010]
[1210]

Surface

Fig. 2 Structures of (a) the bulk and (b) the (101 0) surface model clusters. Filled
and open circles denote Zn and O atoms, respectively. Zn atoms located at the
center in the bulk or on the surface are shown with black circles.

partial density of states (PDOS) and overlap populations for each atom. For the
calculations of PDOSs, atomic orbital populations were obtained at discrete MOs
on the basis of Mulliken’s scheme. [27] They were then substituted by Gaussian
functions of 0.7 eV full width at half maximum (FWHM) to form PDOS curves.
The overlapping parts of the orbital populations for neighboring atoms, which are
called overlap populations, can be used as a measure of the strength of the
interactions of atomic orbitals or covalent bonding. To facilitate understanding,
these quantities will be used with a Gaussian substitution as in the case of the
PDOS:s.

3. RESULTS AND DISCUSSION

The calculated PDOS for the bulk model cluster is shown in Fig. 3(a). To
reproduce the electronic structure of the bulk ZnO as appropriately as possible,
the results for the Zn atom located at the center of the cluster and its first nearest
neighboring O atoms were used per atom.

Concerning the occupied states, two bands are recognized within the energy
range taken in the figure. The lower one located at about —17 eV consists of O-2s.
The upper one located between —7 eV and 1 eV is mainly constructed by Zn-3d
and O-2p, and electrons are occupied up to this valence band. Such twofold band
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Fig. 3 Partial density of states for the selected atoms in (a) the bulk and (b) the
surface model clusters. Zn atoms located at the center in the bulk or on the surface
and their first nearest neighboring O atoms are employed. (See Fig. 2)

structure composed of O-2s and -2p is typical to metal oxides, while the
significant admixture of Zn-3d with O-2p is characteristic of ZnO. Above the
valence band, the band gap and the unoccupied conduction band are located. The
conduction band is composed mainly of Zn-4sp and -5sp. The lower part shows
very small DOS owing to large Zn-Zn interactions, as will be discussed later. The
band gap, i.e., the gap between the highest occupied molecular orbital (HOMO) at
the valence band top and the lowest unoccupied molecular orbital (LUMO) at the
conduction band bottom, is calculated to be 1.8 eV, although this gap is hardly
recognized in the figure owing to the Gaussian substitution. The shape of the total
DOS, which was obtained as a sum of PDOSs, is very similar to the reported
results of first-principles band structure calculations based on the local-density
approximation. [22, 31, 32] However, there are two remarkable discrepancies with
experimental reports. First, the position of Zn-3d band is about 2.5 eV higher in
energy than that observed by x-ray photoelectron spectroscopy. [33] Second, an
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experimental band gap is reported to be 3.30 eV [34], which is much larger than
the gaps in the present result and the reported results of LDA-based band structure
calculations. [22, 31, 32] These discrepancies are attributed to the LDA. [31, 35]
Vogel et al. have made LDA calculations including the self-interaction and
electronic relaxation corrections, and found that the position of the Zn-3d band
and the band gap become much closer to the experimental ones. [35] However,
the character of the electronic states near the band edges seems not to be affected
significantly by the corrections. Therefore, we believe that the effects of bond
disorder on the electronic structure, which are expected to appear mainly near
band edges or in the band gap, can be discussed within the present approximation.

Figure 3(b) shows the PDOS for the central Zn atom and its neighboring O
atom on the surface layer in the surface model cluster. The shape of the valence
band is not so much different from that of the bulk. On the other hand, a
remarkable feature is recognized in the conduction band: sharp peaks are present
near the band edge, in contrast to the very small density of states for the bulk
cluster. These are associated with dangling bonds at the surface, which are
therefore not observed in the PDOSs for the atoms located below the surface layer.
The states are present at more than 1.9 eV above the HOMO of the surface cluster.
Considering the band gap of 1.8 eV for the bulk cluster, these states should be
present in the conduction band.

The PDOSs for the selected atoms in the boundary A and B model clusters,
which are marked with asterisks in Fig. 1, are shown in Fig. 4(a) and (b). For the
boundary A, all the atoms exhibit PDOSs similar to that of the bulk, as in the case
of the PDOS for the selected atoms shown in Fig. 4(a). This is presumably due to
the complete fourfold coordination, although there is large bond distortion. On the
other hand, a feature similar to the surface appears in the PDOS for the boundary
B, as shown in Fig. 4(b). There are sharp states associated with dangling bonds
near the conduction band edge. These states are located at more than 1.8 eV above
the HOMO of the boundary B cluster and therefore within the conduction band.
The other atoms in this geometry have complete fourfold coordination and do not
show obvious features in their PDOSs. Thus, deep states are not recognized in the
band gap even for the boundary with dangling bonds.

Recently, we have also investigated these boundaries using first-principles
plane-wave pseudopotential calculations within the local-density approximation
and obtained similar results; the most localized electronic states specific to the
boundary geometries appear within the valence and conduction band. [22]
Likewise, it has been reported that deep states are not formed in the band gap for
an [0001] =7 twist boundary [23] and the (101 0) surface [30].

To understand why electronic states associated with bond disorder do not
clearly appear in the band gap in ZnO, the interaction of atomic orbitals was
investigated on the basis Mulliken’s scheme. Figure 5 shows the distribution of
overlap populations for the bulk model cluster in comparison with its PDOS. The
populations were obtained with respected to the Zn atom located at the center of
the cluster. The values with its first nearest neighboring O atoms, O, (four atoms),
or second nearest neighboring Zn atoms, Zni, (12 atoms), were summed up for
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Fig. 4 Partial density of states for the selected atoms in (a) the boundary A and
(b) the boundary B model clusters. Atoms that are located on the columns marked
with asterisks in Fig. 1 are employed.

respective molecular orbitals. These were then substituted by Gaussian functions
of 0.7 eV FWHM. The plus and minus values denote bonding and antibonding
interactions, respectively.

The overlap populations indicate that the valence band is constructed mainly by
the bonding interactions between Zn-O. In detail, the bonding interactions
between Zn-3d and O-2p are dominant at the lower part of the valence band, while
the upper part consists of their antibonding interactions along with the bonding
interactions between Zn-sp and O-2p.

The conduction band is composed mainly of Zn-O antibonding interactions as
well as Zn-Zn bonding/antibonding interactions. Especially, near the conduction
band edge, the Zn-Zn bonding component is somewhat larger than the Zn-O
antibonding one. These bonding interactions are mainly made by Zn-4s, and
spread the conduction band to the lower energy side. This should be an origin of
large electron mobility in n-type ZnO. [36].
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Fig. 5 Overlap populations with respect to the central Zn atom in the bulk model
cluster in comparison with its partial density of states. The populations with four
O atoms at the first nearest neighbor sites (O4) and 12 Zn atoms at the second
nearest neighbor sites (Zn;;) are shown. Plus and minus values denote bonding
and antibonding interactions, respectively.

In Fig. 6, the band structure is schematically drawn in comparison with that of a
covalent material. Considering simple covalent interactions, the valence band is
constructed mainly by bonding interactions between adjacent atoms, while the
conduction band by antibonding interactions, as shown on the left side of Fig. 6.
In this case, distorted/dangling bonds are expected to generate electronic states
within the band gap because these effects tend to diminish or vanish the splitting
between the bonding and antibonding states. In practice, it has been reported that
bond disorder induces highly localized electronic states near the valence and
conduction band edges for tilt and twist boundaries in Si, Ge and SiC. [15-17] In
addition, such electronic states can be deep in the band gap when bond distortion
is large and/or dangling bonds are present. [15,16]

For ZnO dealt with in the present study, the lower part of the conduction band
consists of the Zn-Zn bonding interactions in addition to the Zn-O antibonding
interactions, as shown in Fig. 5 and 6. These features should be attributed partly to
some ionicity that is expected to diminish Zn-O covalent interactions. Owing to
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Fig. 6 Schematics of band structure for a covalent material (left) and ZnO
(right).

the large bonding interactions between Zn-4s to spread the conduction band to the
lower energy side, localized electronic states associated with bond disorder on
Zn-sp should have a tendency to appear in the conduction band rather than in the
band gap.

In addition, the antibonding interactions between Zn-3d and O-2p exist near
the top of the valence band in ZnO. This character indicates that the electronic
states associated with distorted/dangling bonds on O-2p tend to appear within the
valance band, as in the case of the conduction band.

For the grain boundaries in other metal oxides such as Al,O3, TiO,, and SrTiOs,
it has been reported that deep electronic states are not formed either, although
localized states are recognized at the valence and/or conduction band edges for the
boundaries of Al;O3 and TiO,. [18-20] This behavior may also be attributed to the
band structure with some ionicity. For the grain boundaries of ZnO, the effects of
bond disorder on the conduction band bottom are much smaller. This is
presumably due to much higher delocalization of the conduction band associated
with Zn-Zn bonding interactions. Thus, the small effects of the bond disorder in
the vicinity of the band gap can be generally explained by the band structure
intrinsic to ZnO. Deep electronic states are unlikely to be generated solely by
bond disorder even if other boundaries are investigated. In ZnO varistors,
interfacial electronic states have been observed at 0.6 - 1.0 eV below the bottom
of the conduction band. [6-8] The present results suggest that such deep states
should be attributed not to bond disorder but to native defects and/or impurities at
boundary regions.
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4. CONCLUSION

Two types of stoichiometric configurations of symmetric tilt boundaries with a
2=7 misorientation in ZnO have been investigated by a first-principles molecular
orbital method in comparison with its bulk and (1010) surface. For the
configuration without dangling bonds, the electronic structure resembles that of
the bulk despite the presence of bond distortion. On the other hand, the
configuration with dangling bonds exhibits localized electronic states near the
conduction band edge. However, these states are not deep in the band gap. The
analysis of the interactions of atomic orbitals for the bulk model cluster suggests
that this behavior results from the band structure intrinsic to ZnO. The formation
of deep electronic states should therefore not be attributed to bond disorder at
grain boundaries in ZnO.
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Abstract

The chemical bonding state of sodium silicates was estimated by a DV-Xa cluster
MO method and a population analysis. Cluster models were constructed from the
silicate crystals, pure silica, sodium disilicate and sodium metasilicate. The MO
calculations successfully reproduced the experimental observations in XPS
valence band spectra and core-orbital energies. According to the overlap
population, covalent character increased with increasing NayO content, and it was
also the case for Na ions. The exceptional change was found in bridging oxygen
(BO), where anti-bonding overlap between Si and BO was clearly seen around the
top of the occupied levels and its contribution increased with increasing Na,O
content. Correlations between the experimental core-orbital energies and the
theoretical electronic populations were also examined, where the best correlation
was found in the case of using a total atomic population given by the sum of the
net atomic population and the overlap population.
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1. Introduction

It is well known that core-orbital signals in X-ray photoelectron spectra (XPS)
shift chemically according to the electronic state of a material. The reason for the
chemical shift is commonly understood as a change in the chemical bonding
character, that is, ionicity or covalency of a chemical bond. Charge potential
model (1) is the most famous theoretical model, from which we can obtain a
simplified equation (2), indicating that the chemical shift is proportional to the
charge on an atom. According to the theories, Ols shift in oxide materials is
interpreted as follows. When ionicity in the bonding character increases, it leads
to an increase in the electronic density of oxide ions, resulting in lower binding
energy shift of the Ols signal. In the case of alkali silicate glasses (3), Ols signals
move to lower binding energy side with increasing the amount of alkali oxides,
which is interpreted as an increase in the negative charge on oxide ions due to the
increase of ionicity in the chemical bonding character.

Point charge model (4) is often used in the estimation of atomic charges,
where it is assumed that charge is localized on atoms and electrons are transferred
in a chemical bond according to the difference in electronegativity. When an
oxygen gets electrons from a neighboring silicon, the neighboring silicon is sure
to lose electrons due to charge neutrality. In this case, electronic density of the
oxygen increases and that of the silicon decreases. It is consequently expected in
XPS measurement that Ols and Si2p signals shift to the opposite direction.
Contrary to the expectation, all the XPS signals in alkali silicate glasses move to
the lower binding energy side with increasing the alkali oxide content, not
excepting the alkali ions (3). The experiments suggest that electronic density of all
the glass constituents increases along with the addition of alkali oxides. It is not
explainable from the standpoint of ionicity such as the point charge model.

Charge sharing model on the basis of covalency seems to be required to
explain the concurrent increase or decrease in electronic density of all the glass
constituents. According to the concept, the chemical shift of the XPS signals is
associated with the change in the amount of electrons shared between cation and
anion in a chemical bond, that is, a chemical shift to the lower binding energy side
is interpreted as an increase in the shared electrons due to an increase in covalent
character of the chemical bond. According to the interpretation, however, the
experimental chemical shift indicates that the covalency of R-O bonds also
increases with increasing an alkali oxide (R,0O) content, which seems to be in
conflict with the general understanding that R,O is more ionic than Si0».

Neither ionicity nor covalency explains the experimental chemical shifts.
Then, what is the appropriate model to explain the chemical shifts, and how does
the chemical bonding character in alkali silicate system change along with the
composition? In the present paper, chemical bonding state in the sodium silicate
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system is investigated on the basis of theoretical MO calculations to interpret the
experimental observations.

2. Investigation Procedures

Three compositions were chosen to the investigation, that is, SiO,,
Na;0-2810; and Na,0-Si0,. The binary glasses were prepared by a conventional
melt-quenching method, and the binary crystals were also obtained by
heat-treatment of the glasses. As for SiO,, commercial products both in vitreous
and crystalline states were used as specimens.

XPS measurements were carried out using a monochromatic Al-Ka radiation
(hv = 1486.6 V). Fresh surfaces of the rod-shaped specimens were analyzed just
after being fractured in a high vacuum (= 7x10°® Pa). Neutralization of the surface
charge was performed by both an electrically grounded Ni-mesh screen and a low
energy flood gun (5). Binding energy was corrected by referencing the Cls signal
for an adventitious hydrocarbon accumulated in the vacuum as 284.6 eV (5).

The discrete variational Xo (DV-Xa) method (6) was used to examine the
chemical bonding states of the sodium silicates, where Mulliken population
analysis (7) was adopted for the evaluation of net charge and bond overlap
population. Cluster models shown in Fig. 1 were constructed from the respective
crystal structures (8-10). The basis atomic orbitals used in the MO calculations
are O = 1s—2p, Si = 1s—3d and Na = 1s-3d. The population analyses were done
only for the atoms around the center of the clusters in order to reduce the effects
of bond termination. The cluster size, that is, the number of atoms in a cluster was
chosen as an objective atom was surrounded by at least two layers of SiO,
tetrahedra. The cluster was also embedded in the Madelung potential to reduce the
termination effects.

According to the Mulliken population analysis (7), ionicity and covalency of a
chemical bond A-B are evaluated by net charge AQ4 and bond overlap population
QOan, respectively given in Eqs. 1 and 2, where both quantities are commonly
obtained from the sums of overlap population Q; given in Eq. 3.

AQ,=Z,-0,. 0, =2.0.0,=30,.0/=30, )

0=220,.0,=20 )
€A, jeB i

0, =ngc,c,S, 3)

Q,j is the partial overlap population, that is, electronic population of the

overlapped region between the atomic orbitals X; and X, in the molecular orbital ¢;,
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which is the product of n;: the number of electrons in MO 9; (usually n; = 2), ¢y
and ¢;: the contribution of AOs X, and X, in MO ¢,, and S;: the overlap integral
between AOs X; and X,. In Eq. 1, Qa is the gross atomic population or gross
atomic charge on atom A, which is given by the sum of atomic orbital population
Q.. Subtracting Q4 from atomic number Z,, that is, the number of electrons in the
neutral state, the net charge AQ, is obtained. It is also noted in the Mulliken
population analysis (7) that the gross atomic population Q, is given by the sum of

(a) (Si705)*® cluster (b) (NazSi0e0)** cluster

< 3 il

B

Fig. 1. Cluster models used in the
MO calculations prepared from (a)
o—cristobalite Si0, (1), (b)
0-Na;Si,05 ®) and (C) Na,Si0; (9)
crystals, respectively. The numbered
spheres represent oxygen atoms, 1l:
bridging oxygen surrounded by no Na
(BO1), 2: bridging oxygen also
coordinated by Na (BO2) and 3:
non-bridging oxygen (NBO). The
numbers of sample points are 34500,
93600 and 88800 for the respective
clusters (a), (b) and (c).
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net atomic population (Qaa) and half of total overlap population (12X0ag), that is,
O = Qaa + 2EQan, where Qaq 1s given by the summation for je A in Eq. 1,
O =ZZZn,c”cﬂSy (€Y)]
€A I jeA
and %2XQag is equivalent to the summation for j& A in Eq. 1.

Theoretical intensity of the X-ray photoelectron peak for an MO ¢, is
estimated from Eq. 5 (11).

IIOCZQ,IO', (%)

where ( is the partial AO population given in Eq. 1 and g; is the photoionization

cross-section of AO X; (12). X-ray photoelectron spectra were simulated by
assuming a Gaussian lineshape, in which & for the AOs, Si3d, Na3p and Na3d
were assumed as zero because g for the AOs vacant in the ground state were
expected to be negligibly small compared with those of the occupied AOs.
Density of states (DOS) and overlap population diagrams were also obtained from
the AO and overlap populations, respectively.

3. Results and Discussion
3.1. Validity of MO calculation

The experimental valence band (VB) spectra of the sodium silicates are shown
in Fig. 2. It is seen from Fig. 2 that the crystalline silicates show almost the same
spectra with the vitreous ones, and it is also the case for core-orbital spectra,
indicating the similarity in electronic states between the crystalline and vitreous
silicates. It is probably due to the analogy in local structure, and it is hence
deduced that the evaluation with the cluster models based on the structure of
silicate crystals is valid also for the silicate glasses.

The simulated VB spectra are also shown in Fig. 2, where energy was
corrected to agree with the experimental ones on the peak positions. As shown in
Fig. 2, the relative intensity of the peaks is also in good agreement, indicating that
the simulation satisfactorily reproduces the electronic states of the silicates. Two
main peaks are seen at 5—-10 and 10-15 eV, and the low binding energy (BE) peak
increases in both relative intensity and width with increasing NaO content.
Contribution of AOs to the XPS spectra is estimated by comparing the XPS
spectra with DOS shown in Fig. 3. The low BE peak consists mostly of O2p, in
which the higher BE component is assigned to BO2p and the lower BE
component is associated with NBO2p. Relative amount of the NBO2p component
increases with increasing Na,O content, resulting in the increase of relative
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Fig. 2. Experimental valence band XPS spectra for the vitreous and crystalline
silicates, and the theoretical spectra simulated from the cluster models.
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Fig. 3. Density of states (DOS) calculated from the cluster models. Continuous
and broken vertical lines indicate occupied and unoccupied levels, respectively.
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intensity and width for the low BE peak.

As shown in Fig. 2, the MO calculations successfully reproduce the electronic
states of valence shell region. Then, how is the core-orbital region? Fig. 4 shows
the correlation in core-orbital energy between the experiments and simulations,
where the theoretical energies are corrected for the same quantity as in the case of
the valence shell region. The experimental binding energies for the crystalline
silicates are shown in Fig. 4, and it is also the case in the subsequent figures. It is
seen a good correlation between the experiments and the simulations. In
particular, the plot for Ols binding energy shows an almost straight line. It should
be noted, however, that the theoretical energy is corrected according to the
experiments and the uncorrected energy is not valid for the comparison. In other
words, MO calculation does not predict the chemical shift of XPS signals without
experiments. As predicted in the theories (1,2), if the chemical shift is
proportional to the atomic charge, MO calculation will be useful also in the
prediction of the chemical shift.

Theoretical E,(Nals)/ eV

1023 1024 1025 1026 1027
> 53ﬂ7 ™ v 1 1717 5717 > T T 1 T T T T %071 -
2 @e| <104F L g T A
3532 1 8 |} (’) (b) J1070%
o & 103} (© I I~
= = a
1531 we ] T R
g ©® £ 102 1 =
Q . N c
£530 2 b m {1068 5
] A (b) 1 g™ 1 %
X 529 4 X }aic 41067
w |(C)l o1 1 . 1 w 10 !(l) n L 1 ) { L|>j

503 504 505 506 507 508 % o1 92 93 o4

Theoretical E,(O1s)/ eV Theoretical E,(Si2p)/ eV
|®@ B0 A nNeO| | ® s & nNaf

Fig. 4. Correlation in binding energy of core-orbitals between experiments and
simulations for the silicates, (a) SiO,, (b) Na,0-28i0, and (c¢) NayO-SiO,.
Experimental data for the crystalline silicates are shown here.

3.2. Chemical bonding character

Chemical bonding character was evaluated with net charge AQ4 and bond
overlap population Qag. Fig. 5 shows the correlation between theoretical AQa and
experimental binding energy Ej, of core-orbital levels. It is seen a common trend
in BO, Si and Na that £}, decreases and AQ, also decreases with increasing Na,O
content. However, NBO shows the opposite change. It has been generally
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convinced in Ry0-Si0; system that ionicity of the system increases with
increasing R,0 content. In such case, both the negative charge on oxygen and
positive charge on Si and Na should increase with increasing R,O content. Only
BO follows the expectation.

On the other hand, all the constituents, O, Si and Na commonly show the
lower binding energy shift with increasing Na,O content in both the experiment
and simulation (Fig. 4). If chemical shift 1s ruled by atomic charge as expected
from the theories (1,2), NBO is exception. In Fig. 5, if AQwso(c) were smaller
than AQnpo(b) and the plots for BO and NBO lay on a straight line, the
experimental XPS chemical shift would be explained by atomic population.

Net charge, AQn,
10 09 08 07 06 O.?O
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w
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Net charge, AQg Net charge, AQg;

Fig. 5. Correlation between net charge and binding energy of core-level XPS
signals for the silicates, (a) SiO-, (b) Na,0-28i0, and (¢) Nay0-SiO».

When it is assumed as another case that the XPS chemical shift is ruled by
overlap population, bond overlap population Qap should increases with increasing
Na,O content. In Fig. 6, Ey is plotted against the sum of Qag, that is, total overlap
population which is obtained by summing Qag over the neighbors of an atom A.
In obtaining £Qap, the interacting atoms B were chosen assuming two cases. In
the case given by the open markers in Fig. 6, all the atoms in a cluster excepting
atom A were chosen for B, and in another case given by the filled markers, only
the neighboring bonding atoms were chosen for B. For example in the latter case,
bridging oxygen BO2 in sodium disilicate (b) is surrounded by two Si and one Na,
and hence the total overlap population Qg for BO2 is obtained by 2X(sigoz +
1XOnapoa. As expected, £0ap for A = NBO, Si and Na increases with increasing
Na,O content in the both cases, indicating the increase in the valence shell
population. BO is however exceptional. As shown in Fig. 5, negative charge on
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Fig. 6. Correlation between sum of bond overlap population (BOP) and binding
energy of core-level XPS signals for the silicates, (a) Si0;, (b) Na0-2Si0, and
(¢c) Na;0-Si0,. Open and filled markers represent sum of BOP for all the atoms in
the cluster and for the neighboring bonding atoms, respectively.

BO increases with increasing Na,O content, suggesting the increase in ionic
character, that is, the decrease in overlap population of BO. Hence, the change in
ZQar(BO) shown in Fig. 6 seems consistent with the change in atomic charge on
BO seen in Fig. 5. It is also seen a large difference in ZQp(BO) between the two
cases, which is due to a large anti-bonding interaction between the neighboring
0-0 pairs. The change in ZQAp(BO) against the composition is also interpreted
by the chemical bonding state of BO.

Overlap population diagrams are shown in Fig. 7, in which bond overlap
populations Oap are also indicated. All the bonds, except Si-BO1 and Si-BO2,
increase in Oap with increasing Na;O content. Comparing Qap for the Si-O
bonds, Si-BO2, Si-BO1 and Si-NBO, Qag increases in this order. Anti-bonding
overlap is clearly seen in Si~-BO bonds around the top of the occupied levels even
in the pure silica (a). In particular, the decrease in (s oz is remarkable, which
leads to the decrease in ZQOApr(BO) shown in Fig. 6. The structural change in the
silicates is also interpreted on the basis of bond overlap population. When NaO is
added to a silicate, electrons are introduced into the MO levels around the top of
the occupied levels. Then, Si-BO bonds decrease in overlap population due to the
increase in anti-bonding overlap, resulting in the elongation and dissociation in
Si-BO bonds. Covalency in Si-NBO bonds seems much higher than Si~BO
bonds, which is probably due to the higher n-bonding character of Si—-NBO bonds
(13). As shown in DOS (Fig. 3), Si3d and NBO2p orbital populations overlap
each other, resulting in the formation of n-bonding,
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Fig. 7. Overlap population diagrams calculated from the cluster models. The
continuous and broken lines indicate bonding and anti-binding overlap,
respectively. The numerical values shown indicate bond overlap population, Oag.

3.3. Chemical shift of core-level XPS signals

In the Mulliken population analysis (7), gross atomic population Q4 is given
by Oaa + %2Qap, where Oaa is the net atomic population and XQap is the total
overlap population. Large negative charge on oxygen means high gross atomic
population. The negative charge on NBO in metasilicate (¢) is much smaller than
disilicate (b) (Fig. 5), while the total overlap population of NBO is slightly larger
(Fig. 6). The small negative charge on NBO(c¢) is, therefore, due to low net atomic
population, that is, small amount of electrons localized on NBO. It is said in
general that NBO carries much lone pair electrons than BO, suggesting the higher
net atomic population of NBO. As opposed to the expectation, NBO in
metasilicate has lower net atomic population than BO. Overlap population also
contributes to gross atomic population, where total overlap population is divided
into halves to conserve the total amount of electrons. Evaluating the contribution
of overlap population to the XPS chemical shift not in half but in full, the total
atomic population of NBO in metasilicate becomes higher than that of BO. The
total atomic population (AP) of an atom A is given by Oaa + ZQap. Fig. 8 shows
the correlation between the total AP so determined and the experimental XPS
chemical shift. Except for oxygen in metasilicate (c), a linear correlation (dotted
line in Fig 8) is seen for oxygen in pure silica (a) and disilicate (b). Si2p also
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Fig. 8. Correlation between total atomic population (AP) Oaa + £Qap and binding
energy of core-level XPS signals for the silicates, (a) SiO,, (b) Na,0-2Si0; and
(c) Na,0O-Si0,.

shifts linearly against the total AP.

As mentioned, the results shown in the figures are only for the atoms around
the center of the clusters because it was expected that the outer atoms received
much bond termination effect than the inner atoms. Actually, oxygen atoms have
larger negative charge as they separate from the center, indicating that the results
are strongly dependent on the size and shape of the clusters. If different atomistic
configuration were used for the cluster model for sodium metasilicate (c), the
better correlation might be achieved. Even in the case, it should be kept in mind
that the present model for the sodium metasilicate (Fig. 1) gave good agreements
both in the valence and core-orbital regions (Figs. 2 and 3). In the original
theoretical model (1), the XPS chemical shift is given by a change in electrostatic
potential g/r, where g is charge and r is radius. In the approximation (2), however,
r is treated as constant. In the present study, only the ¢ dependence has been
investigated. The results obtained may suggest that the r dependence is not
negligible.

4. Conclusion

The chemical bonding states of sodium silicates, pure silica, disilicate and
metasilicate were investigated on the basis of theoretical MO calculations. The
theoretical expectations were compared with the experimental observations in
XPS. The simulations were in good agreement with the experiments both in the
valence band spectra and the atomic core-orbital energies of all the constituents.
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Except for NBO, the net charge of BO, Si and Na decreased and the gross atomic
population increased with increasing Na,O content, which was opposed to the
general empirical knowledge that ionic character would increase along with the
addition of alkali oxides. In the case of covalency, however, an exceptional
change in the overlap population was found not in NBO but in BO, that is, the
overlap population of BO decreased with increasing Na,O content, which was due
to the increase in anti-bonding contribution in Si—-BO bonds. The structural
change in silicate was, however, consistent with the theoretical estimation in the
chemical bonding character, that is, Si-BO bonds have longer bond distance than
Si-NBO bonds and they grow in bond distance with increasing Na;O content. The
chemical shift of core-orbital binding energies was also discussed on the basis of
atomic and overlap populations. In the Mulliken population analysis of gross
atomic population, half of the overlap population is added to the net atomic
population. Assuming full contribution of the overlap population, the best
correlation was obtained between the experimental chemical shift and the
theoretical total atomic population.
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Abstract

First-principles calculations of cobalt with hcp and fcc structures are performed to
investigate the compression mechanism of cobalt and to know a theoretical
transition pressure from hep to fcc phases under high-pressure condition. Here the
Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method is
employed within the Generalized Gradient Approximation (GGA). Calculated
transition pressure from hcp to fec estimated by the free energy calculations is
128.3 GPa, which agrees well with experiment. The magnetic properties for both
hep and fec phases at high pressures are also studied.
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Introduction

The structural and elastic properties of materials at high pressure and/or
temperature have been extensively studied both experimentally and theoretically,
because these kinds of studies have provided us fundamental knowledge on the
Earth's interior. It has been widely accepted that the Earth's core is mainly
composed of iron dominated alloys, in which nickel and/or cobalt are possible
solutions as minor components. The structural properties of iron have been widely
investigated experimentally (1-5) by the use of the synchrotron radiation for some
phases at both high pressure and temperature up to the inner-core condition of the
Earth, which have also been studied theoretically with the first principles (ab
initio) calculations (6-8). On the other hand, these kinds of studies for cobalt have
not yet been done actively. Recently new phase, $-cobalt, with fcc structure was
found experimentally (9) at pressure beyond 105 GPa under room temperature
condition. The structural properties of e-cobalt with hcp structure have been
studied theoretically by the use of some first principles calculational methods
(10-13), while only one literature was found for B-cobalt with the Full-Potential
Linear Muffin Tin Orbital (FP-LMTO) method (13). Then the structural
properties of e- and - cobalt are studied here over a wide pressure range with the
Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method (14)
within both non-spin-polarized and spin-polarized Generalized Gradient
Approximation (GGA) (15). Present calculations reproduced the experimental
transition pressure from e- to 8- phases very well. Change in magnetic properties
of both €- and $-Co according to an increment of pressure was also studied in this
paper.

Computational Details

First principles calculations were carried out for e- and B- cobalt with hep and fec
structures, respectively, using the Full-Potential Linearized Augmented Plane
Wave  (FP-LAPW) package, WIEN97 (16). Both non-magnetic
(non-spin-polarized) and magnetic (spin-polarized with ferromagnetic ordering)
treatments have been considered for e- and (B-Co. Here the -effective
exchange-correlation functional GGA-PBE (17) was employed. All electrons up
to 2p are treated as core, and 3s, 3p, 3d, 4s and 4p as valence states. The special
k-point meshes 15x15x8 for hcp and 15x15x15 for fcc were chosen, which
yielded 135 and 200 special k-points, respectively. The muffin-tin radius Ryt was
set to 2.0 Bohr and the product of the muffin-tin radius and the maximum
reciprocal space vector Kpay, i.€. the plane-wave cutoff, RmrKmax is fixed at 9.0
for all calculations. Careful convergence tests were performed with respect to the
k-point sampling and the size of basis set, which showed selected k-point meshes
and plane wave cut off were appropriate for both e- and B-Co. Total energy
calculations were performed changing the unit cell volumes from 0.65V, to



First Principles Calculations of Pressure-induced Phase Transition of Co 201

1.15V,, where Vj is the experimental volume at zero-pressure. Calculated total
energies as a function of volume, E(V), were fitted with the Murnaghan equation
of state (18) to obtain the bulk modulus B, its first-order pressure derivative B’,
the equilibrium volume Vy and the ground-state total energy Eo, which is
expressed by

B'-1
E(V)=E, + BV, _ 1L (K +—1—Z~——1— (1)
B'(B-H\V BV, B-1

where V is the volume. For e-phase, c/a ratios were optimized changing c/a from
-5 to +5% at all volumes. Resulted total energies as a function of c/a were fitted
with the third-order polynomial equations, which yield the equilibrium c/a ratio.

Results and Discussions
Calculated total energies for both e- and pB- phases as a function of volume are
shown in Fig. 1, together with the fitted curves with the Murnaghan equation of

state ( eq. (1)).

T i U v T 4 L
—a— hep (non-magnetic) |

-0.85- —— hcp (magnetic)

—a— fcc (non-magnetic)

—o— fcc (magnetic)

Total energy (-2786 Ry/atom)
S
-—P—

-0.95

T

30 80 70 80
Volume (Bohr3/atom)

Fig. 1. Calculated total energies for e- and p-Co as a function of volume. Solid
and open symbols are for e- and B-phases, respectively, and circle and triangle
symbols are for spin-polarized and non-spin-polarized results, respectively.
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Resulted structural parameters, Vo, B and B’, are surnmarized on Table 1 with the
ground state total energies, Eo, in which present results are compared with the
experiments (9, 19) and other calculations (10-13). For ¢-Co, magnetic treatment
is more favorable than non-magnetic one as shown in Fig.l. Then calculated
results in magnetic treatment are taken here. Agreement between magnetic
calculation and experiment is fairly good, in which difference in the equilibrium
volume at zero-pressure is only 1.6 %. Calculated results are slightly different
from another calculation with the FP-LAPW (13), though same method as mine
was employed. This difference is derived from a way of k-point sampling. Larger
set of k-point sampling was employed in my calculations.

Table 1. Comparisons of calculated ground state energy, Eo, equilibrium volume
at zero-pressure, Vo, bulk modulus, B, and its first-order pressure derivative, B’
between present calculations, other calculations and experiments.

Ey (Ry) Vo(Bohr) B (GPa) B’
e-Co Experiment® 74.9 190 3.6(2)
Experiment® 7423 199 3.6
Present calc. fm*  -2786.9549 75.46 210 34
Present calc. nm**  -2786.9355 71.33 219 4.5
LDA fm*® -2782.1081 68.0 255 4.0
GGA fm**© -2786.7364 73.6 212 42
LCAO GGA® 76.2 214
LMTO LDA® -2782.173 7.1 276
LMTOf 73.70 194 4.6
B-Co Experiment® 69.74 224 5.8
Present calc. fm*  -2786.9532 75.76 209 3.1
Present calc. nm**  -2786.9372 71.18 220 45
LMTO! 69.41 262 45

*fm : ferromagnetic ordering
**nm : non-magnetic

: reference (9)

: reference (19)
: reference (10)
: reference (11)
: reference (12)
: reference (13)

-0 Lo o R
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Optimized c/a ratios as a function of pressure are plotted for e-Co in Fig. 2. Here
the pressure was obtained with the third-order Birch-Murnaghan equation of state
expressed (20) by

P=3Bf(1+21)"*(1+af) )
where
1[(v, 2/3
=—||— -1
s 2 (V)
3 "
=5(B 4).

Experimental c/a ratio (9) remains unchanged at 1.615 to 80GPa, above which
pressure it increases continuously. It becomes 1.63 at 110GPa and 1.65 at 150GPa.
However, calculated c/a ratio remains unchanged up to about 100GPa and it rather
decreases beyond 100 GPa as shown in Fig. 2. Present calculations could not
explain the experimental increment of c/a ratio (9) beyond 80 GPa.
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® 1.62
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Q
N
B
B8, 1.61
o
0 100
Pressure (GPa)

Fig. 2. Optimized c/a ratio for e-Co as a function of pressure. Pressure was
obtained with the third-order Birch-Murnaghan equation of state. Dashed
horizontal line at c/a= 1.615 is the experimental c/a ratio at zero-pressure (9).
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For B-Co, large discrepancies in the equilibrium volume, the bulk modulus and its
first-order pressure derivative appeared between magnetic calculation and
experiment as shown in Table 1. Although calculated total energies in magnetic
treatment as a function of volume are smaller than those in non-magnetic one at
all volumes, as shown in Fig. 1, the non-magnetic calculating results are
compared with the experiment, in which good agreement between calculation and
experiment was obtained. Another calculation with the FP-LMTO method (13)
also suggested B-Co favors magnetic at lower pressure range. However, no
detailed calculating condition was written in that paper (13) and no calculation
except reference (13) was found for B-Co. Moreover, only one experiment (9) was
reported for B-Co under high pressure condition. Further high-pressure
experiments and calculations for -Co are necessary.

The magnetic properties of both &- and B-Co under high pressure conditions were
studied by the use of the results in magnetic treatments, since no experiments on
magnetic properties of &- and f-Co have been reported under high pressure
condition. The magnetic moments of these two as a function of pressure were
calculated by subtraction of down-spin density by up-spin density inside the
muffin-tin sphere, which is shown in Fig. 3. Calculated magnetic moment of ¢-Co
at zero-pressure was 1.7, which is close to an experimental value (1.6 pg) (21).

g . .
o =
g g
g 1.5_r ‘ .
e’ \ 4
= \
%) [ \ ]
g I \
Q [ \
g T —e— 2-Co \
2 05 - ‘\ 7
° [ --o- B-CO \
% ol— . i ‘\A
p= 0 100
Pressure (GPa)

Fig. 3. Calculated magnetic moments for ¢- and -Co as a function of pressure.
Solid and open circles denote e- and B-Co, respectively. Pressure was obtained
with the third-order Birch-Murnaghan equation of state.
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The magnetic moment of e-Co decreases gradually up to 100 GPa, above which
pressure it decreases steeply and becomes 0 at about 190 GPa as shown in Fig.3.
The magnetic moment of B-Co changes almost same manner as e-Co up to
100GPa, but it suddenly becomes zero beyond 100 GPa.

In order to obtain a theoretical transition pressure from hcp to fcc structures,
enthalpies, i.e. Gibbs’ free energies at 0 K, for both phases as a function of
pressure were calculated. The enthalpy as a function of pressure, H(p), is
expressed by (21)

BV B' 1-1/ 8
H(p)=E0+pV=EO+B’_01 (Ep'i‘l) —1 (3)

where p is pressure. Calculated enthalpy difference AH, i.e. AH = Hg - H,,
between e- and B-phases is shown in Fig. 4, where H, and Hg are enthalpies of &-
and B-phases, respectively. The transition pressure correspond to the point where
the enthalpy of $-phase is equal to the corresponding quantity of e-phase, which is
128.3 GPa for hcp — fec (magnetic). This theoretical transition pressure falls
within the experimental transition pressure range (105-150GPa) (9). e-phase could
coexist with B-phase between 100 and 150 GPa, since the energy difference

2 N -
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kS Ofp---=-=ccmmmooemmm e e .
>
e 1
Eof |
s
<

4 .
0 100 200
Pressure (GPa)

Fig. 4. Calculated enthalpy differences as a function of pressure between e- and
B-phases.



206 Tomoyuki Yamamoto

between e- and - phases are very small as shown in Fig. 1 and pressure with
diamond anvil cell may not be hydrostatic.

Conclusion

First principles calculations were performed to investigate the structural properties
of e- and - cobalt at high pressures and to know a theoretical transition pressure
from ¢- to B- phases using the FP-LAPW method within GGA-PBE. Calculated
bulk parameters, i.e. the bulk modulus, its pressure derivative and the equilibrium
volume, reproduce the observed ones very well for &-Co. Spin-polarized
calculations for p-Co, however, could not reproduce the experimental bulk
parameters (9). Good agreement was obtained between non-spin-polarized
calculations and experiment (9), though spin-polarized calculations were
energetically more favorable than non-spin-polarized one. Only one experiment
(9) and one calculation (13) were reported for B-Co and only GGA-PBE exchange
correlation functional was examined here. Further high-pressure experiments and
first-principles calculations are necessary to understand fully about physical
properties of §-Co under high pressure condition.

Acknowledgements
The author acknowledges the Special Postdoctoral Researchers Program in
RIKEN.

References

(1) A.P.Jephcoat, HK.Mao and P.M.Bell, J. Geophys. Res. 91, 4677 (1986).

(2) H.K.Mao, Y.Wy, L.C.Chen and J.F.Shu, J. Geophys. Res. 95, 21737 (1990).

(3) S.XK.Saxena, L.S.Dubrovinsky, P.Higgkvist, Y.Cerenius, G.Shen and
H.K Mao, Science 269, 1703 (1995).

(4) C.S.Yoo, J.Akella, A.J.Campbell, H.K.Mao and R.J.Hemley, Science 270,
1473 (1995).

(5) D.Andrault, G Fiquet, M.Kunz, F.Visocekas and D.Hiusermann, Science
278, 831 (1997).

(6) L.Stixrude and R.E.Cohen, Science 267, 1972 (1995).

(7) A.Zupan, P.Blaha, K.Schwarz and J.P.Perdew, Phys. Rev. B58, 11266
(1998).

(8) P.Sdderlind, J.A.Moriarty and J.M.Wills, Phys. Rev. B53, 14063 (1996).

(9) C.S. Yoo, H.Cynn, P.Soderlind and V. Iota, Phys. Rev. Lett. 84, 4132
(2000).

(10) G.Steinle-Neumann, L.Stixrude and R.Cohen, Phys. Rev. B60, 791 (1999).

(11) T.C.Leung, C.T.Chan and B.N.Harmon, Phys. Rev. B44, 2923 (1991).



First Principles Calculations of Pressure-induced Phase Transition of Co 207

(12) B.I.Min, T.Oguchi and A.J Freeman, Phys. Rev. B33, 7852 (1986).

(13) C.S.Yoo, P. Soderlind and H.Cynn, J.Phys. Condens. Matter 10, L311
(1998).

(14) D..Singh, Planewaves, Pseudopotentials and the LAPW Method (Kluwer,
Norwell, 1994).

(15) J.P.Perdew and Y.Wang, Phys. Rev. B33, 8800 (1986).

(16) P.Blaha, K.Schwarz and J.Luitz, WIEN97, A Full Potential Linearized
Augmented Plane Wave Package for Calculating Crystal Properties
(Karlheinz Schwarz, Techn. Universitit Wien, Austria), 1999. ISBN
3-9501031-0-4.

(17) J.P.Perdew, S.Burke and M.Emzerhof, Phys. Rev. Lett. 77, 3865 (1996).

(18) F.D.Mumaghan, Proc. Natl Acad. Sci. USA 30, 244 (1944).

(19) H.R.Schober and H.Dederichs, in Elastic Piezoelectric Pyroelectric
Piezooptic Electrooptic Constants and Nonlinear Dielectric Susceptibilities
of Crystals, edited by K.-H.Hellwege and A.W.Hellwege, Landolt Bornstedt,
New Series III, Vol. 11a (Springer, Betlin, 1979).

(20) F.Birch, J. Geophys. Res. 83, 1257 (1978).

(21) H.P.Meyer and W.Sucksmith, Proc. R. Soc. London, Ser. A 207, 427
(1951).

(22) M.P.Habas, R.Dovesi and A.Lichanot, J. Phys. Condens. Matter 10, 6897
(1998).



209

Electronic structure of Er doped GaAs

Shinichi Itoh
Kyoto University of Education

(Received December 31, 2001; in final form June 10, 2002)

Abstract

Er impurity in GaAs shows strong luminescence due to the 4f intra transition.
Relativistic DVX & calculation was performed for Er doped GaAs system in
order to investigate the chemical bonding between Er atom and the surrounding
As and Ga atoms. The bond overlap populations in the one-electron orbitals
between the 4f and the intra or the inter valence orbitals were investigated.
Furthermore we calculated for the oxygen co-doping in Er:GaAs system which
showed the excellent sharp spectra. The calculated results show the 4f orbitals
play an important role to the electronic structure near the Fermi level and the
hybridization of the 4f with O 2p orbitals was relatively larger than with As and
Ga 4p orbitals in the case of oxygen co-doping. In the obtained molecular orbitals
at the Fermi level the 4f character was large. The HOMO-LUMO gap energy was
much small (~ 0.02 eV).
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1. Introduction
Er doped GaAs has been investigated by many researchers because they appear
sharp 1.54 1 m luminescence of the 4f electrons and are important for opt-
electronic materials [1]. The luminescence is due to the 4f-4f intra-transition in
Er3+ ion in GaAs. The excitation energy of the 4f electrons can be considered to
being transfered from the host material because the luminescence of the 4f
electrons has been observed by the host photo-excitation. Several energy transfer
models from the excited carriers in the host GaAs to the 4f electrons can be
considered [2]. Therefore it is important to solve the molecular orbitals and their
energies of the system in order to consider the mechanism of energy transfer
because they are the basic physical quantities which are necessary for the
construction of the model. Because it was understood that non-relativistic
molecular orbital (MO) calculation has estimated the energy levels of one-electron
4f orbitals artificially, relativistic calculation is need to treat the 4f electrons
quantitatively. Thus the relativistic DVX @ code is suitable method for the
investigation of chemical bonding of the 4f shells. In the present calculation, the
cluster models can be said to present well the chemical bonding of the 4f shell of
Er in GaAs because the density of Er impurity is low (~ 10" cm®) in the host
GaAs and the neighbouring atoms to Er center are especially important for the
chemical bonding of the inner 4f shell of Er.

2. Method of Calculation

We performed relativistic DVX @ calculation for the three cluster models, i.e.
FrAs,Ga,, , ErO*,As,Ga,, and ErO,Ga,,. The lattice structure is zinc blende as
shown in Fig.1. Here, oxygen co-doping in Er:GaAs is represented as the latter
two clusters. Until now, the number of O atoms has not been determined. The
spectra reported are complex structures which indicate the simultaneous presence
of Er centers with various atomic configurations in the case of oxygen co-doping
also. Though it may be said that two O atoms couple with Er frequently on the
average number of the ligand atoms with Td symmetry, there is still one
possibility of presence of Er-O4 center. The lattice constant is selected to 5.65 A
which is for GaAs. Total charges of the above three clusters are chosen to neutral,



Electronic Structure of Er-doped GaAs 211

Fig.1 ErAs,Ga,, cluster. Two or four As atoms are replaced with oxygen in
ErO%,As,Ga,, or ErO,Ga,,, respectively.

-4 and neutral, respectively. Bond overlap populations (BOPs) between the 4f and
the inter AOs  P(4f,i) are obtained for 4f and i= As(4s, 4p) , Ga(4s, 4p) and

0Q@2p).
P(@fi) = TkC_{4fk} * C_{ik)

here C_{4f,k} are the coefficients of the 4f AOs in the k-th MO

and they are multiplied by the components of being related to the
i-th AO(s) of the host atoms in the k-th MO. We get the total bond overlap
population between Er and the host atoms As, O and Ga by the sum over all of the
AOs of Er and the host atoms.
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3. Results and Discussion

We have performed relativistic DVX @ calculations for the three clusters
ErAs,Ga,, , ErO*,As,Ga,, and ErO,Ga,,. The Er-O bond lengh should be distorted
comparing with Ga-As. Because unsymmetrical distortion makes the calculation
too huge, we tried to make the lattice constant longer for the second cluster. As
the result we can say the electronic structure does not so change drastically. The
obtained electronic structures are shown in Fig.2. The HOMO-LUMO gap
energies are  0.02, 0.02 and 0.3 (eV), respectively. The small gaps are caused by
that the large 4f character exists both in HOMO and LUMO for the three clusters.
The filled 4f band exists at Ef for the three clusters and the filled 4f band width
are 1.04, 1.78 and 1.12 (eV), respectively. Among them to say about ErO*
,As,Ga,, , the filled 4f band width is broader than the others. This may be caused
by lower symmetry of the ligand. The hybridization of the 4f with Ga 4p exists
within the filled 4f broaden band at near Ef for the second cluster. On the other
hand, the hybridization with As 4p exists by 2.3 (eV) below Ef and that with O 2p
exists by 2.8 (eV) below Ef in Fig.2(b). In the view of the one-electron energies
and MOs, the hybridizations between the 4f and the inter AOs are much smaller
than those for intra AOs. Among them, the relative large hybridizations are found
in several MOs for between the 4f and As, Ga 4p (Fig.2 (a)) and the 4f and O 2p
(Fig.2 (b)). For example, for the one k-th MO which is below Ef by 1.49 (e¢V) in
ErAs,Ga,, the obtained components are C_{4fk}=0.307, C_{Asdp,k}=0.271,
C_{Gads and 4p,k}=0.421 and below Ef by 2.60 (eV) in ErO”,As,Ga,, the
components are C_{4fk}=0.296, C_{O2p,k}=0.259, C_{As4p,k}=0.173. On
the other hand, for FrO,Ga,, the obtained 4f characters in the MOs are more
atomic like and show the less hybridizations in each of the one-electron orbitals
than in the case of the two (a), (b) clusters in Fig.2. Next, in order to investigate
the hybridizations of the 4f shell, we obtained the bond overlap populations.
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Fig.2 Electronic structure obtained for (a)ErAs,Ga,, , (b)ErO*,As,Ga,, and
(¢)ErO,Gay, clusters.

In Table 1 we show the obtained partial bond overlap populations between Er 4f
and the surrounding AOs. It is found that the BOPs have the same order both
with the nearest and with the second nearest AOs, respectively. This is due to the
inner 4f shells which weakly couple with the surrounding AOs. As is expected,
the chemical bonding between the 4f and the surrounding AOs is much weaker
than the 4f-4f intra coupling. However, the 4f energy levels are also lying among
As and Ga 4p levels and it can be said the couplings with As and Ga 4p are
necessary to consider the electronic structures. It is noted that Er atom is treated as
neutral atom. The obtained 4f electrons are 11.63, 11.26 and 11.62 for the three
Fig.2 (a), (b) and (c), respectively, and are consistent with the experimental results.
The excess of the charges flows out to the outer Er 5d and 6s orbitals which are
important for the charge consistency. Now we can say the conduction band is also
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important to discuss the energy transition. Because the obtained LUMO consist of
the 4f and Ga 4p, the empty 4f levels seem to couple with surrounding AOs. Co-
doped oxygen atoms have a tendency to make a stable band lower than the 4f
valence band.

Table.1 Bond overlap populations between Er 4f and the surrounding AOs (*
10°2).

ErAs,Ga,, ErO*,As,Ga,,
As 4p Ga 4p O 2p As 4p Gadp
4 f 2.65 338 0.104 0.329 0.158
Er0O,Ga,,
O 2p Ga 4p
4 f 1.26 2.08

4. Conclusion

We obtained the one-electron electronic structures and the bond overlap
populations for the three Er doped GaAs clusters. The HOHO-LUMO gap
energies are much narrow and the 4f impurity levels exist in GaAs band gap. The
BOPs between the 4f and As, Ga 4p are small but there are several 4f related one-
electron MOs coupled with As or Ga 4p with relatively strong ones. The oxygen
co-doped cluster shows the complex hybridizations of the 4f with O 2p, As 4p and
Ga 4p.

5. References
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Abstract

In order to elucidate a suppression of ferromagnetic interactions in Sry.JLaRuQOs, electronic
structures have been investigated by changing x from 0.0 to 0.5, using an XRD and a
neutron diffraction study with a Rietveld analysis and a DV-X alpha computational method.
In comparison with magnetic properties in SriCaRuQs, ferromagnetic interactions in
Sr1LaRuQ; are found to be suppressed very rapidly against x. Neither structural distortion
nor cation-size disorder can account for such rapid suppression. Instead, this may be
attributed to the effect of La - O hybridization created by La substitution for Sr. This
hybridization-effect weakens the ferromagnetic order around Ru ions and, as a result, the
long-range ferromagnetic states are suppressed even if x is small. The DV-X alpha cluster
method was employed to estimate an energy difference between up and down spin density
of states in SrRuQO; and SrpsLagsRuO;. This calculation predicts that Sri.La,RuO; contain
La - O hybridization which suppresses ferromagnetic interaction even at small x.
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1. INTRODUCTION

Because of the spin-triplet p-wave superconductivity in the copper-free layered perovskite
Sr;RuQO; [1,2], the anomalous magnetic properties and the transport properties in this
material and the related ruthenium oxides have attracted much interest. A series of
ruthenium oxides (St,Ca)nr1RU,Osq+1 shows rich properties: a ferromagnetic (FM) metal, an
antiferromagnetic (AFM) insulator and a superconductor. In particular, a correct
understanding of the magnetic properties in these ruthenates is indispensable so as to gain an
insight into the emergence of the spin-triplet superconductivity in S;RuQOs.

SrRuO; and CaRuOs have nearly cubic and slightly distorted cubic perovskite structure,
respectively. Though both the ruthenates exhibit the metallic behavior [3,4], their magnetic
properties differ remarkably: StRuO; is a FM metal with the Curie temperature Tc=160 K
[5,6] whereas CaRuQ; does not show any magnetic anomalies even at very low
temperatures. Such a magnetic difference has been mainly ascribed to the ionic sizes of S©*~
(0.144 nm) and Ca*" (0.134 nm), although there must be various reasons. Because of the
ionic radius of S*** bigger than Ca’, CaRuOs is more distorted [5]. In Sr; Ca;RuQs, each
RuOs octahedron s tilted slightly and rotated around Ca®" substituted for S** to fill the extra
space of Sr-shared positions. The calculated band structures also suggest the importance of
the structural distortion. In the band structure constructed by Mazin et al. [7], the density of
states (DOS) in SrRuO; has a strong peak at Fermi level, stabilizing FM states; while
CaRuO; is on the border of FM states and paramagnetic (PM) states due to the fact that the
more distorted structure of CaRuO; lowers the DOS at Fermi level [7]. In another
calculation by Fukunaga et al. [8], FM ground states are formed in both the compounds, but
the energies obtained in the calculations, especially for CaRuQs;, are very sensitive to the
calculational parameters employed. It has been also argued that the larger structural
distortion in CaRuQ; would result in larger splitting of Ru ty; orbital, leading to stronger
AFM interactions [9]. He ef al. have recently concluded that CaRuQs; is not a classical AFM,
but is rather poised at a critical point between FM and PM ground states [10,11].

There are several literatures studying the properties of Sr;.£CaRuO; perovskites [9-15].
The variation in properties due to the change in x are now basically understood in terms of
the change in magnetic ground state as a function of a Ru - O - Ru bond angle [7], but there
must be other parameters to consider. The size-disorder of 4-site atom must be also an
important parameter. In the study of the magnetism and the size-disorder effect on the
magnetic properties in 4d-based ruthenate perovskites, the experiments on Sr1.LaRuO;
could provide a very useful knowledge. Referring to the ionic radius of La** (0.136 nm)
with the ionic radii of S*** and Ca®, Sri.JLaRuO; is expected to have the orthorhombic
distortion and the size-disorder smaller than Sr;,Ca,RuOs. In order to investigate the effects
due to the orthorhombic distortion and the cation-size disorder, the elucidation of structural
lattice parameters in Sri..La,RuQ; as a function of x is indispensable. Furthermore, there is a
high possibility that La>" substituted for S** changes the electronic structures on ions and
the chemical bond nature. From these points of view, the structural lattice parameters and
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the electronic structures in a series of Sri.la,RuQ; perovskites have been investigated in the
present study, using the powder X-ray or neutron diffraction methods with a Rietveld
analysis and the discrete variational (DV)-X alpha computational method.

2. EXPERIMENTAL DETAILS

Polycrystalline samples of SrilaRuO; (x= 0.0, 0.1, 02, 0.3, 04, and 0.5) were
synthesized by a conventional solid state reaction method. Stoichiometric mixture of
powders of SrCO; (99.99 %), dried La,O3 (99.99 %), and dried RuO; (99.95 %) were
ground and reacted at 1373 K for 24 h in air. This procedure was repeated several times. The
samples were reground, pressed into pellets, and heated again at 1573 K for 24 h in air and
cooled to room temperature at the rate of 1 K/min in the last procedure. All of the sintered
pellets were analyzed at room temperature, using an X-ray diffractometer with step scanning.
The powder XRD patterns show a single-phase compound with the Prama type space
symmetry (No.62) for every sample. The sample for x=0.5 also was analyzed at room
temperature, using a neutron diffraction study. Neutron scattering measurements were
carried out on the ISSP triple-axis spectrometer HQR installed at Ty; experimental port in
JRR-3M in JAERI (Tokai). The structural lattice parameters were refined using a Rietveld
analysis program, RIETAN-2000 [16].

3. COMPUTATIONAL PROCEDURES

The interpretation of the experimental results obtained here needs the assist of the
theoretical calculations. All computations were performed by means of ab initio molecular
orbital (MO) method using model clusters. The computer code called SCAT [17], whichis a
modified version of the original DV-X alpha program [18,19], was employed. The
exchange and correlation term by Slater with alpha=0.7 was used, and spin polarizations
were taken into account in the calculations [20]. Numerical atomic orbitals (NAOs) were
used as basis functions. Basis sets were /s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, and 5s for St, Is, 2s, 2p,
3s, 3p, 3d, 4s, 4p, 4d, 4f, 55, 5p, 5d, 6s, and 6p for La, Is, 2s, 2p, 3s, 3p, 3d, 45, 4p, 4d, 5s,
and 5p for Ru, and Is, 2s, and 2p for O. Integrations to obtain energy eigenvalues and
eigenfunctions were made numerically. Population analyses were made in the standard
Mulliken's manner [21]. The calculation of the electronic structures has been carried out
under the assumption that the electronic structures of [SrieRusOi]” and
[SrsLasRus016]'**" clusters are to be representative of those of StrRuO; (x=0.0) and
SrosLagsRuO; (x=0.5), respectively. Figure 1 shows the structure of the [SrsLasRusOy¢]™**
cluster employed in the present calculation for x=0.5. The model clusters were embedded in
Madelung potential generated by approximately 10,000 point charges of formal values. The
values were +2, +4, and -2 for Sr, Ry, and O in StRuOs. In Sty sLagsRuOs, they were +2, +3,
+3.5, and -2 for Sr, La, Ru, and O. Convergence of the electrostatic potential with respect to
dipole and quadrupole sums [22] was established within an accuracy of 0.1 %.
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»

Figure 1. Model dluster used in the DV-X alpha cluster method, ic., [SrsLagRusOr™ chuster which
is employed inthe present caloulation for SroslaosRuO; (x=0.5).

4. RESULTS AND DISCUSSION

No impurity peak was detected in the present powder XRD or neutron diffraction
measurements, and all samples of Sri.JlaRuO; had the GdFeO; type orthorhombic
perovskite structure. Figure 2 shows observed, calculated, and difference intensities in
neutron diffraction pattern of SrosLagsRuQ; (x=0.5). The cubic subcell parameters of
Sri.LaRu0; are shown in Fig.3(a). All three lattice constants, a, b and ¢, increase with
increasing x, although Sr** (0.144 nm) is replaced with La** (0.136 nm). There is however
an anomaly around x=0.3 in the lattice constant. This must be because electronic structures
and magnetic properties change at x=0.3. Furthermore, the Ru - O(1) - Ru and Ru - O(2) -
Ru bond angles cross also at x=0.3, as shown in Fig.3(b). The decrease of the Ru - O(1) - Ru
bond angle with increasing x suggests the rotation of RuOg octahedra around La*
substituted for Sr** in the similar way to Sr;4Ca:RuO; because of the ionic radius of La**
smaller than Sr**. The Ru - O - Ru bond angle between RuQs octahedra and the Ru - O
bond lengths within RuQg octahedra change as x increases.

The average net charges evaluated for [SrigRusO16]'>" and [SrsLagRusO1]'™ " clusters at
x=0.0 and 0.5 are +2.28¢ and +1.98¢ for Ru, +1.95¢ and +1.97e for Sr, and -1.63e and
-1.43e for O, respectively. There must be a small covalent component in the bonding
between a cation and an anion. Total DOS and partial DOS of SrRuQ; (x=0.0) and
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SrysLag sRuO; (x=0.5) are illustrated in Fig 4 together with energy level diagrams. All of the
theoretical lines in Fig4 are the results computed by broadening discrete MO energy
eigenvalues, using Gaussian function of 0.5 eV full width at half maximum (FWHM) for
easy visualization of the DOS. As shown in Fig.4(a), the filled band located from -10 eV to
0 eV is mainly composed of Ru 4d and O Zp orbital at x=0.0. This indicates that the
electronic structure around Fermi level consists of Ru 4d and O Zp orbital which are
hybridized. Figure 4(b) demonstrates the energy levels at x=0.5. The electronic structure
around Fermi level consists of Ru 4d, La 4f, O 2p orbital which are also hybridized.

There is an energy difference between up and down spin in Ru 4d partial DOS which
forms FM states. As shown in Fig.5, the energy difference between up and down spin in Ru
4d partial DOS in StRuO; (x=0.0) is larger than that in SrgsLagsRuQO; (x=0.5). This means
that FM states are suppressed with increasing x. The unoccupied DOS located above Fermi
level is mainly made up of Ru - O and Sr - O hybridization, even though La - O
hybridization is included at x=0.5 as shown in Fig4 (b). The La - O hybridization above
Fermi level affects the magnetic local environment around Ru and the local charge state of
Ru. Moreover, the local electron densities throughout the Ru - O network and the charge
distribution with increasing x are likely to fluctuate by this hybridization. Such a fluctuation
weakens somewhat the Ru - O hybridization and also the FM interaction between Ru 4d
spins. As a result, FM states in Sr;..l.a,RuQ; are suppressed.
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5. CONCLUSION

The structural lattice parameters and the electronic structures in Sr;.LaRuQO; have been
investigated using the XRD and the neutron diffraction methods with a Rietveld analysis
and the DV-X alpha computational method. The variation of x changes the Ru oxidation so
that the Ru - O - Ru bond angle between RuQOg octahedra and the Ru - O bond lengths
within RuQs octahedra change as x increases. The ferromagnetism is suppressed very
remarkably with increasing x. Since Sri.la[RuOs contains Ru tz - O 2p - Ru ty
interactions, the detailed calculations on the electronic structures in this system are necessary
in order to explain the variation of lattice parameters. The energy difference between up and
down spin in Ru 4d partial DOS in SrRuOQs; is larger than that in SrosLagsRuQs. This means
that FM states are suppressed with increasing x. In addition, the La - O hybridization above
Fermi level affects the magnetic local environment around Ru and the local charge state of
Ru. The local electron densities throughout the Ru - O network are likely to fluctuate by the
La - O hybridization. Such a fluctuation weakens somewhat the Ru - O hybridization and
also the FM interaction between Ru 44 spins. As a result, FM states in Sri,JaRuQ; are
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suppressed.
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The molecular orbital method is found to correctly predict the antiferromagnetic
state by using localized and unlocalized atomic orbitals within the scheme of the
conventional Xo method. In order to investigate the origin of the antiferromagnetic
state, we focused on hydrogen clusters with relatively long interatomic distances,
and, in particular, examined the dependence of antiferromagnetic properties on the
exchange-correlation strength. We also investigated how electronic structure varies
with the cluster size. Furthermore, calculations were performed for the spin-states

in Cu clusters.

CONTENTS

1. Introduction

2. Computational Procedure
3. Results and Discussion
4. Conclusions

KEYWORDS: electronic structure, antiferromagnetic state, clusters, molecular
orbital theory
*Corresponding author: e-mail kimichika.fukushima@toshiba.co.jp

ADVANCES IN QUANTUM CHEMISTRY, VOLUME 42
© 2003 Elsevier Science (USA). All rights reserved
0065-3276/03 $35.00



224 Kimichika Fukushima
1. INTRODUCTION

Around 1951 [1], an epoch-making neutron diffraction experiment was carried
out with MnQ, leading to the discovery of the spin structure in antiferromagnetic
materials. The description of the antiferromagnetic state was thus rendered one of
the most important quests of solid state physics. In 1963, Hubbard first succeeded in
formulating a semi-empirical theory to express the antiferromagnetic state
accurately based on the band structure model [2}. His theory, now referred to as the
Hubbard model, is composed of two terms: a transfer integral term and an on-site
Coulomb repulsion term. For a single localized conductive electron per atom, the
model predicts that a weak on-site Coulomb repulsion will result in an energy band
with no energy gap. A strong on-site Coulomb repulsion, on the other hand, is
predicted to prevent two electrons from existing on the same atomic site, rendering
the antiferromagnetic state with an energy gap stable.

From the standpoint of first principles, the question of whether or not the
antiferromagnetic state may be represented accurately by the molecular orbital
method, the local density approximation (LDA) has thus far not been covered
extensively in the literature. As for band structure calculations using LDA, there
have been some attempts at improvements. One of them is correction by vanishing
self-interaction. Another proposal is the so-called LDA+U model [3-5], where U is
a strong Coulomb repulsion on atomic site. These methods describe the
antiferromagnetic state; however, there still remain problems.

The purpose of the current report is to show that the antiferromagnetic state is
predicted by the molecular orbital method with localized atomic orbitals, even by
means of the conventional Xa scheme. The origin of the antiferromagnetic state has
not yet been fully understood. One of main focuses is to determine how
antiferromagnetic properties depend on the exchange-correlation strength. This was
done by varying o, the exchange-correlation parameter in the Xa scheme. We also
explore the dependence of electronic structure on cluster size, a topic heretofore
largely neglected.

Molecular orbital calculations were carried out for the artificial hydrogen
clusters Hy, as well as layered Hg and H; clusters with a relatively long internuclear
separation. Calculations were also performed for Cu,0,; clusters, which contain
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two octahedra. Hydrogen clusters have localized conductive electrons that occupy
the states composed of the 1s atomic orbital, and there is a single electron per atom.
For transition metal oxides in the antiferromagnetic state, the internuclear
separation between metal atoms is large. It is then reasonable to expect that
hydrogen clusters having a relatively large internuclear separation would possibly
be in the antiferromagnetic state.

The next section will deal with the computational procedure and the model
clusters. Section 3 is devoted to a description of the calculated results for hydrogen

and Cu-oxide clusters. Section 4 presents the conclusions.

2. COMPUTATIONAL PROCEDURE AND MODEL CLUSTERS

Electronic structure calculations were carried out by the spin-polarized DV-Xa
molecular orbital method. The exchange-correlation parameter was set to 0.7, and
was varied from this value for the specific cases. The basis functions were
numerically calculated atomic orbitals: 1s for the H atom, and in Cu oxides, 1s, 2s,
2p, 3s, 3p and 3d for the Cu atom, and 1s, 2s and 2p for the O atom. For the H atom,
we added a well potential with a depth of -2.0 a.u., within a radius 0.8 times the
internuclear separation. The O” jon is unstable in a vacuum and becomes stable in a
crystal, making it difficult to determine its atomic basis functions. Thus, a basis set
consisting of two types of trial functions were adopted for O%. One of these,
hereinafter “the Type I basis function”, was calculated using a well potential with a
depth of -0.5 a.u., within a radius 0.8 times the internuclear distance between the Cu
atoms. The other, hereinafter “the Type II basis function”, was derived without a
well potential. For this basis function, the number of nodes and the properties near
the nucleus and in the region away from the nucleus are the same as the atomic
orbital. In this case, the derivative had a discontinuity at the junction between the
inner and outer solutions, while the solution interpolated by a polynomial had a
smooth derivative. By contrast, the basis functions for Cu®>* were easily derived
without a well potential. In self-consistent iterations, the initial charges were neutral
for the H atoms, and set to +2e for the Cu atoms and -2¢ for the O atoms.

For model clusters, the following atomic configurations were presented: Figs. 1
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and 2 show the calculated hydrogen clusters Hg and H;s, respectively. The locations
of the H atoms for H, were (tay, 0, 0) , where ay was set to 0.126 nm. The H atoms
or the layered Hy were positioned at (*ay, tay, +1.25ay). The H atoms for the
layered H;z were located at (by, b'y, cn) where by, b'y = +2an, 0 and cy = £1.25ay.
For the H clusters, the symmetry orbitals were not used, but the configuration of
electrons for the equivalent H atoms was taken to be identical. The Cu,0y; cluster is
shown in Fig. 3. The Cu,01, cluster was taken to be symmetrical with respect to the
xy plane (in this paper, the two independent Cu atoms were not in the z axis, but

Fig. 1 Model cluster Hs.

rather in the x axis), and the point group adopted was C;. The O atoms on the
symmetry orbital in the xy plane and at the apex were regarded as equivalent. The
Cu atoms were cited at (zac, 0, 0), while the O atoms were at (*ac, tac, 0), (+2ac, 0,
0), (0, 0, 0) and (zac, 0, tcc), where ac and ¢c were taken to be 0.189 nm and 0.243
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Fig. 2 Model cluster Hjs.
O O
O

O
O O

Fig. 3 Model cluster Cu,0y;.
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nm, respectively.

500 sampling points were used per atom in the H clusters for the integration of
the matrix elements of the Hamiltonian and overlap integrals. Based on the Type I
and Type II basis functions, calculations were performed for Cu;O1; using 9,000
and 18,000 sampling points, respectively. The estimated errors in orbital energy
were 0.01 eV and 0.04 ¢V for the former and latter cases, respectively. For CuyOy,
the Madelung potential from the surrounding ions was factored into the calculations.
The ions considered were found in a region 4.02ax X 3.02ax X 2.74¢k along the x, y
and z directions in the K,NiF, structure, where ax and ck are the unit cell length

along the a and c axes, and ck was 1.33 nm.

3. RESULTS AND DISCUSSION

We first examined the antiferromagnetic state of H; in detail. By means of
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Fig. 4 Antiferromagnetic state for Hy.
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Fig. 5 Orbital energies for H; as a function of a.

the spin-polarized molecular orbital method, we derived the antiferromagnetic state
as follows: We deal with a system where there is a single localized conductive
electron per atom and the energies of atomic orbitals with up and down spins are
different from each other, as shown in Fig. 4. Thus, the antibonding molecular
orbitals have the possibility of being localized. In the antiferromagnetic state, there
are virtually no electrons having down spin at an atomic site adjacent to one without
up spin. In order to investigate the origin of the antiferromagnetic state, we
examined the dependence of the magnetic moment (at the atomic site in Hy) on
a, the exchange-correlation parameter.
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Fig. 6 Magnetic moment for H, as a function of a.

Fig. 5 shows orbital energies as a function of . We can see two energy levels for
bonding orbitals with up and down spins occupied by electrons up to the highest
occupied molecular orbital (HOMO) and two energy levels for antibonding orbitals
with up and down spins unoccupied by electrons above HOMO. The variation in
energy for the unoccupied orbitals is small, while a large decrease in energy for
occupied orbitals is observed for an increase in . The energy gap between HOMO
and LUMO (lowest unoccupied molecular orbital) increases with o, Figure 6 shows
the averaged magnetic moment on the H atomic site. At the present internuclear
separation, the magnetic moment increases rapidly for small a and approaches unity.
The Hubbard model predicts a different trend. According to the Hubbard
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Fig. 7 Energy level diagram for the H; cluster.

model, the magnetic moment increases with increasing on-site Coulomb repulsion
relative to the band width proportional to the transfer integral. We next investigate
the dependence of the energy level structure on cluster size. As shown in Figs. 7t0 9,
where the y-axis (i.e., orbital energy) zero represents the HOMO energy, an energy
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gap is observed between the occupied and unoccupied states. The band width is not
so wide compared to the energy gap. We also investigated the dependence of cluster
size on energy gap and magnetic moment. In addition, spin-unpolarized
calculations were carried out for the same clusters-having the same electronic
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Fig. 9 Energy level diagram for the H;; cluster.

configurations. Figure 10 shows the energy gap between the top of the bonding
states occupied by electrons (i.e., HOMO) and the bottom of the unoccupied
antibonding states (i.e., LUMO). The energy gaps derived were 1.2, 0.4 and 0.3 eV
for H,, Hg and Hjs, respectively, suggesting that the spin-unpolarized calculation
for an infinitely large systemn may result in a rather narrow gap. The energy gap
between the HOMO and LUMO, as derived by the spin-polarized calculation were
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7.1, 6.4 and 6.0 eV for H,, Hg and H;s, respectively. Thus, the differences in the
energy gap between the spin-polarized and spin-unpolarized calculations were 5.9,
6.0 and 5.7 eV for Hy, Hg and H;s, respectively. Half of this energy difference is
attributable to the localization energy, which will probably remain finite for an
infinitely large system. Figure 11 shows the calculated magnetic moments for the H
clusters Hy, Hg and H;s. It was found that the antiferromagnetic configuration
attained between the nearest H atoms was stable for the cluster sizes mentioned.
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The magnetic moments averaged on the H atom were 0.97, 0.94 and 0.93 pg for Ha,
Hs and Hjs, respectively.

Given the above, one would expect the electronic structure to depend on the size
and atomic configuration of H clusters. Electronic structures for an infinitely large
system calculated based on the molecular orbital method agrees with band structure
calculations at I" point. It is noted that increased a and the mass enhancement (if it
is renormalized before calculations), caused, for example, by an electron-phonon
interaction, stabilize the antiferromagnetic state. In addition, this paper tried to
assign o an unrealistic value greater than unity in each specific case.

We present the following as an addendum for solid hydrogen (the spin state is
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not taken into account). In a hydrogen molecule (H»), atomic orbitals form bonding
and antibonding states with energy gaps in between. The H, molecule, with a
reduced H-H interatomic distance, has an enlarged energy gap due to an enhanced
covalent bond. We consider a solid composed of many H, molecules, the solid
being compressed in some cases. In the molecular solid hydrogen, additional
bonding and antibonding states are created between the molecular orbitals of Hj,
which changes the energy gap of H,. The solid hydrogen with a wide energy gap is
insulating. When the energy gap closes, the system becomes metallic. Between
these two phases, the system exhibits semiconducting and metallic characteristics,
with a rather narrow energy gap. The existence of such a state for compressed solid
hydrogen was suggested by the Hartree-Fock calculation [6]. In this system, charge
fluctuations between the bonding and antibonding states may occur and result in the
formation of a pair of electrons mediated by the charge fluctuations. In fact, there
are references in the literature to a high-T. superconducting state mediated by
charge fluctuations [7].

In the case of the Cu oxide cluster Cu;0y, for o = 0.7 and Type I basis function,
the magnetic moment averaged on the Cu atomic site was 0.59 pp. The
antiferromagnetic state also appeared in this case. It was found that the energy gap
between LUMO and HOMO was 0.83 eV for a = 0.7, and 1.2 times larger for o =
0.9, i.e. 1.00 eV. For an increase in @, little change was observed in the magnetic
moment on the Cu atomic site. When the Type II basis function was used, the
magnetic moment averaged on the Cu atomic site was 0.98 pg for o= 0.9. The
antiferromagnetic state in this case became more stable than that for the Type I basis
function. Figure 12 shows the energy levels near HOMO. The y-axis zero represents
the HOMO energy. In the figure, the states occupied by electrons are the Cu 3d and
O 2p atomic orbitals. The unoccupied states are antibonding states originating from
the Cu 3d and O 2p orbitals (d-p mixing between nearest neighbors), as well as
from Cu 3d orbitals (d-d mixing between next nearest neighbors). When o took on
an unrealistic value of 1.4, the energy gap between LUMO and HOMO became 1.2
eV and the magnetic moment averaged on the Cu atom was 0.77 pg. (As for the H,

cluster, the energy gap was 14.6 eV fora = 1.4.)
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4. CONCLUSIONS

The present study shows that a molecular orbital method that employs the
conventional Xa method and localized atomic orbitals can accurately describe the
antiferromagnetic state. In our calculations for hydrogen clusters with a rather long
interatomic distance, we investigated the origin of the antiferromagnetic states, as
well as the effect of cluster size on antiferromagnetic properties. More precise
calculations of the O state will be necessary for a more accurate representation of
the antiferromagnetic state in Cu oxides. The basis function most suitable for
describing the antiferromagnetic state of transition metal oxides will probably
resemble the wave function of a free electron away from the nucleus.
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Abstract

Ultra-large scale integration(ULSI) applications, where the critical
dimensions of transistors are less than 0.15 um, inevitably require annealing TiSi,,
serving as electrode material, at temperatures slightly higher than 900°C for
transformation from the metastable high-resistivity C49 TiSi, phase to the stable
low-resistivity C54 TiSi, phase.

In the interest of avoiding agglomeration of TiSi, and thermal damage to
transistors, annealing temperature is desirably kept below about 850°C, which is
the phase transformation temperature of blanket TiSi;. In the present study, we
investigated ternary titanium silicide and pseudo-binary titanium disilicide
systems for lowering C49 TiSi, to C54 TiSi, the phase transformation temperature.
We drew new crystal structure maps using two electronic parameters, total bond
order <Bo> and averaged d-orbital energy <Md> of metals, which were calculated
by the Discrete Variational X e Molecular-Orbital cluster method. On the basis
of these maps and a critical review of literature on reported experimental results in
relation to the phase transformation temperature of ternary titanium silicide and
pseudo-binary titanium disilicide, we predicted candidates for new pseudo-binary
titanium disilicides with third elements added to binary TiSi, in order to enhance
the phase transformation from C49 TiSi, to the C54 TiSi,.
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1. INTRODUCTION

Owing to its low resistivity and high productivity, aluminum (Al), has been
used as an electrode material for gates, contacts, and interconnections, since the
middle 1960’s, when the first metal-oxide-semiconductor-field-effect-transistors
(MOSFETs) were fabricated. In the 1970’s, gate electrodes were first made from
doped poly-Si with MoSi, or WSi, thin film rather than from Al, by virtue of these
compounds having good thermal stability and high resistance to oxygen and
chemicals. In ULSI technology, where the critical dimensions of transistors are
less than 0.25 pm, instead of MoSi, or WSi, which have a resistivity of 80-150
Q-cm, TiSi,, having a resistivity of only 15-20  Q-cm, has been widely used,
mainly in gate electrodes and contacts for sources and drains, by virtue of its low
resistivity and high adhesion to an Si substrate with a small contact areas [1-3].
TiSi, can exist in two forms: a metastable C49 base-centered orthorhombic phase
having a high resistivity of 60-70 p Q-cm and a stable C54 face-centered
orthorhombic phase having a low resistivity of 15-20 p Q-cm [4,5]. Currently, a
two-step rapid thermal annealing (RTA) process is widely applied for TiSi,
formation through the silicidation of Ti on poly-Si gates and Si substrates. The
C49 phase is the crystalline silicide formed first during a first low-temperature
(550-700°C) RTA of blanket Ti films deposited on poly-Si gates and Si substrates.
After chemical etching of the unreacted Ti for forming a self-aligned silicide
(salicide), the C49 phase transforms to the C54 phase during a second high
temperature (750-850°C) RTA [1]. The C54 TiSi, phase is clearly the target phase
for ULSI applications requiring low resistivity electrodes and interconnects.
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However, RTA below 850°C very often involves incomplete phase transformation
of a patterned C49 TiSi, with feature sizes below 0.15 pm [6]. The
untransformed C49 phase is the cause of an increase in resistivity in
sub-quarter-micron features. Thus, inevitably the patterned C49 TiSi, must be
annealed at high temperature above 900°C in order to transform the C49 TiSi,
phase to the C54 TiSi, phase. The problem is RTA of the patterned C49 TiSi,
above 900°C leads to morphological instability such as agglomeration of TiSi; [7].
The C49-C54 phase transformation temperature is desirably lowered as much as
possible in order to avoid silicide film agglomeration and dopant redistribution.
Several attempts have been made to reduce the C49-C54 phase transformation
temperature. Among these, addition of a third element to binary TiSi, has been
shown to enhance the formation of C54 TiSi, and to lower the C49-C54 phase
transformation temperature [8,9].

The object of this study is to build new crystal structure maps for the binary
disilicide system, MSi;, and the pseudo-binary titanium disilicide system,
M,Ti,Si;, and then to examine new M,Ti;,Si, systems for lowering the C49
TiSi, to the C54 TiSi, phase transformation temperature. The basic concept
underlying the present study is that the crystal structure of TiSi, remains
unchanged even when the addition of a small amount of the third element is added
to binary TiSi,. As suggested by the Hume-Rothery rule, the metal M constituting
M,Ti,xSi, occupies the Ti site to form a structure identical with that of the
original TiSi,. Another key concept underlying the present study is that new
crystal structure maps for MSi, and M,Ti;.Si, can be drawn by use of two
electronic parameters, total bond order <Bo> and averaged d-orbital energy <Md>
of metals. These two parameters, <Bo> and <Md>, characterize the electronic
states of the MSi, and M,Ti;..Si, systems, and can be calculated by utilizing the
ab-initio Discrete Variational (DV)-X @ Molecular-Orbital (MO) cluster method
[10]. <Bo> is a measure of the covalent bond strength between atoms, and <Md>
is closely related to the electronegativity and atomic radius of an element;
therefore, these two parameters are very often used to classify crystal structure of
a size-controlling alloy. Detailed explanations of numerical derivations for these
two parameters and physical meanings of them are provided in other literature
[11]. On the basis of the two concepts described above, we predicted new
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pseudo-binary titanium silicides, M,Ti;,Si;, having phase transformation
temperatures lower than that of TiSi,.

2. COMPUTATIONAL PROCEDURE

Two electronic parameters, <Bo> and <Md>, used to build crystal structure
maps were derived from wave eigenfunctions and energy eigenvalues of the MSi,
and M,Ti;Si, systems. <Bo> is an index of the covalent bond strength between
atoms, and <Md> is an index of the ionic interaction between atoms through
interatomic charge transfer. The wave eigenfunctions and energy eigenvalues were
obtained by real space electronic state calculations, which were carried out by use
of a program code SCAT of the DV-X ¢« MO cluster method with the
Hartree-Fock-Slater approximation.

In the method, the exchange-correlation term Vxc in the one-electron
Hamiltonian was expressed in terms of the statistical local potential (1),

Vxe(r) =—3a [(3/8 1) p (0] oy

where p (r) is the local electron density at r, and « is the scaling parameter in
the DV- X o MO method and throughout the present work is set to o« =0.7. A
random sampling method was used for calculating the matrix elements of the
Hamiltonian and the overlap integrals. The basis functions for the MO
calculations consisted of the atomic orbital wave eigenfunctions obtained in
numerical form, including 1s-np (= 1s, 2s, 2p, ..., (n-1)s, (n-1)p, (n-1)d, ns, np) for
transition metals and 1s-nd (= 1s, 2s, 2p, ..., ns, np, nd) for non-transition metals,
where n is the principal quantum number of the valence shells.

Two kinds of cluster models were used in the electronic state calculations;
these models are based on an extended C54 TiSi, orthorhombic structure having
fifty-five atoms and constant lattice parameters a = 0.8236 nm, b = 0.4773 nm,
and ¢ = 0.8523 nm. Figure 1 shows the cluster models used for the MSi, and
M,Ti;,Si, systems. For MSi, systems, the cluster model M,;Siz4, shown in Fig.
1(a), was used. In this model, all the Ti sites of the TiSi, structure are replaced by
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a transition metal M of row 4 to row 6 of the periodic table other than the
lanthanoid elements. For M, Ti;,Si, systems, the cluster model MTi;oSis4, shown
in Fig. 1(b), was used. In this model, only the central Ti atom of the model

M, Sia4 is replaced by a transition metal M. Electronic state calculations were

R0 =5
BW=, W=,
R0 =5

(a) (b)

Fig. 1. Cluster models used for electronic state calculations: (a) Ma;Sis4 for MSi;
binary silicide systems, and (b) MTixSi3s for MxTi;.xSi; pseudo-binary titanium

silicide systems.

From wave eigenfunctions and energy eigenvalues obtained by the electronic
state calculations, <Bo> and <Md> were derived in order to build crystal structure
maps. <Bo> is defined as the integral of the overlap population, Bo, of electrons
between atoms up to the Fermi energy. Thus, we calculated the overlap population
between the transition metal M and the neighboring Si atoms in the cluster model
M;;Si34 for the MSi, systems, and the overlap population among the transition
metals M and Ti and the neighboring Si atoms in the cluster model MTiySiz4 for
the M,Ti;,Si, systems. To get an accurate derivation of <Bo> by means of
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avoiding the effect of the atoms on the cluster surface, we integrated the overlap
population between atoms for only the atoms inside the cluster, as shown in Fig.
2.

<Md> is defined as the weighted average of the d-orbital energies, Md, of
metals. As such, we selected the molecular orbitals which contain the d-orbital of
metals and calculated <Md> by using of a weighting factor of the (n-1)d
component of transition metals in each molecular orbital, where n is the principal
quantum number of the valence shells. In order to eliminate the surface effect, all
results of <Md> are taken from only the five transition metal atoms inside the

cluster, as shown in Fig. 2.

Fig. 2. Atomic configuration used for <Bo> and <Md> calculations.

3. RESULTS AND DISCUSSION

A.Crystal structure maps for metal silicides and pseudo-binary
titanium disilicides

As a first step, in Fig.3 we show the components (hereafter, referred to as
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the total orbital overlap population, TOOP) of the total bond order, <Bo>, which
is the whole sum of TOOP. TOOP is defined as the sum of the orbital overlap
population, OOP, calculated by the overlap integration between each of the Ti
1s-4p orbitals and each of the Si 1s-4s orbitals on all of the atomic combinations
of Ti and Si atoms inside the cluster, but not on the cluster surface. For accuracy,
Si 4s orbitals are added to the 1s-nd basis sets. As can be seen in Fig.3, the main
components of <Bo> are the TOOP’s between Ti 3d and Si 3s, 3p, or 3d; and
those between Ti 4p and Si 3s, 3p, or 3d; and those between Ti 4s and Si 3p. The
TOOP’s are listed in detail in Table 1.

0.35

TOOP

,2P S orbital

Ti orbital

Fig. 3. Total orbital overlap population, TOOP, defined as the sum of the
overlap integration of all combinations of Ti and Si orbitals.
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Table 1. TOOP values used in Fig. 3

Ti

1s 2s 2p 3s 3p 3d 4s 4p

1s| 0 0 0 0 0 0 0 0
2s| 0 0 0 0 0 |-0.0011]-0.0002/-0.0009
| 0 0 0 0 0 |-0.0011]-0.0004]-0.0006
Si|ss| o 0 0 |-0.0078/-0.0198|0.07420.0241|0.0808
3| 0 |-00002] 0 [-0.0157-0.03370.2873|0.1426|0.2993
3d| o [-00002] o |0.0068 0 |0.1311]0.03030.0736
4s| 0 |-00001] 0 |-0.008910.0001-0.0058/0.0016-0.0071

For confirmation of the validity of the cluster size used in this paper, Fig. 4
and Table 2 show the OOP's between the 3d, 4s, and 4p orbitals of the central Ti
atom and the 3s, 3p, and 3d orbitals of the nth nearest neighbor Si atoms. In Fig. 4,
the n on the horizontal axis corresponds to the Si atom of the nth nearest neighbor.
Fig. 4 shows that OOP tends to decrease with increasing distance between Ti and
Si atoms. However, in a noteworthy exception, OOP between the central Ti atom
and the 2nd nearest neighbor Si atom is smaller than that between the central Ti
atom and the 3rd nearest neighbor Si atom. The OOP between the central Ti atom
and any of the Si atoms beyond the 3rd nearest neighbor is less than one-tenth that
between the central Ti atom and any of the Si atoms closer than the 4th nearest
neighbor. Therefore, the interactions between the central Ti atom and the Si atoms
beyond the 3rd nearest neighbor are negligible. Calculations have been carried out
until the 9th nearest neighbor Si atom of the central Ti atom; therefore, the cluster
size employed is valid for the present study.
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Fig. 4. OOP between the central Ti atom and the nth nearest neighbor Si atoms,

Table 2. OOP values between the central Ti atom and the nth nearest neighbor Si
atoms, used in Fig. 4.

ITi 3d - Si 3s{Ti 3d - Si 3p|Ti 3d - Si 3d[Ti 4s - Si 3pfTi 4p - Si 3s|Ti 4p - Si 3p|Ti 4p - Si 3d

1{ 0.0531 0.1552 0.0642 0.0687 0.0559 0.1302 0.0292

2| 0.0064 0.0487 0.0244 0.0283 0.01 0.0635 0.0134

3| 0.0151 0.0904 0.0399 0.05 0.0144 0.1167 0.0265

4| -0.0001 -0.0013 0.0013 -0.0021 -0.0001 -0.004 0.0021
ni 54 -0.0003 -0.0025 0.0012 -0.0016 0.0003 -0.0047 0.0022

[ 0 -0.0012 0.0001 -0.0007 0.0003 -0.0024 0.0002

7 0 0 0 0 0 0 0

8 0 0 0 0 0 0 Q

9 0 0 0 0 0 0 0

Next, in Fig. 5(a) we show one of the most important results of <Bo> and
<Md> calculations for transition metal disilicides. The vertical axis of Fig. 5(a)
corresponds to <Bo>, previously defined as total bond order, and the horizontal
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axis corresponds to <Md>, previously defined as averaged d-orbital energy level.
The solid curves and the dashed lines are provided as guides. The solid curves link
data for disilicides with metal elements in the same row of the periodic table, and
the dashed lines link elements in the same column of the periodic table. Three
solid curves, corresponding to row 4 to row 6 of the period table, show similar
trends in variation of <Bo> with <Md>; i.e., the three curves have similar shapes.
Each of the three curves has a peak where <Md> is O to 5 eV, corresponding to the
elements of columns VA to VIIA of the periodic table. The values of <Md>
monotonously decrease with increasing atomic number of elements of the same
row. For the elements Cr, Mo, and W, of column VIA, the value of <Bo> reaches
a maximum and then drops rapidly with increasing atomic number. This behavior
of <Bo> showing a maximum appears to be an important phenomenon in relation
to phase transformation of binary metal disilicides, MSi,. Figure 5(b) shows a
crystal structure map for disilicides, MSi,, which is drawn by use of the same data
as used for Fig. 5(a). Disilicides, MSi,, having the same crystal structure in a
stable phase are grouped together by closed curves. We can see a meaningful
separation of crystal structures. For example, both the C40 region and the C49
region are close to the C54 region of TiSi,. According to a paper published in
2000 [12], TiSi; can exist not only in the stable C54 phase and in the metastable
C49 phase, but also in the metastable C40 phase. Also, the C11b region for MoSi,
is close to the C40 region, which appears in a metastable phase of MoSi,. Indeed,
the C54, C40, and C11b structures share the same atomic arrangement and similar
geometrical dimensions in their stacking planes, but have different stacking
sequences [13]. Disilicides that are not grouped in Fig. 5(b) have not been found
in a stable phase in contact with Si at any particular temperature range from 600°C
up to 1000°C. For convenience, Table 3 shows the resistivities and structural
information of transition metal disilicides.

Figure 6 shows a diagram of <Bo> vs. <Md> for pseudo-binary titanium
disilicides, M,Ti;.,Si,. This diagram is drawn in a manner similar to that for MSi,
in Fig. 5(a), but with different scales for the axes. The considerable difference in
scale between the diagrams is caused by a minute contribution of the small
amount of the element, M, in the cluster model MTiySiz4 for pseudo-binary

titanium disilicides, M;Ti;«Si,. However, the solid curves and the dashed lines on
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this diagram strongly resemble those shown in Fig. 5(a). Such a resemblance is
thought to derive from an increase or decrease in <Bo> and <Md>, which are
directly proportional to the amount of the element, M.
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Fig. 5. Diagram of <Bo> vs. <Md> for transition metal disilicides, MSi,,; (a)
variation of <Bo> vs, <Md> within rows and columns of the periodic table, and

(b) crystal structure map for MSi,.



250

K. Takai et al.

Table 3. A relevant portion of the periodic table listing resistivity (1 Q-cm) at

room temperature and crystal structure of transition metal disilicides, MSi,.

Sc 21 Ti 22 Vv 23 Cr 24 Mn 25 Fe(a) 26
15-20 34-60 6000-9000
hP3 oF24 hP9 hP9 tP120 0C48
P6/mmm Fddd P6222 P6222 P(-4)n2 Cmca
C32 C54 C40 C40 All
Y 39 Zr 40 Nb 41 Mo 42 Tc 43 Ru 44
50 80-90 22-40 13-17
hP3 oC12 hP9 tI6,hP9 | P oP40
I4/mmm,
P6/mmm Cmem P6422 C6:22 Pnca,Pben
C32 C49 C40 C11b,C40
LA Hf 72 Ta 73 W 74 Re 75 Os 76
70 20-40 12-13 4000-18000
oC12 hP9 tI6 tI6 0C48
Cmem P6222 I4/mmm I4/mmm Cmca
C49 C40 Clib Cllb All
14
A 13.5
m
v 13
)
® 125
1)
T 12
2
= 115
-
g 11 same column
10.5 :
6.2 6.7 7.2 7.7

Weighted average of d-orbital energies, <Md>/eV

Fig. 6. Diagram of <Bo> vs. <Md> for pseudo-binary titanium disilicides,

M, Ti;.,Si,, showing variation along rows and columns of the periodic table.
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For careful comparison of <Bo> vs. <Md> between binary metal disilicides
and pseudo-binary titanium disilicides, in Fig. 7 <Bo> vs. <Md> is plotted for
both binary and pseudo-binary disilicides. As mentioned previously, in order to
minimize the surface effect, <Md> and <Bo> have been calculated in
consideration of major contributions of atoms until the 4th nearest neighbor
around the center of the clusters. This manner of calculation is disadvantageous,
in that it does not accurately reflect the atomic concentration of the third element
on the contribution of the central atom to <Bo> and <Md>. Thus, the values of
<Bo> and <Md> only for pseudo-binary titanium disilicides have been modified
by use of adjustment parameters that vary with bonding number of each atom. The
data for pseudo-binary titanium disilicides in Fig. 7 are heavily concentrated in a
small area around the datum point of TiSi,, reflecting the contribution of a small
atomic concentration of the third element in the cluster model. Note that in Fig. 7
almost all the data on pseudo-binary titanium disilicides, M, Ti;.Si,, are located
on corresponding vectors originating from the datum point of TiSi, and passing
through the respective datum points of binary metal silicides, MSi,.

~ 16 ’
Vv
H 15
=
5 14
~
§ 13
- 12
s o - . Se
& 11 | eBinary aPsudebinary mTitanium disilicidei i
10 I i I ! -
0 2 4 6 8 10

Weighted average of d-orbital energies, <Md>/eV

Fig. 7. Diagram of <Bo> vs. <Md> for binary and pseudo-binary disilicides.
Solid circles represent data on binary metal disilicides, MTi;, and solid
triangles on pseudo-binary titanium disilicides, M, Ti; Si» . The solid
square represents datum on TiSi,.
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Figure 8 shows a new structure map for binary metal disilicides, MSi,, and
pseudo-binary titanium disilicides, M,Ti;<Si;. The new map has a C54 region
wider than that shown in Fig. 5(b). In the map, the C54 region is marked by a
solid closed curve, on the basis of experimental results concerning C54 phase
formation temperature of pseudo-binary titanium disilicides, listed in Table 4
[14-19]. Table 4 shows substantial deviation of phase formation temperature of
C54 TiSi, with the addition of a transition metal in relation to the case where pure
C54 TiSi, phase is transformed from pure C49 TiSi, phase. The column
“Atomic %” of Table 4 shows the desirable quantity of transition metal to be
added. Under these conditions, the transition metal elements Mo, W, Nb, Ta, and
Zr remain in the C54 phase when added to TiSi,. Among these additives, only Zr
stabilizes the C49 phase to increase transformation temperature.

The elements Re, Cr, V, and Hf, enclosed by a dotted line, are expected to
remain in a C54 phase, because of their close proximity to the C54 region in the
map. The element Sc, forming ScSi; of the C32 structure, retards the C49 TiSi,
phase transformation [19]. The element Y, forming YSi, of the C32 structure, is
thought to have a similar effect, retarding transformation.
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Weighted average of d-orbital energies, <Md>/eV

Fig. 8. Crystal structure map for binary metal disilicides, MSi,, and
pseudo-binary titanium disilicides, M, Ti,.,Si,.
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Table 4. Deviation, in ‘C, of C54 M, Ti;,Si, phase formation temperature
from C49 TiSi; to C54 TiSi; phase formation temperature. Arrows
pointing upward and downward represent increases and decreases of

phase transformation temperatures, respectively.

Doped Deviation of Atomic
Element temperature %
Mo 1100 5
w 1100 5
Nb 1100 5
Ta 1100 5
Zr 1200 3

B. Ternary silicide systems for semiconductor industry

In this section, we explain that pseudo-binary titanium disilicide systems,
M, Ti;.;Si;, could be solely responsible for the systems which lower the C49 TiSi,
to C54 TiSi, phase transformation temperature.

A number of papers dealing with the thermal evolution of metal-metal
reaction on Si can be found in the literature. In ternary systems for metal silicides,
knowledge of important mechanisms such as nucleation of new phases, phase
transformation, compound formation, solid solubility, diffusion processes, or
moving species has been still growing. Experimental observations have been
rigorously correlated with solid solubilities, electron affinities and atomic radii to
derive a quantitative model describing crystallographic structures resulting from
thin film reaction in ternary metal silicide systems for the current stage of
semiconductor industry.
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The evolution of metal M-Ti reaction on Si can be distinguished into three
basic systems: ternary compounds, phase segregation without ternary compounds,
and solid solutions.

In the first system, ternary silicide compounds, Ti,M,Si,, the metal elements
of a compound forming the system have greater affinity for each other than in
other systems. Through electron transfer among the elements owing to their
affinity, the system loses a good portion of free electrons, resulting in less-metallic
properties. Resistivity of the compounds becomes higher than in two binary
systems. The crystal structures of the compounds also different greatly from that
of C54 TiSi,. Ternary silicide compound systems are divided into three categories,
according to Si concentration X(S1) [20-22]; specifically, (a) 0 % < X(Si) < 30
at %, (b) 30 at % < X(Si) <50 at %, and (c) 50 at % < X(Si). For case (a), 0 % <
X(Si1) < 30 at %, one of the classes consists of the Laves phases, characterized by
the formula Ti(M,.,Six);. Another of the classes consists of the ordered phases of
the formula TigM,;6Si7, called G phases, with a TheMny; type structure, which has
been reported for experiments with Co and Ni, but not for Fe. For compounds
with intermediate Si concentrations of 30 at % < X(Si) < 50 at %, two main
phases are defined, as follows: V phase, TisM,Si;, including TizM,4Sis, and E
phase, TiMSi. Examples of compounds forming these phases are TisFe,Si;,
Ti4Co48i;, TisgNiySi;, and TiyNiySig for V phase, and TiFeSi, TiCoSi, TiNiSi,
TiCuSi, TiPtSi, and TiPdSi for E phase. For the last case, 50 at % < X(Si),
examples include Tig75C0g25S1; and Ti;AlsSii,. Mn has also been reported to form
ternary compounds with Ti and Si. As mentioned above, the elements Mn, Fe, Co,
Ni, and Cu of row 4 of the periodic table and the elements Ni, Pd, and Pt of
column VIII can form ternary silicide compounds. For the elements of Tc, Ru, Rh,
Ag, and Cd of row 5 and Os, Ir, Au, and Hg of row 6, we have no information on
whether or not these transition metals form ternary silicide compounds. Three
important parameters are proposed for evaluating the occurrence of a ternary
compound: difference between the Zunger pseudo-potential radii sum and metallic
radii sum, A r; difference between the number of valence electrons, A VE; and the
sum of the ratios of the melting temperatures, A Tm [23]. By use of these
parameters, compound formation has been shown to occur far from the three

coordinate axes, Ar, AVE, and ATm, of the stability diagram. Extending this
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idea, we can expect that the elements Tc, Ru, Rh, Ag, and Cd of row 5 and Os, Ir,
Au, and Hg of row 6 can form ternary silicide compounds with Ti. Owing to
higher resistivities and crystal structures of ternary titanium disilicide compounds
that are considerably different from with that of TiSi,, the elements forming
ternary titanium disilicide compounds are considered inapplicable to searching for
third elements for lowering the C49 TiSi, to C54 TiSi, phase transformation
temperature.

In the second system, phase segregation without ternary compounds, phase
segregation occurs when one of the constituents of the ternary alloy is released
because of low solubility of the two silicides or low solubility of one metal in the
growing layer. For ternary systems of silicides, phase segregation forms disilicide
mixtures of M;Si;+M,Si, [21,22]. Typical examples of phase segregation in
ternary systems of titanium silicides are TiSi,+Pd,Si and GdSi,+TiSi,. One of the
peculiar systems in this group is phase separation systems exhibiting distinct
layers of M;Si,/M;Si,, where rejection of the refractory metal disilicide M;Si, to
the top of the product has been observed for various near-noble and refractory
metal couples. For binary silicide separation, only one reference in the literature
mentions that the phenomenon can occur during the annealing of Co-Ti-Si thin
film to attain a final structure of TiSi,/CoSi, [24]. Due to their formation of phases
different from TiSi,, the elements exhibiting phase segregation are also eliminated
as candidates for third elements for lowering the C49 to C54 phase transformation
temperature of TiSi,.

For the third system, solid solutions, when a ternary silicide system is
annealed at relatively high temperature where the species of diffusion; namely, the
constituents of the alloy, can diffuse quickly, and the two silicides are
isomorphous, the system can evolve into a solid solution [21,22]. We must,
however, bear in mind that the isomorphism of two silicides does not imply
complete solid solubility. Solubility of a third element added to a binary
compound is influenced by the similarity between a solute element and the
elements of the solvent compound. Three main parameters for determining the
similarity of a solute element are the size of the substituting atom, its chemical
potential or electron affinity, and the valency or lattice structure of the solvent
compound. The limitation on solid solubility derives from the transfer of electron
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needed to equilibrate the potentials in the binary compound causing an increase in
the energy of the electrons in the compound as compared with the case of the solid
phases of pure components. Solid solution systems for ternary titanium disilicides
are categorized into two cases: complete solid solution, and pseudo-binary solid
solution. Complete solid solution is represented by MSi,+TiSi,, which is slightly
different from the formula for phase segregation, MSi,+TiSi,. Complete solid
solution is not limited to disilicides, but is also applicable to monosilicides. To the
best of our knowledge, however, the literature contains no reference describing
complete solid solution of ternary titanium disilicide. Ternary disilicide systems
without Ti, such as the V-Nb-Si, V-Ta-Si, and V-Cr-Si systems, show complete
solid solubility [22]. Pseudo-binary solid solution with titanium disilicides is also
not common, and is called continuous solid solution, represented by M, Ti;«Si,,
where the metal M and Ti statistically occupy the Ti site with a structure identical
with that of the original TiSi,. As indicated by the Hume-Rothery rule, their lattice
parameters have to be within 15%. Several experiments have been reported for
pseudo-binary solid solution for disilicides, such as a Ti-Zr-Si system with a 5
mol% solubility limit of ZrSi, in TiSiy; a Ti-V-Si system with 5 mol% solubility
limit of V in Siy; a Ti-Nb-Si system with 3 mol% solubility limit of NbSi,, and a
Ti-Cr-Si system with a 7 mol% solubility limit of CrSi, [22]. Pseudo-binary solid
solutions have been also reported for a Ti-Ta-Si system with minute solid
solubility limit of TaSi, in TiSi,, and for a Ti-W-Si system with a very large solid
solubility limit of WSi, in TiSi,. The Ti-Sc-Si, Ti-Mo-Si, and Ti-Re-Si systems
also exhibit pseudo-binary solid solutions, but are not well documented. No solid
solution in the Ti-Y-Si or Ti-Hf-Si system has been reported. Table 5 summarizes
the system classification of ternary titanium disilicide [22].

The above discussion of ternary titanium disilicide compounds and phase
segregation indicates that we can exclude the elements Mn, Fe, Co, Ni, Cu, and
Zn of row 4, Tc, Ru, Rh, Pd, Ag, and Cd of row 5, and Os,Ir, Pt, Au, and Hg of
row 6 as candidates for a third element to be added to TiSi, for forming ternary
disilicide systems which lower the C49 TiSi, to C54 TiSi, phase transformation
temperature. Therefore, we will discuss the role of the elements forming
pseudo-binary solid solution with titanium disilicides, such as Sc, V, and Cr of
row 4,Y, Zr, Nb, and Mo of row 5, and Hf, Ta, W, and Re of row 6.
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Table 5. Brief summary of system classification of ternary titanium
disilicide.

Sc 21|Ti 22{V 23|Cr 24Mn 25|Fe 26/Co 27|Ni 28/Cu 29Zn 30

p.b p.b p.b t t p.S t t u

Y 39|Zr 40Nb 41Mo 42/Tc 43|Ru 44Rh 45/Pd 46|Ag 47|Cd 48

LA [Hf 72|Ta 73|{W 74 |Re 75|0s 76/Ir 77 |Pt 78/Au 79Hg 80

u p.b p.b pb t t t t t

p.b: psudo-binary, t: ternary compund, p.s: phase segregation, u: unknown

C.Prediction of the systems for lowering the transformation
temperature of C49 TiSi, to C54 TiSi, phase

On the basis of the new crystal structure map shown in Fig. 8 and through the
above discussion, we suggest a possible explanation of the mechanism of phase
transformation from C49 TiSi, to C54 TiSi,, and predict which systems would
lower the phase transformation temperature. Figure 9 shows a magnified view of
the C54 region shown in Fig. 8, and its surroundings. In Fig. 9, only the data of
elements that form pseudo-binary titanium disilicide systems are plotted; i.e., the
data for Sc and Y are not plotted. Figure 9 can be used as an area map for
predicting systems for lowering the C49 TiSi, to C54 TiSi, phase transformation
temperature. We divide the data in Fig. 9 into four regions by means of a vertical
line and a horizontal line running through the datum point of TiSi,. The two upper
areas; namely, Area I and Area II, are of particular interest in the present
discussion, because these areas encompass the elements that form pseudo-binary
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titanium disilicide systems.

Recently, pseudo-binary titanium disilicides containing small amounts of Nb,
Mo, Ta, and W, all from Area I, have been reported to greatly lower the C54
formation temperature through the first-forming template C40 phase, completely
bypassing the C49 phase [14]. The supposed reason why the C40 to C54 phase
transformation temperature is lower than the C49 to C54 phase transformation
temperature is the extraordinary similarity in atomic configuration between the
C40 and C54 phases. Fig. 10 shows the atomic configurations of extended crystal
structures of the C54, C40, and C49 phases, along with that of the C11b phase
[13]. The C54, C40, and C11b phases have similar basal hexagonal planes, which
are stacked in the sequences ABCD, ABC, and AB, respectively. Their similar
stacking patterns result in the easy transformation of the C40 or C11b phase to the
(54 phase [25]. In contrast, the metastable C49 TiSi, phase has a crystal structure
which is quite different from that of the C54 phase. The activation energy for
(C40-C54 transformation is much lower than that for C49-C54 transformation,
because of the structural similarity between the C40 and C54 phases.
Consequently, the C40 phase enhances the growth of the C54 TiSi, phase and
hinders formation of the C49 phase. The presence of Mo, Nb, Ta, or W in TiSi,
induces a shift in the values of <Bo> and <Md> of pure TiSi; close to the C40
region in the map shown in Fig. 8, at high-<Bo> and low-<Md>. This shift
indicates that the C40 phase is to be the first-forming phase of TiSi, when these
elements are added to binary TiSi,. Therefore, elements in Area I are expected to
promote the C40-C54 TiSi, transformation and lower the C54 formation
temperature. The presence of Zr in TiSi; has been reported to stabilize C49 TiSi,
phase and to raise the C54 formation temperature [18]. This is easily
understandable, from the presence of Zr shifting the values of <Bo> and <Md> of
pure TiSi; close to the C49 region, at high-<Bo> and high-<Md>. This means that
the first-forming C49 Zr,Ti;,Si, in Area II becomes more stable than C49 TiSi,.
‘We can also reasonably presume that the first-forming C49 HfTi,.«Si, is more
stable than C49 TiSi, and has a transformation temperature higher than that of C49
TiSi,. Through this thoughtful discussion, we can safely predict that the elements
V, Cr, and Re, forming new pseudo-binary M,T1,,Si, systems, lower the C49 to
C54 TiSi, phase transformation temperature.
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4. CONCLUSION

We examined ternary silicide and pseudo-binary titanium disilicide systems
for lowering C49 to C54 TiSi, phase transformation temperature. We drew new
crystal structure maps by use of two electronic parameters, total bond order, <Bo>
and averaged d-orbital energy <Md> of metals, calculated by the Discrete
Variational X « cluster method. From these maps and through thoughtful
discussion about the phase transformation temperature of ternary and
pseudo-binary titanium disilicides, we predicted candidates for new pseudo-binary
titanium disilicides to be added as third elements to binary TiSi, in order to lower
the C54 TiSi, formation temperature. From our results, we can reasonably predict
that the elements V, Cr, and Re, which form new pseudo-binary M,Ti,;,Si,

systems, lower the C49 to C54 TiSi, phase transformation temperature.
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Abstract

The electronic structures of vanadium hydride, V,H, have been calculated by the DV-
Xo. molecular orbital method. From a series of calculations, it is found that the subtle
lattice distortion is introduced into pure vanadium by hydrogenation and the V,H
phase is formed so as to strengthen the metal-hydrogen chemical bond while keeping
the metal-metal chemical bond nearly unchanged. Also, it is shown that the stability
change of the V,H phase by alloying is understood in terms of the metal-hydrogen
chemical bond and its change with alloying elements. In fact, the measured plateau
pressure at Jow hydrogen pressures for the alloyed V,H phase changes in a similar
way as does the calculated metal-hydrogen ionic interaction.
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1.INTRODUCTION

Vanadium metal with bee crystal structure is one of the promising hydrogen storage
materials with a high capacity. When vanadium metal react with hydrogen, the V_H
phase (B, phase) is formed first. As the hydrogenation proceeds, the first order phase
transition from the B, phase to the B, phase (V,H high-temperature phase or VH)
takes place. Then, the VH, phase (y phase) is formed when it is fully hydrogenated
[1]. As aresult, as shown in Fig.1, there exist two plateaus in the PCT (Pressure-
Composition-Temperature) curve for the V-H system. Here, the first plateau appears
due to the reaction between the o phase (hydrogen solid solution phase) and the V,H
phase, 2V(a) + 1/2 H, 2 V,H. The second plateau appears due to the reaction between
the VH phase (8, phase) and the VH, phase, VH + 1/2 H, 2 VH,,.

As the V,H phase is so stable that the first plateau pressure for this hydride formation
is as low as (.1Pa at moderate temperatures [2}. Therefore, the hydrogen desorption
reaction from the V_H phase never occurs at moderate condition, for example at
room temperature. On the other hand, the VH, phase is not so stable that its hydrogen
absorption and desorption reaction can take place at moderate temperatures and
pressures. For this reason, only about a half amount of hydrogen absorbed in vanadium
metal can be used in the subsequent hydrogen absorption and desorption processes
[1]. This amount is, however, not enough for practical applications, so it would be
desirable to increase the usable hydrogen capacity by controlling the stability of the
vanadium hydrides in some way. The alloying is one of the ways to modify the
hydride stability.

The alloying effects have been studied on
the VH, phase {1,3] and shown that its
stability is modified largely by the addition
of a small amount of alloying elements,
M. In response to such modification, the
second plateau pressure changes in a
systematic way following the order of
elements, M, in the periodic table. For
example, the plateau pressure is high for
the group 8 elements such as Fe, Ru and
Os [3]. In addition, the electronic structures
of the y phase are calculated and the 109 . .
alloying effects have been studied in view 0 05 1.0 15 20
of the chemical bond between atoms [4]. H/M

On the other hand, there has been very Fig.1 PCT curve for pure vanadium.
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poor knowledge of the alloying effects on the hydriding properties of the §, phase.
This is mainly due to the difficulties in measuring the PCT curves at low hydrogen
pressures. Recently, we have developed a new electrochemical method for measuring
the PCT curves at low hydrogen pressures [5]. Using this method, the alloying effects
on the hydriding properties of vanadium at low hydrogen pressures have been
investigated experimentally for the first time for binary V-M alloys, where M’s are
3d transition metals. From such experiments, it is found that the first plateau pressure
changes largely with alloying elements in vanadium metal. It changes monotonously
following the order of elements, M, in the periodic table [5].

In this study, focusing our attention on the hydride stability, the electronic structures
of the V_H phase have been studied by the DV-Xa. cluster method. The alloying
effects on the electronic structures have been investigated in detail.

2.DV-Xa CLUSTER METHOD AND CLUSTER MODEL

The DV-Xa cluster method [6,7] is a molecular orbital method, assuming the Hartree-
Fock-Slater (HFS) approximation. In this method, the exchange-correlation between
electrons, V_ ., is given by Slater’s X potential,

Xxc
1/3
|

3
Ve = —3oz{gp(r)J , (1)

where p(r) is the electron density at the
position r, the parameter a is fixed at 0.7,
and the self-consistent charge approximation
is used in the calculation. The matrix
elements of the Hamiltonian and the overlap
integrals are calculated by a random sampling
method. The molecular orbitals are
constructed by a linear combination of
numerically generated atomic orbitals
(LCAOQ). The atomic orbitals used in the
present calculation are s for hydrogen atom
and 1s, 2s, 2p, 3s, 3p, 3d, 4s and 4p for V
and other 3d transition metals.

The cluster model used in this study is shown
in Fig.2. This is a V, H  cluster model  Fig.2 Cluster model used for the

40719
constructed on the basis of the crystal structure  calculation of the V,H phase.
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of the V_H phase [8]. For comparison, two other cluster models are also used in the
calculation. One is a V, cluster for pure vanadium with bee crystal structure and the
other is a hypothetical cluster, V,H -hypo, in which hydrogen atoms are introduced
into the octahedral interstitial site in pure vanadium lattice without any lattice distortion.
In other words, the atomic arrangements are the same betweenthe V, H jand the V, H -
hypo clusters, but the difference lies at the lattice distortion between them.

In order to investigate the alloying effects on the electronic structures of V,H phase,
a series of calculations is conducted for alloyed V H. In this phase, the alloying
elements, M, are supposed to occupy randomly the V sites because the hydride is
formed from the disordered V-M alloys. In fact, according to our X-ray diffraction
study, there is no evidence that new structure appears due to the ordered arrangements
of V and M atoms in the alloyed V,H. However, there is still the difficulty in the
calculation involving random arrangements. For simplicity of the calculation, the
alloying elements, M, are assumed to be substituted for the two V(1) atoms in the
cluster shown in Fig.2. Therefore, the cluster model for alloyed V_H phase is expressed
as V,M H . The lattice parameter used is the same as that of pure V H.

For a characterization of the electronic structure, the bond order which is a measure
of the covalent bond strength between atoms is estimated following the Mulliken
population analysis [9]. Also, the ionicities of each atom in the cluster are calculated
in order to get information of the charge transfer between atoms. A detailed

explanation of the calculation method is given elsewhere [10,11].

3 RESULTS

VoH phase

3.1 Change in the electronic structure
of vanadium by hydrogenation

In Fig 3, the local atomic arrangement in
V,H is compared with that in pure
vanadium. In V_H, hydrogen atoms
occupy the octahedral interstitial sites (Oz
sites) of the bcc lattice and makes a
layered structure parallel to the (011)
atomic plane as shown in Fig.2. The
variadium atoms move away from the
hydrogen atoms, so that the interlayer Fig.3 Comparison of the crystal

space between two (011) vanadium structure between (a) pure vanadium
atomic planes (e.g., layer I and II shown and (b) V_H phase
R .




Local Electronic Structures of Hydrogen and Phase Stability of V>H 267

in Fig 2) extends toward the [001] direction. Instead, the adjacent interlayer space between
two vanadium layers (e.g., layer II and III) contracts to some extent. As a result, the bee
lattice of pure vanadium is distorted and a bct lattice is formed in V H [8].

In order to understand this lattice distortion by hydrogenation, the electronic structures
are calculated for pure vanadium, V,H and a hypothetical V. H .

3.1.1 Bond order between atoms

The bond order between vanadium atoms, Bo(V-V ), Bo(V-V), Bo(V-V ) and
Bo(V,-V,,), are estimated from the calculation. Here, V,, V| and V,, are the vanadium
atoms sitting on the layer I, II and III (see Fig.2), respectively. Therefore, for example,
Bo(V,-V,) is the total bond order between vanadium atoms sitting on the same layers
II. Bo(V -V ) has the similar meaning. On the other hand, the Bo(V, V) is the bond
order between two layers, [ and II, where hydrogen atoms are intercalated. Also, the
Bo(V-Vp,) is the bond order between two layers, II and III, where hydrogen are not
intercalated. In addition, the bond order between vanadium and hydrogen atoms, Bo
(V,-H,,), is calculated. Here, H;/'s are the hydrogen atoms in the layer IV, positioning
at the first-nearest-neighbour sites from the vanadium atoms in the layer L.

The results of these bond orders are shown in Fig.4. Every bond order shown in this
figure is the average value per atomic bond in the whole cluster. When hydrogen is
introduced into vanadium, the bond order between V and H ,, atoms appears to be
large in the V, H ,-hype cluster, indicating that there exists covalent interaction
operating between V, and H; atoms. However, this bond order decreases remarkably
by the introduction of the lattice distortion, as is seen in the V, H,, cluster for V.H.

0.16 T T T
V-H
014} ' 1
Q12 vy -
g 010 V-V(average)
S o008t .
5 = ViV
[e)
o 006 —v—xur\\llm T
——Vii-Viy
0041 o Vivy T
0021+ O V-V (average)
~¥-VI-Hy
0 L 3 L

Vi VyoHig-hypo  VgoHeg
(pure V) (hypothetical) (V,H)
Fig.4 Changes in the bond order between atoms by the introduction
of hydrogen and lattice distortion.
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On the other hand, all the bond orders between vanadium atoms show large and
positive values in pure vanadium, indicating that a strong covalent interaction is
operating between vanadium atoms. When hydrogen is introduced, Bo(V-V),
Bo(V V) and Bo(V,-V ) all decrease. They further decrease when lattice distortion
is introduced. On the other hand, the Bo(V -V ) slightly increases by the introduction
of hydrogen and largely increases by the lattice distortion. Such an increase in the
bond order between V, and V atoms is attributable mainly to the contraction of the
interlayer distance between II and Ifl. As a result, the average V-V bond order keeps
nearly unchanged or less changed in the course of hydrogenation as is indicated by
open circles in Fig 4.

3.1.2 Ionicities

The ionicity of each atom in the cluster is estimated according to the Mulliken
population analysis. The results are shown in Fig.5 for the atoms in the central region
of the cluster. As shown in Fig.5, the ionicities of vanadium atoms are almost neutral
in pure vanadium. When hydrogen is introduced, the ionicities of vanadium atoms
increase and show positive values. On the other hand, the ionicity of hydrogen atom
is negative. It decreases largely from about -0.2 to about -0.4 when the lattice distortion
is introduced. This makes the ionicities of vanadium atoms more positive. As a result,
the ionicity difference between vanadium and hydrogen atoms increases considerably
by the lattice distortion. Needless to say, the ionicity difference is a measure to show
the transferred charges between atoms. Thus, it is found that the jonic interaction
between vanadium and hydrogen atoms is strengthened by the lattice distortion.

0.3 T e
0-2p lonicity of V .
0.1} [ |
0 T
Z g/ ]
g 01k Charge. transfer |
8 -O- V(1
02 |-@ V(2 ]
V(3 ]
03b | F v 1 4
-o~ H(1 lonicity of
-0.4} -0- H(2

-0.5 : . 5
Vio  Viohighypo  VioHia
{(pure V) (hypathetical) (V,H)
Fig.5 Changes in the ionicities of atoms by the introduction of
hydrogen and lattice distortion.
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3.2 Alloying effects on the electronic structure of V,H phase

In order to examine alloying effects on the electronic structures, two central vanadium
atoms in the cluster, V(1) shown in Fig.2, are replaced by various 3d transition metals,
M, (M=Ti, Cr, Mn, Fe, Co, Ni, Cu). The changes in the bond order with alloying
elements, M, are shown in Fig.6. Here, the Bo(V-V(M)) is the average bond order
between metal atoms on the layer I, IT and II1. Also, the Bo(V(M) -H) is the average
bond order between metal atom on the layer I and hydrogen atoms on the layer [V. As
shown in Fig.6, both the Bo(V-V(M)) and the Bo(V(M) -H) decreases monotonously
following the order of M in the periodic table. For example, the bond orders are large
for the left side elements (e.g., Ti) but small for the right side elements (e.g., Cu).
The changes in the ionicity of each atom with alloying elements are shown in Fig.7.
As is evident form this figure, the ionicity of alloying element, M, changes largely.
It decreases monotonously following the order of M in the periodic table. In response
to this change in the ionicity of M, the ionicity of H(1) increases in a reverse way. As
a result, the ionic interaction between M and H(1) atoms changes largely with M.
All the other ionicities are scarcely changed by alloying.

4. DISCUSSION

4.1 Lattice distortion

Here, the lattice distortion during the hydrogenation of vanadium metal is discussed
in view of the chemical bond between atoms. As shown in Figs. 4 and S, both the
covalent and the ionic interactions between metal and hydrogen atoms are operating

0.11

0.10 f i
0.09 L

0.08 L

0.07 |

Bond order

0.06 | 4

0.05 L 4

0.04 'l L L L. 1 1 . i
Ti V Cr Mn Fe Co Ni Cu

Alloying element, M
Fig.6 Changes in the bond order between atoms with alloying elements, M.
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in the hypothetical cluster. However, when lattice distortion is introduced, the ionic
interaction is enhanced, whereas the covalent interaction decreases largely between
vanadium and hydrogen atoms. On the other hand, only the covalent interaction is
operating between vanadium atoms in pure vanadium. As mentioned before, the
average bond order between vanadium atoms keeps a high value even in the course
of the hydrogenation, indicating that the average covalent interaction between
vanadium atoms almost unchanged or less changed. From these results, it can be
said that the lattice distortion takes place in the hydrogenated vanadium metal so as
to enhance the ionic interaction between vanadium and hydrogen atoms while keeping
the covalent interaction between vanadium atoms almost unchanged. The crystal
structure of V_H is settled in such a subtle lattice distortion.

4.2 Phase stability of V,H phase in view of chemical bond between atoms
As mentioned before, the first plateau corresponds to the equilibrium of the o and
the V,H phases. According to the van’t Hoff relation, the hydrogen pressure, P,,, in
this equilibrium can be written as follows,

AH' _AS®

InP,, = - s 2
W= T (2

where A H° and AS® are the enthalpy change and the entropy change for the formation
of the hydride, V H, respectively. Here, the entropy change, AS°. is approximately
constant for most metal-hydrogen systems because it arises mainly from the entropy
loss of gaseous hydrogen during the hydrogen uptake by the metal [12]. Therefore,

0.3 —
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03 | .
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Ti V Cr Mn Fe Co Ni Cu
Aligying element, M

Fig.7 Changes in the jonicities of atoms in the cluster with alloying elements, M.
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the heat of hydride formation, AH", is proportional approximately to the logarithm
of the equilibrium hydrogen pressure, P.,,, for a constant temperature. In other words,
the change in the hydride stability correlates with the change in the plateau pressure
of hydrogen.

For simplicity, instead of the heat of hydride formation, AH®, the alloying effects on
the stability of the V,H phase is discussed here in terms of the chemical bond between
atoms. First, from the results of Figs.4 and 5, the chemical bonds between atoms
expected to operate in alloyed V and alloyed V,H phase are summarized in Fig.8.
Needless to say, in pure vanadium, only the V-V bond is operating. When alloying
element, M, is added into vanadium, the V-M bond appears and the metal-metal
bonds are modified by the addition of M. However, such modification of the metal-
metal bonds may also be expected in the alloyed V_H phase. This is because that the
metal-metal bond is little modified during the hydrogenation and keeps its original
strength to some extent even in V H phase, as mentioned before.

On the other hand, a strong chemical bond is operating between metal and hydrogen
atoms only in the V,H phase. In this case, when alloying elements, M, is added into
vanadium, the metal-hydrogen bond in V,H is modified by alloying. Therefore, the
alloying effects on the stability of the V_H phase may be attributable mainly to the
change in the M-H chemical bonds in the V_H phase. If the metal-hydrogen interaction
becomes strong, the V_H phase probably become stable, and vice versa. It is noted
here that the ionic interaction between metal and hydrogen atoms is considered to be
mainly responsible for the phase stability of the V_H phase rather than the covalent
interaction. This is because that the lattice distortion takes place so as to enhance the
ionic interaction, but not the covalent interaction between metal and hydrogen atoms,
as shown in Figs 4 and §.

For this reason, the difference in the ionicities between M and H(1), Alo, are calculated

Phase v V,H
Metal —Metal Metal—Metal
V-V V-V
Chemical bond Nearly unchanged
between atoms VM V—M

Metal~Hydrogen
V—H
M—H

Fig.8 Chemical bonds between atoms in alloyed V and alloyed V,H phase.
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and the result is shown in Fig.9. As shown in this figure, the metal-hydrogen ionic
interaction is strongest in case of M=Ti, and it decreases monotonously following
the order of M in the periodic table. Therefore, the stability of the V,H phase is
supposed to be highest in case of the Ti addition, and it would become unstable
following the order of M in the periodic table. In fact, the change in the metal-
hydrogen interactions in the alloyed V,H phase correlates well with the changes in

Hiroshi Yukawa et al.

the measured plateau pressures of hydrogen shown in Fig.10 [5].

lonicity difference (Alo)

Fig.9 Change in the ionicity difference, Alo, with alloying elements, M.
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5. CONCLUSION

The electronic structures of vanadium hydride, V,H, have been calculated by the
DV-Xa molecular orbital method. The physical meaning of the lattice distortion
induced by hydrogenation is understood from a series of the electronic structure
calculations. Also, the alloying effects on the electronic structures of the hydride,
VZH, are elucidated. Furthermore, it is shown that the stability of the VzH phase can
be understood in view of the chemical bond between atoms. In fact, the changes in
the chemical bond strength between metal and hydrogen atoms correlate well with
the changes in the measured plateau pressures of hydrogen.
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Abstract

The effects of alloyed 3d transition elements on the superconducting transition
temperatures of C15 Laves phase compounds (V1xMy),Zr (M = Cr, Mn, Fe and Co)
are investigated by the DV-Xa cluster method. The transition temperature 7
increases with concentration of magnetic elements and is found to correlate with the
bond overlap population regardless of the presence of magnetic elements.
Electron-phonon and/or magnetic interaction therefore appear not to be primary
factors, and the orbital response itself may be the universal factor governing
superconductivity.
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1. INTRODUCTION

It is generally thought that there are two types of typical superconductor,
the conventional Bardeen-Cooper-Schrieffer (BCS) superconductor with
electron-phonon paring mechanism, and superconductors in which the paring
mechanism is unclear [1]. Although magnetic interaction is thought to be important,
anomalous behavior has been observed in both BCS and non-BCS superconductors.
For example, anomalous normal state electrical resistivity has been observed in both
oxide and metallic superconductors [2, 3], iron exhibits superconductivity under high
pressure [4], and UGe; [5] and C15 Laves phase Zn,Zr [6] have been discovered to
simultaneously act as both superconductors and normal ferromagnets. Add to this the
observation of strong -electron-phonon coupling in high-temperature oxide
superconductors {7], and it becomes clear that the distinction between BCS and
non-BCS is becoming less obvious.

In the present work, the effects of 3d transition elements on the superconducting
transition temperature 7, were investigated by the DV-Xa cluster method using C15
Laves phase compounds (Vi Mx):Zr with M = Cr, Mn, Fe and Co. It has been
reported that the superconducting transition temperature increases with the addition
of Cr [8, 9]. Elements with higher atomic numbers reduce 7. to M = Co in
(VooMo.1)2Zr [9]. In addition, T, increases with the addition of a small amount of Fe
in (VogsFeoo)oZr despite the ferromagneticity [9]. Figures 1(a) and (b) show the
variations in 7. reported by Roy [9]. In the BCS superconductor, a remarkable 7:
decrease or even loss of superconductivity is expected with the addition of magnetic
elements. The results in Fig. 1 indicate that the actual case is more complex for V,Zr
compounds.
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S 2 38 , 1
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@ % as gt ]
f = [ =
§ g
- 5 L L L L - 5 I ) ] \ \
0 0.02 0.04 006 0.08 0.1 V Cr Mn Fe Co
Concentration, x in (V, M ) Zr Alloying element
(a) ®)

Fig. 1 Effects of alloyed 3d transition elements on 7. for C15 Laves phase
compounds () (V1.xMx)Zr and (b) (Vo.sMo.1Zr.
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2. COMPUTATIONAL METHOD

DV-Xo molecular calculation was carried out using the SCAT code developed by
Adachi et al. [10]. Calculation was based on the Hartree-Fock-Slater approximation
with exchange correlation between electrons including the Slater local
exchange-correlation potential V. given by

Vee =—30{ip(r)J (M
Y 4

where p (r) is the local electron density at position # [10-12]. In this calculation, the
parameter o is fixed at a constant value of 0.7 and the self-consistent charge
approximation is employed. The molecular orbital wave function ¢ is expressed by a
linear combination of atomic orbitals (LCAQ) as

6=>Cux. )

where %; is a basis function. Numerical atomic orbitals are employed as the basis
functions in the DV-Xo method [10-12].

Figure 2 shows the model clusters analyzed in the present work. Interatomic
distance is determined by the lattice parameter data (¢ = 0.428 nm). The calculation
is performed for three clusters, (VeMi)Zrs, (VisM1)Zrg and (VisM;)Zrys. The 3d
transition metal atoms M are indicated by arrows in Fig. 2. The atomic basis
functions used in the present calculations are 1s-5p for Zr, and 1s-4p for V, Cr, Mn,
Fe and Co. The C; point group is used to produce symmetry orbitals.
Self-consistency within 0.001 electrons is obtained for the final orbital populations.
Mulliken population analysis [13] is employed for evaluation of the net charge and
the bond overlap population. Both the spin-polarized and non-spin-polarized cases

@® V (and M: Center site of the models)

Oz M
; M
M
() (VeMZrs (b) (V1sM)Zre (©) (VisM1)Zr14

Fig. 2 Model clusters for (VixMx)Zr (M =V, Cr, Mn, Fe, Co).
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are considered in the molecular orbital calculations. In the spin-polarized cases, only
the center atom M is polanzed for the initial state in the calculation process.

3. RESULTS AND DISCUSSION

Figure 3 shows the net charge of the center atom M in clusters (VeMi)Zrs,
(VisM1)Zrs and (V1sM)Zr14. In all clusters, the net charge decreases with addition of
the alloying element in accordance with the periodic order. The net charge values of
the (VisM)Zrs and (VsM)Zry4 clusters are almost identical. Figure 4 shows the
bond overlap population between the center atom M and neighboring V and Zr
atoms in the cluster (V1sM;)Zrs. The bond overlap population increases with the
addition of Cr and then decreases with increasing atomic number. Some difference
between the spin-polarized and non-spin-polarized results were observed for
(VisFe1)Zrs. The spin-polarized effects mainly become apparent in the 3d orbital
populations of the center atom M in (V1sM|)Zrs for M = Mn, Fe, Co. The difference
between the 3d up-spin and down-spin orbital populations is about 1.1,2.2 and 1.3 in
Mn, Fe and Co, respectively. The relative large difference for Fe may affect the bond
overlap population of (VsFe;)Zre in Fig. 4.

The superconducting transition temperature of (VoMo 1)Zr and the M-V bond
overlap population of (V1sM;)Zre according to the spin-polarized calculation result
in Fig. 4 are shown in Fig. 5. A good correlation can be seen between the bond
overlap population and the superconducting transition temperature. Figure 6 shows
the bond overlap population for the cluster (VisM)Zris. The bond overlap
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O (V,M)Zr, non-spin a m-gr 22::22:::
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Fig. 3 Net charge with alloying Fig. 4 Bond overlap population
elements M for (VsM)Zrs, (V1sM)Zrs with alloying elements M for

and (V13M1)2r14 (M:V, Cr, Ml'l, Fe, CO) (Vlle)er. (M=V, CI', Mn, Fe, CO)
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Fig. 5 Superconducting transition Fig. 6 Bond overlap population with
temperature for (VooMoy.1)2Zr [9] and the alloying element M for (VisM1)Zr14

M-V bond overlap population with alloying (M=V, Cr, Mn, Fe, Co).
element M for spin-polarized (VsM;)Zrs
M=V, Cr, Mn, Fe, Co).

population increases with the addition of Cr and then decreases with increasing
atomic number as in Fig. 4. It is notable that bond overlap population of (VisFe;)Zr14
is larger than that of V19Zr;4. As the cluster increases in size, the ratio of the number
of Fe atoms to the total number of atoms decreases. Consequently, the increase in
superconducting transition temperature appears to be related to the change in the
bond overlap population in the case of a small amount of Fe in V,Zr. On the other
hand, in the case of Cr, the change in the bond overlap population appears to have
the opposite effect (Figs. 6 and 4), and the transition temperature of (VooCr1)22Zr is
higher than that of (Voe7Cron3)2Zr. Although absolute quantitative evaluation of
these concentration effects would be very difficult, the good correlation between
bond overlap population and the superconducting transition temperature is a valuable
result.

In the great majority of metallic superconductors, the conventional BCS
mechanism is believed to be the origin of superconductivity. However, many
unconventional superconductors have now been identified, including the C15 Laves
phase compounds [1]. The present results for the C15 V,Zr models containing
magnetic elements demonstrate that the bond overlap population has an appreciable
effect on the superconducting transition temperature even for magnetic
element-doped compounds. The bond overlap population was derived from the
DV-Xa orbitals in calculations considering only the Xo. exchange correlation,
without electron correlation. Although the finer details with respect to energy are
rather sensitive to the way electron correlation is included, information concering
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the wave functions is insensitive to electron correlation and such DV-Xa
calculations can be considered reliable [10-12, 14]. The DV-Xa orbitals appear to be
directly related to the nature of superconductivity.

The mechanism of superconductivity in many compounds remains contentious.
From the present results for V,Zr, it appears that the key to understanding
superconductivity is not in the analysis of electron-phonon and/or magnetic
interaction. Rather, superconductivity appears to be strongly related to the behavior
of molecular orbitals [15-17]. As superconductivity is frequently observed on the
border of structural and/or magnetic transition, the present authors believe that
electron-phonon and/or magnetic interaction are not primary factors as such and
consider that the orbital response itseif may be the universal factor governing the
occurrence of superconductivity. Assuming that superconductivity is a chemical
reaction phenomenon in a solid, it would be useful to focus on the changes of orbital
mixing and orbital overlap with respect to atomic displacement in the search for new
superconductors.

4. CONCLUSION

The effects of alloyed 3d transition elements on the superconducting transition
temperature of C15 Laves phase V,Zr were investigated based on the DV-Xa
molecular orbital method. In (V1.xMy)hZr compounds with M = Cr, Mn, Fe and Co,
T. increases with the addition of Cr and then decreasing with the addition of
elements with higher atomic numbers, to M = Co in (VoMy 1)»Zr. Furthermore, the
T. increases with the addition of a small amount of Fe in (VgsFeoo2)2Zr despite the
ferromagneticity. A good correlation between bond overlap population and 7. was
observed in the results of these calculations, and it appears that the key to
understanding superconductivity may not be the analysis of electron-phonon and/or
magnetic interaction. Rather, the orbital response itself may be a universal factor
goveming the occurrence of superconductivity.
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Abstract

An alternative approach for calculation of the electron excitation
probability accompanying inner-shell vacancy production is presented.
The change in the central potential of atoms and molecules due to cre-
ation of inner-shell vacancy is estimated and only monopole term is
found to be allowed in terms of electron charge density. Considering
this change as the perturbation, the time-dependent Schrédinger equa-
tion is solved and the expression for the electron transition probabilities
between two states is given. The relation between the present model,
called Waseda Model, and the conventional shake model, which is due
to the imperfect overlap between the initial- and final-state wave func-
tions, is clarified. It is found that, although both models start from the
same Hamiltonian, the different expressions for transition probabilities
are obtained because of the different choice of the perturbation term.
The calculated electron transition probabilities by the Waseda model
are compared with those by the conventional shake model and with the
experimental results following photoionization.
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1 Introduction

When an inner-shell vacancy is created in one of atoms in molecules, the
remaining electrons experience sudden change in central potential due to core-
hole creation. They have a small, but definite probability to be excited to a
higher unoccupied state (shakeup) or ionized to the continuum (shakeoff) [1].
This shake process is caused by the sudden change in the central potential
due to creation of an inner-shell vacancy. The shake process has been usually
treated in the sudden approximation and its probability is expressed in terms
of overlap integral between electron wave functions for initial and final states
[2, 3].

Recently, we present an alternative approach to calculate the electron tran-
sition probability following inner-shell ionization process [4]. In this model, the
change in the central potential of atoms and molecules due to creation of an
inner-shell vacancy is estimated in terms of electron charge density. Consider-
ing this change as the perturbation, the time-dependent Schrédinger equation
is solved and the electron transition probabilities between two states are calcu-
lated. When we use the two-state approximation, the problem becomes simple
and the final expression is given by the well-known example in the standard
textbook of quantum mechanics.

In the present work, the relation between the new model and the con-
ventional shake model is clarified. Both models are based on the same total
Hamiltonian. The difference consists in the choice of the perturbation term.
As in the shake model, only the monopole transition is allowed in the present
model, but the matrix element contains only wave functions for the initial
state. This is different from the shake model, where the matrix element is an
imperfect overlap integral between the initial- and final-state wave functions.

In order to test the validity of the present model, the numerical calculations
for electron excitation probabilities after photoionization have been performed
for Ne and Ar atoms. The calculated electron transition probabilities by the
present model are compared with those by the conventional shake model and
with the experimental results. Applications of this new model to various elec-
tron transition processes accompanying inner-shell ionization are discussed.

2 Electron Transition Probability

We consider an electron in atom and calculate its transition probability ac-
companying inner-shell ionization. Before inner-shell ionization process takes
place, all the electrons are assumed to be in their ground state. The wave func-
tion of the electron, {7, t), satisfies the following time-dependent Schrédinger
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equation:
3
H(r,t)— = | ¥(r,t)=0, (1)
ot
where 7 is the position vector of the electron. Atomic units are used throughout
the present work.

We assume that the inner-shell ionization process takes place suddenly at
time ¢t = 0. Then an atomic electron in the same atom experiences two effects
simultaneously: disappearance of the inner-shell electron and appearance of
the ionized electron. The Hamiltonian in Eq. (1) can be written by

_ H, (r), t<0
H{r t)= { Hz("') +U(r)+V(rt) t>0, (2)

where Hy(r) is the Hamiltonian for the ground state before the ionization
event, U(r) is the change in the central potential due to creation of an inner-
shell vacancy, and V (7, t) represents the interaction between the ejected elec-
tron and the atomic electron.

When we use the perturbation theory to calculate the transition probabil-
ity, there are two choices of the unperturbed Hamiltonian for ¢ > 0. In the first
method, called Model I, we assume H(r) + U(r) as the unperturbed Hamil-
tonian and V(r,t) is the perturbation term. On the other hand, in the second
method, Model II, H(r) is the unperturbed part and the term U{(r)+ V(r,t)
is chosen as the perturbation.

2.1 Shake Model

In the Model I, the Hamiltonian changes from Hy(r) to H(r,t) suddenly at
t = 0. Fort > 0, we consider the time-independent part Hy(r) = Ho(r)+U(r)
as the Hamiltonian in the final state and

1

|R(t) -7’

as a time-dependent perturbation. Here R(t) is the position vector of the
electron ejected by the primary ionization event. Since U(r) is included in the
unperturbed Hamiltonian, its eigenstates correspond to those of a positive ion
with inner-shell vacancy. The eigenfunction ¢,(r) and energy eigenvalue €, of
H{(r) are expressed as

Vir,t) = 3)

Hiy(r)¢n(r) = en ¢u(r) . (4)

We expand the time-dependent wave functions in terms of these eigenfunctions:

U(r,t) = Z an(t) pn(r)e et (5)

n
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Substituting Eq. (5) into Eq. (1), we obtain

Fam(t) = 3 @n(t) Vin (t) €47t | (6)

n

where

Vonlt) = [ @(r) V(r,t) gulr)dr | ()
and Wpyn = €, — €,. Integrating Eq. (6) with respect to time from 0 to ¢, we
obtain

U (t) = vzz/ Un(t) Vi (') €89t dt’ (8)

Before the inner-shell vacancy is produced, the atom stays in its ground
state and the electron is found in one of the eigenstates of Hy(r):

Ho(r) o (r) = € ¢(r) . 9)

For small values of t, we can assume that the wave function ¥(r,t) is written
by
V() o0 (1) e = Y an(t) gulr)e (10)

n
From this equation at ¢ = 0, ¢,,(0) is expressed as the overlap integral between
)
¢m(r) and ;" (r):

an(0) = < ()8’ (r) > = [ 9.1 9" (r) dr . (11)
Using Eqgs. (8), (10), and (11), the electron transition amplitude at time ¢

from the initial state k to the final state m as the result of inner-shell vacancy
creation is expressed as

amlt) =< (P (r) > =i [ Vig(@)e . (12)
where
= [ 6nm) V60 ar, (13)

0
and Wmk = €m — esc ).

If we neglect the Coulomb interaction between the ejected electron and the
atomic electrons and retain only the first term in Eq. (12), the final expression
is simply given by the overlap integral:

am(t) = am(0) = < gm(r)|oL (r) > (14)

This fact indicates that the Model I corresponds to the so-called shake model.
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2.2 Waseda Model

In the case of the Model II, the unperturbed Hamiltonian is taken to be Hy(r)
and the perturbation operator is defined as U(r)+V (r, t). The time-dependent
wave function is expanded in terms of the ground state wave functions:

U(r,t) =3 anlt) cbslo)('r)e_“i?)lt , (15)
n
where ¢{9(r) is the eigenfunction of Ho(r) and €{?) is the corresponding energy
eigenvalue, as given by Eq. (9).
Substituting Eq. (15) into Eq. (1) and following the similar method used
for Eq. (8), we obtain

am(t) = am(0) — 3 Y /Ot an(t') Wmn(t')e“’mt' dt’, (16)
where
Won(8) = [ 9" (r) (U(r) = V(r,8)) 607 dr | (17)

and w®) = 0 — 0.

When the electron is in the state k for ¢ < 0, the first term in Eq. (16) is
m(0) = &k We have to solve the simultaneous equations, Eq. (16), with this
initial condition. For simplicity, we shall introduce following two agsumptions.
First, as in the manner similar to Model I we neglect the electron-electron
interaction term, V(r,t), and retain only the electrostatic term, U(r). It is
important to note that in this case the perturbation potential is independent
of time. Second, we use the two-state approximation. We consider that the
electron in the state k makes a transition to the state m (m # k) and neglect
contributions from all other states.

Then the simultaneous equations is decoupled and the problem becomes
very simple one to calculate the electron transition probability between two
states under the time-independent perturbation U(r). When the perturbation
is switched on at ¢ = 0, the transition probability from the state k to the state
m {(m # k) at time ¢ is found in the textbook of quantum mechanics [5]:

4|kal2

— T sin? 18
P A Wi T ot (a8

Pepn(t) =

where

Y = Wmm*Wkk'FAEa

1
8 = \/Z’Yz‘Fkamlz )

A = ef,?)~e,(co),
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and )
Win = [ 60 (r) U(r) 60 ) dr (19)

However, it should be taken into account that the transition occurs only
in the presence of the inner-shell vacancy, but the inner-shell hole is filled
by radiative or nonradiative transitions. The probability that the vacancy
survives until time ¢ is proportional to e *, where X is the decay rate of
the vacancy and corresponds to its level width. Taking into consideration
this probability, the total electron transition probability can be obtained by
integrating the differential probability, Eq. (18), with respect to time from 0
to oo with the weighting function e~*. The final expression for the transition
probability is given by [6]

252 4|ka|2

P, = . 20
TN T 4B R A A Wi 2 (20)
In general, 8> X\ and we can use the expression
2{Wim|?
P [Wien| (21)

e ’72+4|ka|2 ’

as a good approximation to Eq. (20).

The perturbation operator U(r) is determined as follows. For the neutral
atom with atomic number Z and N electrons, the central potential for its j-th
electron in its ground state can be expressed as

o N
Uy = 20 L S g e, (22)
LF] L) 0 i#j Tij
where Z.g(r) is the effective nuclear charge, ¥:(r;) is the wave function of the
i-th electron, r; is the position vector of the i-th electron from the nucleus,
r; = |ri| is the radial distance, and ri; = |r; — r;| is the distance between two
electrons ¢ and j.
From Eq. (22), the potential for the j-th electron due to the presence of
the i-th electron at r; is given by

viry) = [ Tiijlwi(mﬁdn . (23)

When an inner-shell vacancy is produced at the i-th state, this potential sud-
denly disappears from Eq. (22) and can be considered as the perturbation
operator to the stationary state with the Hamiltonian H(r).

The wave function of an electron in the atom is expressed as

wnlm("') =Ry (T) )/lm(os 30) ) (24)
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where R,,(r) is the radial part of the wave function and Y},,(6, ) is the spher-
ical harmonics, corresponding to its angular part. The subscripts, n, I, and
m are the principal, orbital angular momentum, and magnetic quantum num-
bers, respectively. Substituting Eq. (24) into Eq. (23) and expanding r;; in
terms of multipoles, we can find that multipoles with even numbers are allowed
from the selection rule of angular momenta and with some algebra only the
monopole term remains. The change in the central potential due to creation
of an inner-shell vacancy can be given by

1 Tj o
Uilrj) = — /0 IRnl(n—)|2r? dr"—#/,v IR,Ll(ri)|2ri dr; . (25)

Ty

Using Eq. (25) in Eq. (20), the electron transition probability accompany-
ing an inner-shell vacancy production can be calculated. In this model, only
the monopole transition is allowed. It should be noted, however, that Eq.
(20) is different from the wave-function overlap in the shake model. There
is another difference that in the shake model wave functions for two different
potentials, for the initial neutral atom and the final positive ion with an inner-
shell vacancy, are necessary, while only the wave functions for the ground state
are used in the present model. These facts indicate that the present model is
a new approach for the electron transition process following inner-shell ioniza-
tion, alternative to the shake model. We shall refer this model as the Waseda
model.

3 Potential Change due to Vacancy Creation

The change in the atomic potential due to the inner-shell vacancy production
is calculated by Eq. (25). The numerical calculations have been performed
with the Hartree-Fock-Slater (HFS) wave functions [7]. The potential change
rU(r) is plotted as a function of r in Fig. 1 for Ne and Ar atoms. As can
be seen from Eq. (22), this quantity corresponds to the change in effective
nuclear charge for outer-shell electrons. The solid curve is calculated for 1s
vacancy in Ne with the HFS wave function. The similar results for Ar 1s and
2s vacancies are plotted in the figure for comparison. It can be seen that the
change in effective nuclear charge is zero at the nucleus and approaches to
unity for large r. The curve for 2s vacancy in Ar is more slowly increasing
than the curve for the 1s vacancy. This fact reflects the difference in electron
density distribution between 1s and 2s orbitals.

It is interesting to note that in the case of 1s vacancy the screened hydro-
genic wave function gives a good approximation to the potential change with
the HF'S wave functions. By the use of the hydrogenic wave function for 1s
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Figure 1: Change in the central potential due to inner-shell vacancy produc-
tion. The solid curves are for Ne 1s vacancy, for Ar 1s vacancy, and for Ar 2s
vacancy with the HFS wave functions, and the dotted curve for Ne 1s vacancy
with the screened hydrogenic wave functions.

orbital, Eq. (25) can be expressed as

1
Urd(r) = > [7(3,22Z157) + 2Z1,r T(2,2Z1,7)] (26)

where ¥(a,z) and I'(a,z) are the incomplete Gamma functions [8] and Z;, =
Z — 0.3 is the effective nuclear charge for the 1s orbital with the Slater’s
screening constant [9]. The calculated result for Ne 1s vacancy by Eq. (26)
is also shown in Fig. 1 with the dotted curve. It is clear that the screened
hydrogenic wave function gives almost same result as the HFS one for the 1s
vacancy.

In the similar way, the approximate expressions of the potential change
can be obtained for 2s and 2p vacancies with the screened hydrogenic wave
functions. For the 2s orbital, Eq. (25) is given by

1
U;';’d (ry = T {7(3, Zar) + Zar T(2, Zor) ~— (4, Zor) — Zar T'(3, Z,7)

+ % [(v(5, Zar) + Zyr T (4, er)]} , (27)

where the effective nuclear charge is defined with the Slater’s screening con-
stant to be Zy = Z — 4.15. In the case of the 2p orbital, the final expression is
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Figure 2: Change in the central potential due to the 1s-, 2s-, and 2p-shell
vacancy production for Ar. The solid curves are calculated with the HFS wave
functions and the dotted curves with the screened hydrogenic wave functions.

written by .
Upd(r) = 515 16 Zr) + Zor T(4, Zor)] (28)

In Fig. 2, the potential changes calculated with Eqs. (26)—(28) are plotted as a
function of radial distance for the vacancy creation in the 1s, 2s, and 2p orbitals
of Ar and compared with those by the HFS wave functions. It is clear that
for the 1s orbital the screened hydrogenic model gives a good approximation
to the HFS wave functions, as already shown above for Ne. In the case of
the 2p vacancy, this approximation is still good, but worse than in the case of
the 1s vacancy. However, for the 2s vacancy the screened hydrogenic model
underestimates the results with the HFS wave functions. This can be ascribed
to the fact that the same effective nuclear charge is used for the 2s and 2p
orbitals, but the 2s electrons are not sufficiently screened by the 2p electrons.

4 Electron Excitation Probability

In oder to test the validity of the Waseda model, the calculations of electron
excitation probabilities accompanying photoionization are performed with Eq.
(20) and the obtained results are compared with the conventional shakeup
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probabilities.

The transition probabilities have been calculated for 1s vacancy in Ne and
1s, 2s, and 2p vacancies in Ar with W = —Uj;(r) in Eq. (20). The values of the
level width are taken from the table of Krause and Oliver [10]. We consider
only the bound-bound transitions corresponding to the shakeup process. In

[able I, the calculated results for Ne and Ar atoms are compared with the
conventional values using the wave-function overlap. The latter values were
obtained in the usual manner [11] as overlap integral between wave functions
for the initial and final states. In both calculations the same wave functions
were used because the final results are sensitive to small difference in wave
functions. It should be noted, however, that in the calculations of overlap
integrals two wave functions with different potentials, i.e. initial neutral atom
and final positive ion with an inner-shell vacancy, are necessary, while in the
present model only the wave functions for the initial ground-state potential
are used. It is clear from the table that the present transition probabilities are
in good agreement with the conventional shakeup values.

Most accurate experimental studies on the shakeup probabilities accompa-
nying inner-shell vacancy production have been performed by observing the
satellite peaks in x-ray photoelectron spectra. It is usual that the satellite
intensities are given as relative ratios to the main peak without any additional
electron transition. In order to compare the calculated results with these ex-
perimental data, the probabilities in Table 1 should be normalized so that the
intensity of the main peak is 100. In the present model, the probability that
the electron remains in its original state is given by 1 — Py, and the relative
intensity for the electron transition is obtained as Pim/(1 — Pim).

The calculated results for the 1s vacancy in Ne are listed in Table 2 and
compared with other theoretical values as well as the experimental ones. All
other theoretical calculations were performed in the wave-function overlap ap-
proach with different choices of wave functions, i.e. the multi-configuration
Hartree-Fock method with electron correlation [12], the optimized effective
potential method [13], and the HFS method [11, 14]. It can be seen that for
Ne the present values are in good agreement with the experimental ones and
also with other theoretical calculations. In Table 3, similar comparison for Ar
2p vacancy is made. In this case, the present values are smaller than the ex-
perimental data, but agree well with the other theoretical calculations, except
for the 3p — 4p transition. However, the present probability for this transition
is in fairly good agreement with the experimental value.

As can be seen from Tables 1-3, the present simple two-level model can give
the electron transition probabilities in good agreement with the conventional
shakeup probabilities by the use of imperfect wave function overlap and the
relative satellite intensities also agree well with the experimental results. This
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Table 1: Comparison of the calculated results for Ne and Ar with the conven-

tional shakeup probability (%).

Element Vacancy Transition Waseda® Shake®
Ne 1s 25 — 3s 1.07 0.65
2s — 4s 0.22 0.12
2p — 3p 5.62 7.98
2p — 4p 1.51 1.37
2p — 5p 0.63 0.50
2p — 6p 0.32 0.25
Ar 1s 2s — 4s 0.018 0.013
28 — 5s 0.005 0.004
2p — 4p 0.062 0.062
2p — 5p 0.021 0.022
3s — 4s 1.44 0.95
3s — 5s 0.32 0.19
3p— 4p 7.24 8.68
3p— 5p 1.92 1.51
2s 3s — 4s 1.10 0.71
3s — 5s 0.24 0.14
3p— 4p 5.96 6.82
3p— 5p 1.54 1.15
2p 3s — 4s 0.61 0.74
3s — 5s 0.12 0.15
3p— 4p 4.27 7.05
3p — 5p 1.05 1.19

“Waseda model.

®Conventional shakeup calculation by overlap integral.
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Table 2: Comparison of the calculated results for Ne with the experimental
shakeup intensities for Ne 1s spectrum (relative to the main line in %).

Transition Theoretical Experimental
MS® TBJ® BTB® MT? Waseda® G/ K MF§ A

2s — 3s 0.79 0.66 1.08 1.06 1.1 1.1
25 — 4s 0.12 0.22 03 03
2p—3p 507 93 1177 821 5.95 6.30 5.5% 642 642 5.0
2p—4p 218 1.5 1.50 141 1.53 2.98 31 32 09
2p—5p 054 054 047 0.52 0.63 0.59 09 09
2p—6p 0.15 021 0.25 0.32 0.5 03 0.5

“Ref. [12).

SRef. [13].

“Ref. [14].

4Ref. [11].

¢Waseda model.

fRef. [15].

9IRef. [16].

hRef. [17].

‘Ref. [18].

TRef. [19].

kPart of 2p — 4p transition is included.

Table 3: Comparison of the calculated results for Ar with the experimental
shakeup intensities for Ar 2p spectrum (relative to the main line in %).

Transition Theoretical Experimental
TBJ® BTB® MT¢ Waseda? BTB*
3s—4s 102 112 0.75 0.61 2.1
3s — b5s 0.17 0.15 0.12 1.0
3p—4p 8.63 1091 721 4.46 6.0
3p—5p 124 134 1.22 1.07 4.2
2Ref. [13].
Ref. [14].
“Ref. [11].

4Waseda model.
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fact indicates that the present approach is useful to estimate the electron
transition probability accompanying inner-shell ionization.

However, the present values are based on the simple two-level approxima-
tion, where each transition is independent of other transitions. This means
that the probability for electron remaining in the same state depends on the
transition concerned and is different for different transitions. In order to im-
prove this situation, it is possible to extend the present approach to the case
of multi-level atoms, but then we have to solve the coupled-states equation
numerically and the result cannot be expressed in the analytical form as Eq.
(20). Furthermore, we confine ourselves to the case of bound-bound transi-
tions in the present work. It is also possible to calculate the probability for
the bound-free transitions (shakeoff process) in the similar manner. Especially
for outermost p electrons, the shakeoff probability is large [11] and the relative
ratio of the satellite to the main peak is enhanced. If we use the shakeup-
plus-shakeoff probability in Refs. [2] and [3] to estimate this ratio, the present
theoretical values in Table 2 increase by about 10-20% for Ne 2p electrons and
those in Table 3 about 15-20% for Ar 3p electrons. The values thus obtained
are still in good agreement with the experimental results.

Finally, in the present work we considered the electron transition processes
within the same atom. However, it is possible to apply the present model
for calculations of electron transition probabilities from one atom to the other
atom in the molecule by the use of molecular wave functions. Such transitions
correspond to the charge-transfer process.

5 Conclusion

We have presented a new approach to calculate the electron transition proba-
bility accompanying inner-shell ionization. When the jonization process takes
place, there are two possible methods to take into account the presence of the
inner-shell vacancy. In the first method, the effect of the vacancy is included
in the wave functions for the final state. Starting from the time-dependent
Schrédinger equation, we have shown that this approach reduces to the con-
ventional shake model, where the matrix element is expressed as the overlap
of the wave functions between the initial and final states.

On the other hand, it is also possible to consider that the production of the
inner-shell vacancy is equivalent to the change in the central potential of the
atom. Treating this change as the perturbation to the atomic Hamiltonian, the
time-dependent perturbation theory is used to calculate the electron transition
probability. Although only the monopole transition is allowed, the matrix
element is different from the overlap integral and only the initial-state wave
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functions are involved.

This new approach, called the Waseda model, was tested for electron ex-
citation following photoionization. The calculated probabilities are in good
agreement with the shakeup probabilities from the shake model and with the
experimental data. This fact indicates that the Waseda model is equivalent to
the shake model.

In the present work, the calculations were made for bound-bound transi-
tions in atoms accompanying photoionization. However, the present model is
general and can be applied to any kinds of inner-shell ionization processes and
to different electron transition modes. It is interesting to test the present model
for various ionization mechanisms and electron transition processes. The cal-
culations for bound-free transitions and for electron transitions between atoms
in molecules with molecular wave functions (charge-transfer processes) are in
progress. For the latter calculations, the molecular wave functions obtained
with the DV-Xa method [20] are used.
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We present a first principles method to study electronic trans-
port through atomic-scale systems under non-equilibrium conditions.
The method is based on density functional theory, and allows the cal-
culation of the response of the system to an applied finite potential
difference. The potential drop profile, induced electronic current,
nonlinear current-voltage characteristics, and the resulting forces on
the atoms are obtained from first principles. The method allows us to
take explicitly into account the atomic structure of both the contact
region and the semiinfinite electrodes through which the potential is
applied. Non-equilibrium Green’s functions techniques are used to
calculate the quantum conductance. Here we apply the method to
the study of the electronic transport in finite carbon nanotubes in
contact to gold electrodes.
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1. INTRODUCTION

The development of electronic devices at the atomic scale now constitutes
one of the most active fields of research in nanotechnology. It is possible to fabh-
ricate devices such as transistors or diodes where the active zone is as small as a
single molecule or a carbon nanotube. This poses new challenges to theoretical
analysis, as the transport properties, e.g. current-voltage characteristics, depend
strongly on the atomic arrangements of a few atoms. The device characteris-
tics cannot be rationalized by the effective models commonly applied in solid
state electronics. The simulation of transport processes at the atomic scale must
take into account the quantum-mechanical nature of the electrons. Electronic
structure methods constitute today a highly developed tool for investigating the
physics and chemistry of new molecules and materials.! An important factor for
the success of these techniques is the development of first principles methods that
reliably model a wide range of systems without introducing system dependent pa-
rameters. Most methods are, however, limited in two aspects: (1) the geometry
is restricted to either finite or periodic systems, and (2) the electronic system
must be in equilibrium. In order to address theoretically the situation where
an atomic/molecular-scale system (contact) is connected to bulk electrodes, a
method capable of treating an infinite and non-periodic system is required. Also,
if a finite voltage bias is applied to the electrodes, a current is driven through the
contact, and the electronic subsystem is not in thermal equilibrium. The model
must be able to describe this nonequilibrium situation.

In the present work we describe our first principles nonequilibrium electronic

structure method for modeling a nanostructure coupled to external electrodes
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with different electrochemical potentials. We treat the whole system (contact
and electrodes) on the same footing, describing the atomic and electronic struc-
ture of both at the same level. Qur method is based on Density Functional Theory
(DFT).Z5 We use the standard local density (LDA) or generalized gradient ap-
proximation (GGA) to describe the exchange-correlation terms. The starting
point for our implementation is the SIESTA electronic structure approach.f In
this method the effect of the core electrons is described by soft norm-conserving
pseudopotentials” and the electronic structure of the valence electrons is expanded
in a basis set of numerical atomic orbitals with finite range.®9 The quality of the
basis set can be improved at will by using multiple-¢ orbitals, polarization func-
tions, etc.,” allowing one to achieve convergence of the results to the desired level
of accuracy. SIESTA has been tested in a wide variety of systems, with excel-
lent results.®!" The great advantage of using orbitals with finite range (besides
the numerical efficiency®), is that the Hamiltonian interactions are strictly zero
beyond some distance, which allows us to partition the system unambiguously.
Furthermore, the Hamiltonian takes the same form as in empirical tight-binding
calculations, and therefore techniques developed in this context can he straight-
forwardly applied.

We have extended the SIESTA computational scheme to nonequilibrium sys-
tems by calculating the density matrix with a nonequilibrium Green’s functions
technique.'> ' We have named this nonequilibrium electronic structure code
TRANSIESTA. Here we give an brief overview of the technical implementation.
A full description is given elsewhere'® and we will here highlight the main dif-
ferences as compared to equilibrium methods. We will conclude by presenting

results for the transport properties of different contact geometries between finite
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carbon nanotubes and gold electrodes.

II. METHODOLOGY

The system setup we are considering in our calculations is depicted in Fig. 1a.
Tt consists of two semiinfinite metallic electrodes (L) and (I?), and a contact region
(C). A voltage bias is applied between the electrodes and an electron current is
flowing through the system (along the z direction in the figure). This contact
region is defined such that it contains the portion of the physical electrodes where
all the screening effects are taking place. Then, the electronic charge distributions
in the electrodes, L and I, correspond to the bulk phases of the same material to
a prescribed numerical accuracy. It also means that the selfconsistent potentials
in those regions may be shifted rigidly relative to each other by an external
potential bias V.

In that case, we can make use of the Greens functions formalism to map our
infinite system into a finite one (Fig. 1b), amenable to computer simulations.
The Greens function of the system, G, is then evaluated by inverting the finite
matrix:

H,.+X, V, 0
Vi He Vg ; (1
0 VLHR+Zg
H;, Hy and H¢ are the Hamiltonian matrices in the L, R and C regions, re-
spectively, and V;, (Vg) is the interaction between the L (R) and C regions.
The coupling of L and I? to the remaining part of the semi-infinite electrodes is
fully taken into account by the self-energies, ¥;, and X, that are extracted from

separate calculations of the corresponding bulk phases of the electrodes.
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Semi—infinite bulk

(b

FIG. 1. (a) We model the Contact (C) region coupled to two semi-infinite Left (L)
and Right (R) electrodes. The direction of transport is denoted by z. (b) We only
describe a finite section of the infinite system: Inside the L and R parts the Hamiltonian

matrix elements have bulk electrode values.

Once the Greens function is known, all the ohservables of the system can be

computed. In particular the density matrix, D,,, is given by,
o
D= [ de (plu(e)nele - ur) + ol (EInr(e — un)} (2)

where p; and pp are the electrochemical potentials of each electrode, i.e., puy —

pr = V. The spectral density matrix, p”(¢), is calculated as

(G(e)Im=1,(e)G(e)) (3)

Plule) = »

3=

with an analogous expression for p®.

Then the electron density

n(7) = Y Su(F)D (7, (4)
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with ¢ being the numerical basis orbitals of S1EsTA, allows us to compute, by
standard methods, the DFT hamiltionian elements H. in Eq. 1. Equations 1-4
are then iterated until selfconsistency is achieved.

In addition, the nonlinear current intensity through the contact, I, is obtained

aS,I‘Z—"14

(V)= G(,/vo; de (np(e — pr) — np(e — pr)) X

Tr [ImEy, ()G () ImEg () G()] (5)

where Gy = 2¢?/h. By comparison to the Landauer-Biittiker formula'?, we can

readily identify the (left-to-right) transmission amplitude matrix t as,®
t(€) = (ImTg(e)'” G(e) (ImEy () /* (6)

Finally, we can also decompose the quantum transmission into eigenchannels
with corresponding eigenvalues 7,, by diagonalizing the transmission matrix t

as’lQ,?()

t = Ugdiag{|m|} U} . (7)

This decomposition will be instrumental in the interpretation of the mechanisms

of transport.2"18:12

III. CONDUCTANCE IN CARBON NANOTUBE-GOLD CONTACTS

We have applied our approach to the calculation of conductance of nanotubes
brought in contact with gold leads. In particular, we have considered the atomic
configurations depicted in Figs. 2. The systems consist of a finite (5,5) armchair

nanotube (150 atoms), and Au(100) leads (from 162 to 300 atoms, depending
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on the configuration). The nanotube has open ends in the structure shown in
Fig 2(a) and is capped otherwise. The cap resembles “half’ a Cgo fullerene
molecule as seen from a five-fold symmetry axis??. The nanotube is then closed
by the presence of 6 five-atom rings at the tips. The ions were allowed to relax
completely in the structure in Fig. 2(a). In the other structures the nanotubes
and the gold leads were relaxed separately and then the equilibrium separation

distance between them was determined.

(@) {b)

FIG. 2. Structure of the different nanotube-gold contact configuration considered in
the text: (a) open nanotube normal to surface (CBC); (b) capped nanotube normal
(NC) and (c) side (SC) contacted to the gold electrodes. Carbon and gold atoms are

in dark and light grey color, respectively

Current is propagating along the nanotube axis. The system is periodic in
the transversal directions. The lateral dimensions are large enough such that the
interaction of the nanotube with its periodic images is negligible. In all the cases,

the separation between Au leads is such that the contribution to the current of
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the direct tunneling through the vacuum between them is negligible. Thus, the
electrons flow though the nanotube and the resistance is due to the limited num-
ber of channels of the nanotube as well as the gold-nanotube contact resistance.
In our calculations, we have used a single-( plus polarization basis set of 9 or-
bitals corresponding to the 5d and 6(s,p) of gold and a single-¢ representation
of the 25 and 2p orbitals of carbon. We have found this basis set to provide
a faithful description of the system as compared to tests done with a double-{
representation.

The structures correspond to quite different physical situations with respect
to the interaction between the surface and the nanotube, and the electronic trans-
port behaviour. In case of Fig. 2(a) there is a strong covalent bonding contact
(CBC). In the other cases, the contact is comparatively weaker and there is a
small charge transfer from the gold surface to the nanotube. A detailed account of
the interaction and equilibrium properties of the later configurations has already
been given in Ref. 23. We have considered here two situations: a normal contact
to the surface (NC) , Fig. 2(b), and a side contact (SC) structure where the nan-
otube lies sideways on top of the Au surface (Fig. 2(c)). The last configuration
is usually encountered in present electronic device applications.

A perfect infinite (5,5) nanotube has a metallic character. Up to 1 eV around
the Fermi level, two conduction channels, of character 7 and 7*, contribute each
with a quantum of conductance, Gy = % In a perfect contact, the resistance is
thus expected to be of the order of a few k2. This is the case when the nanotube
is dipped in liquid Hg?*. However, the reported experimental measurements on
nanotube electronic devices reach values for the resistance of up to MQ? 2", The

nanotube-metal contact is then far form ideal. Finally, it has been found that



Theory of Quantum Electronic Transport 307

the contact resistance could be reduced by orders of magnitude by exposing the

contact areas to an electron beam in a scanning electron microscope®®.

10 T 10 o
ol @ oY e ® Py
1
. : y |
5 - |
e 7 ! 5 7 o5 :
2 ! 2 !
B o RS R T -
& L i © al v !
= 5 | =S 00 oz 06 oz o5}
E { £ !
£ 4 1 z ¢ |
§ a i S 3 ! 1
g { & i
2 ' 2 :
1 1 Mm
0 o

-2 -15 -1 -05 0 0.5 1 1.5 2 -2 =15 -1 -05 0 0.5 1 1.8 2
E-E,(eV) E-E(eV)
10 H {
g (c) ! 8
i
8 1
s ]
87 !
K] 1
& !
s 5 {
£ 4 i
< [
S 3 |
3 i
2 A
4
0

2 5 -1 05 © 05 1 15 2
E-E(eV)
FIG. 3. Plots of quantum transmission vs. energy for (a) CBC, (b) NC and (c)
SC geometries (see text). For reference, the transmission of a perfect infinite (5,5)

is also plotted in dashed lines. Inset in (b): decomposition of the transmission into

eigenchannels.

In both the NC and SC, a tunnel barrier against conduction is anticipated.
However, for an infinite nanotube-gold lead, in the NC configuration, the tunnel
barrier is perpendicular to the propagation direction and the electron’s large mo-

mentum will allow it to overcome the barrier. In the SC, the evanescent character
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of the wavefunction in the tunneling direction will lead to smaller transmission®.
In the finite configurations considered here, this translational invariance is broken
and the differences between the contacts will be less dramatic.

In Figs. 3 we present our results for the quantum transmission as a function of
the electron energy in equilibrium. These were calculated applying our formalism
to the simpler case of zero bias (u;, = pg), in particular Eqgs. 5 7.

For the CBC geometry, Fig. 3(a), the calculated conductance around the
Fermi level does not deviate very much from an average value of 1 Gy. This is
expected from a strong chemical bonding and thus strong overlap between the
nanotube and the surface states, which facilitates the electron propagation from
one lead to the other. The nanotube is finite and thus has a discrete spectrum.
The molecular levels turn into resonances due to the interaction with the surface.
After an eigenchannel analysis, we have found that the resonances widen signif-
icantly (of the order of tenths of eV) yielding an overall constant transmission.
Our result resembles previous calculations of nanotubes immersed in a jellium slab
intended to simulate the experiments of nanotube dipping in mercury®. There,
it was argued that only the n* channel is responsible for the electron transport
at Ep, after the m channel is pushed down below the Fermi level.

Regarding the NC, the quantum transmission, Fig. 3(b), presents a series
of discrete peaks, most of them of transmission equal to one. In the inset we
present the eigenchannel decomposition for energies close to the Fermi level, Er.
The main contribution to the conductance at Er comes from a resonance of a
maximum transmission equal to 1 at E = Er + 0.027 eV and two features of
lower transmission. The peak shape of the main feature are fit almost perfectly

by Lorentzian shapes with half width of ~ 0.08 ¢V. This indicates a relatively
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weak interaction between the states at the nanotube and the electrodes and
corresponds to a regime of resonant tunneling. Other peaks are present with
the same half width indicating that nanotube states interact mainly with broad
bands of sp character in the gold surface. The separation of the peaks is related
to the size of the nanotube as indicated in tight binding calculations of similar
structures®’. An estimation with a 1D particle-in-a-box model reproduces well
our calculated average energy separation between the peaks. The nature of the
resonant states in finite nanotubes were reported in Ref. 23. For instance, in
Fig. 4 we plot the local density of transmitted states at one of the resonance

peaks which reproduces closely one of the states reported there.

FIG. 4. Tsosurface of the local density of states at the resonance energy,

E = Er +0.027 eV, for the NC configuration.

In the SC, Fig. 3(c), the behaviour is qualitatively similar to the NC. Never-
theless, the transmission shows more resonant features in this case. The spatial
distribution of the states in the nanotube is analogous to the NC. In fact, the nan-
otube states do not have a prefect transmission and similar half-width in contrast
to the previous case. The half-width is larger than previous estimates using non-
self consistent simplified models*. The peak distribution is more irregular and

the resistance at the Fermi level is larger. As mentioned above, the electrons have
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a low momentum in the tunneling direction. This makes the nanotube-surface
scattering more sensitive to the precise details of carbon-gold interface struc-
ture such as disorder, roughness, defects and dependent on the contact length.
This observation readily connects with the observation of reduction of contact
resistance by electron irradiation?®. In particular, the microscopic details of the
relationship between the creation of defects or disorder and resistance still remain
unclear. Whether a large disorder is required or the creation of defects in the
nanotube and/or electrodes strengthens the bonding and thus reduces the tun-
neling barriers are still open questions. These issues are beyond the illustrative
scope of this paper, and we are currently investigating them.

Finally, it has come to our knowledge that Bernholc and coworkers®™ have
recently analyzed the conductance of infinite carbon nanotubes in contact with
aluminum electrodes. They considered side contacts of different nature. How-
ever, Bernhole et al. investigate the effect of the metallic electrodes on the in-
tratube conductance, while in this study we consider the metal-nanotube-metal
conductance. In this sense, their study and conclusions are consistent with and

complementary to ours.

IV. CONCLUSIONS

We have presented our method for the calculation of nonequilibrium electron
transport properties in nanostructures based on Density Functional Theory. The
method treats the atomic and electronic degrees of freedom on the same level of
accuracy and detail as an analogous equilibrium total energy calculation. It yields
information of quantities such as current intensity distributions as well as voltage

drops across the system both in the linear and nonlinear transport regimes. In
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particular, we have applied our formalism to the analysis of the contacts between
metallic carbon nanotubes and gold electrodes. We have considered different
geometries which give an overview of different transport modes involved in this

system.
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Abstract

The lithium absorption energy of carbon nanotubes and the nature of local Li-C and C-C
chemical bondings have been investigated using first-principles molecular orbital methods.
The Li absorption energy was found to be larger outside the nanotube than inside the
nanotube when the nanotube diameter is small. However, the Li outside-absorption energy
decreases with the nanotube diameter, whereas the Li inside-absorption energy increases.
When the nanotube diameter increases beyond approximately 0.824 nm, the Li
outside-absorption energy tends to reach a value similar to the Li inside-absorption energy.
The absorption of Li both inside and outside carbon nanotubes remains energetically
favorable. In addition, the present study reveals the distinctive chemical interactions
between Li and C atoms and between C atoms due to the curvature of carbon sheet in Li
absorbed carbon nanotubes, which is obviously different from that of Li absorption into
graphite.
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1. INTRODUCTION

Various carbonaceous materials, which can be reversibly intercalated with lithium, have
been used as the anode for secondary lithium-ion batteries. Graphite is one of these
materials because graphite can be intercalated up to one lithium per six carbon atoms to
form the so-called first stage graphite intercalation compound (GIC), LiCs[1]. However,
the theoretical specific capacity of LiCs (372 mAh/g) is unsatisfactory to meet the demand
for increasingly high-capacity anode materials. For example, cellular phones currently on
the market use secondary batteries that have a capacity of approximately 600 mAh/g as a
power source. Recently, the ability of single-walled carbon nanotubes (SWNT) to be
reversibly intercalated with lithium up to Li; 7Cs (632 mAh/g) has been reported [2].
Moreover, this reversible saturation of Li composition increases to Liz 7Cs (1004 mAN/g) by
applying a suitable ball-milling treatment to purified SWNTs [3]. The absorption property
of carbon nanotubes is thus of great interest due to their potential energy storage
applications.

The mechanism for lithium absorption in carbonaceous materials is known to depend on
the carbon type [4]. The absorption sites of lithium are found to be very different among
various kinds of carbon. These are schematically illustrated in Fig. 1 and are summarized
briefly as follows: the second nearest-neighbor Li sites between every pair of carbon sheets
in LiCe or graphitic carbon (site A) [4]; the nearest-neighbor Li sites to form covalent Li,
molecules in disordered carbon (site B) [5]; the Li sites absorbed on both sides of carbon

layers to form lithium metallic clusters in materials that are formed predominantly of single

L _Li(site D)
Li (site A) Li (sne\B)
Li (site E)
Li (site C) o

carbon layer
Fig 1. Schematic diagram of possible Li absorption sites in

carbonaceous materials as proposed in Ref. 4-7 [4-7].
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carbon layers and micropores (site C) [4, 6]; the Li sites in the vicinity of the H atoms in the
hydrogen-containing carbon (site D) [4]; and the Li sites in the vicinity of the O atoms in
the oxygen-containing carbon (site E) [7]. In general, the extra Li absorption sites need to
be clarified in order to account for the excess Li storage capacity beyond LiCsq.

At present, the mechanism for high Li storage capacity in SWNTs is not clear. This
mechanism may arise from a combination of several of the absorption sites described above.
The intercalation of lithium into the inner cores of carbon nanotubes has been proposed [2].
However, this hypothesis is difficult to prove directly from experiments. In the present
paper, we investigate primarily the possibility of lithium absorption in both sides of the
single carbon sheet in SWNTs in terms of the Li absorption energy. The effect of diameter
on the Li absorption energy has been investigated by calculating SWNT (3, 3)-(6, 6)
armchair nanotubes having diameters ranging from 0.426 nm to 0.824 nm. Moreover, the
characteristics of local chemical bondings between lithium and carbon and between carbon
atoms have been investigated in the lithium absorbed carbon nanotubes and graphite. The
fundamental difference between the lithium absorption into carbon nanotubes and that into
graphite has been discussed by comparing these bonding characteristics with that of lithium

intercalated graphite [8, 9].

2. CLUSTER MODELS

A series of cluster models for finite length carbon nanotubes terminated by hydrogen atoms,
as shown in Fig. 2, are constructed in order to investigate the electronic structures of pure
(3, 3), (4, 4), (5, 5) and (6, 6) SWNT and Li-absorbed nanotubes. The pure nanotube cluster
models are shown in Figs. 2 (a)-(d) and (0). In the Li-absorption models, limited numbers
of lithium atoms are placed outside, inside and on both sides of the nanotubes in various
assumed configurations. For example, in the case of the Li absorbed (6, 6) nanotube
clusters, as shown in Figs. 2 (h), (1), (m), (n) and (p), six or twelve Li atoms are placed
outside, inside or on both sides of the nanotube. In addition, these Li atoms are assumed to
be located above or below the centers of six-membered carbon rings, and to form a circuit

around the middle of the nanotube clusters. Such Li arrangements are presumed based on
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Fig 2. (a) CesHiz, (b) CssHis, (¢) CiioHzo and (d) CizHas cluster models used for
calculations of pure (3, 3), (4,4), (5, 5) and (6, 6) SWNTs; (e) LisCesH 2, (f) LisCasHis, (g)
LisCy1oHa0 and (h) LigCy3:Hz4 cluster models used for Li outside-absorption; (i) LiCssHiz, (j)
Li.CssHie, (k) LisCyioHzoand (1) LisCisHas cluster models used for Li inside-absorption;
(m) LigCi32Hz4, (n) Lij;Ci32Ho4 cluster models used for Li inside/outside-absorption in the
(6, 6) nanotube. Figures 2 (a)-(n) are top views from the mouth of the nanotube. Figures 2
(0) and (p) are side views for the pure and Li outside-absorbed (6, 6) nanotubes. Three
kinds of carbon atoms, denoted by C1, C2 and C3, are shown in these figures.
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the lithium occupancy sites in the first stage GIC, LiCs[1]. As in the case of the Li
absorbed (6, 6) nanotube cluster, three, four or five Li atoms are placed outside the (3, 3),
(4, 4) and (5, 5) nanotubes, respectively, as shown in Figs. 2 (e)-(g). In addition, one, four
or five Li atoms are inserted inside these nanotubes, as shown in Figs. 2 (i)-(k). The
diameter, D, of these nanotubes varies from 0.426 nm to 0.824 nm, and the length of each
model nanotube is approximately 1.23 nm. The effect of hydrogen termination in the
nanotube mouth is negligible because the optimized nanotube diameter is almost constant at
the center. The assumption of hydrogen termination does not affect the later discussion
based on the comparison of Li absorption energy inside and outside of nanotubes. In
addition, only the local electronic structure of the central atoms in nanotubes is analyzed in
present study.

The geometries of the carbon skeletons as well as the positions of absorbed Li atoms
are relaxed under Dy, (n=3, 4, 5 and 6) symmetry, and their binding energies are obtained
by employing the DMol optimization calculation based on the density functional theory
(DFT) [10]. The local electronic structure and chemical bonding of these relaxed clusters
have been investigated using the DV-X, molecular orbital method [11]. We selected the
DV-X, method because this method provides faster calculation of bond order. The
numerical atomic orbitals of 1s-2p for C and Li and s for H are used as the basis functions
for these calculations. The bond orders between atoms and the ionicities of constituent

elements are calculated following the Mulliken population analyses.

3. CALCULATED RESULTS

3.1 Li absorption energy

The diameter dependence of the binding energy of the carbon nanotube is shown in Fig. 3
(a). The binding energy is set to zero at the pure (3, 3) SWNT, which provides a reference
in this figure. The binding energies of both the pure and the Li absorbed nanotubes
increases with diameter. The present results for the pure nanotubes agree well with those
calculated using the continuum elastic model [12]. According to the continuum elastic

model, the binding energy of the pure nanotube is proportional to the square of the
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Fig 3. Dependence of (a) binding energies of carbon nanotubes (before and
after Li absorption) and (b) Li absorption energy on nanotube diameter. For
convenience, the binding energy of the (3, 3) SWNT is set to zero in (a).

nanotube diameter. The present results show that the binding energy of the Li
outside-absorbed nanotube increases with diameter in a manner similar to that of the pure
nanotube. On the other hand, the binding energy in the Li inside-absorption case increases
very abruptly with the diameter. In all of the present calculations, except for the (6, 6)
SWNT, the binding energy of the nanotube is larger in the Li outside-absorption case than
in the Li inside-absorption case. As the diameter increases, the binding energy converges to

the value of graphite in the case of pure nanotubes and converges to the value of LiCs in the
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case of Li absorbed nanotubes.

The Li absorption energy is defined as the change in total energy due to the Li
absorption, which is a measure of the tendency for Li absorption to occur in the carbon
nanotube, and is obtained as follows:

Eabsorption = Etotal( Lin@CxHy)- nEotai(Li)- Eorat( CxHy)

= [Ewoal(Lia@CxHy)- nEsoai(Li)- XEtoai(C)- yEioai(H)]-
[Eroal( CxHy)-XErotal( C)- YErotai(H)]
= Ebinding(Lin@CxHy)- Ebinding(CxHy)

Here, Eoail(CiHy), Etotal(Lin@CyHy), Etotai(L1), Eoial(C) and Erowai(H) are the total energies
of the pure nanotubes, the Li absorbed nanotubes and each of the three isolated atom shown,
as shown in parentheses, respectively. Epinding(CxHy) and Epining(Lin@CxHy) are the binding
energies of the pure and the Li absorbed nanotubes, respectively. The Li absorption energy
is then calculated from the difference in binding energies between the pure and the Li
absorbed nanotubes.

As shown in Fig. 3 (b), the Li outside-absorption energy decreases with nanotube
diameter, whereas the Li inside-absorption energy increases. The Li outside-absorption
energy is larger than the Li inside-absorption energy so long as the nanotube diameter is
less than approximately 0.8 nm. However, the difference between these absorption energies
decreases as the nanotube diameter increases. Both of the Li absorption energies tend
toward a similar value for the (6, 6) SWNT having a diameter of 0.824 nm. As shown in
Table 1, the Li outside-absorption energy in the (6, 6) nanotube is 0.87 eV, only 0.04 eV
larger than the Li inside-absorption energy. Carbon nanotubes having diameters of
approximately 0.8 nm (or larger) are abundantly found in experimentally synthesized
nanotubes. The energetic tendencies of the Li outside-absorption and the Li
inside-absorption were assumed to be very similar for the larger nanotubes. In addition, Li
absorption may not occur inside the (4, 4) SWNT having a diameter of 0.556 nm due to the
negative binding energy.

In the case of the inside/outside-absorption I model for the (6, 6) nanotube shown in Fig.
2 (m), three Li atoms are placed separately on both sides of the nanotube. The total number
of Li atoms is six, the same as that in the outside-absorption model shown in Fig. 2 (h) and
in the inside-absorption model shown in Fig. 2 (1). The absorption energy of the
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Table 1. Li absorption energy for various Li absorption
models in the (6, 6) nanotube.

Li absorption energy
(eV/Li atom)
Li inside-absorption 0.83
Li outside-absorption 0.87
(6,6) Li inside/outside-absorption 1 1.04
Li inside/outside-absorption 11~ 0.69

Li absorption model

inside/outside-absorption I model shown in Fig. 2 (m) is 1.04 eV, as shown in Table 1,
indicating that the Li atom will more preferably locate at either side, rather than exclusively
on the inside or outside if the number of absorbed Li atoms does not change. On the other
hand, in case of the inside/outside-absorption 1I model for the (6, 6) nanotube shown in Fig.
2 (n), six Li atoms are located separately on both the sides of the nanotube. The absorption
energy is 0.69 eV, which is approximately 0.14 eV less than the Li inside-absorption energy.
Thus, when a large number of Li atoms occupy both sides of the nanotube, the absorption
energy per Li atom decreases. This may occur due to the repulsive coulomb interaction
between Li atoms at high concentration. This result is in agreement with the results of the
experiment in which the Li electrochemical potential decreases during Li intercalation into
SWNT [2].

3.2 Li-C chemical bonding

The changes in the effective charges of Li and C atoms and the Li-C bond lengths with
respect to nanotube diameter are shown in Figs. 4 (a) and (b), respectively. These results are
obtained for the Li outside-absorption case. The Li-C bonds have two lengths, which are
denoted as long Li-C1 and short Li-C2 in the insert of Fig. 4, due to the curvature of the
carbon sheet in the nanotubes. The calculated bond orders between Li and C atoms are
nearly zero, which indicates that little covalent interaction occurs between these atoms.
Most of the 2s electrons of the lithium atom move to the carbon atom, thus the ionic
chemical interaction operates primarily between Li and C atoms. The nearer C2 atoms were
observed to have fairly large negative charges, whereas the farther C1 atoms have small

negative charges, which indicates that the ionic interaction is much stronger between Li and



Lithium Absorption in Carbon Nanotubes 323

0.85} Li E)utside-:absorptibn (a) 1

080+ . J
Li 8- Li (outside)

L --C1 |
0.75% 402 <

0.00 ¢t .

C1 0\._.__——0\‘
-0.05} 1

-0.10+ i

0.15| C2 a——4 +—4% | topview |

Effective charge

_020 1 Fl 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9

Nanotube diameter (nm)

0.260 T T . . . '
0.255 | Li outside-absorption : (b)] side ylew

- Li-C1 Li
0.250

0.245

0.240

..
- .,
. .
0 .

¥ B
c1 C2 C2 ¢y
1 U _J

0.230 | monolayered LiCg ]

0.225
0.220} Li-C2 ]

Bond length (nm)

0.215

04 0.l5 O.‘6 0.‘7 0.I8 0.9
Nanotube diameter (nm)

Fig 4. Changes in (a) effective charges of Li and C atoms and (b) Li-C bond lengths

with respect to nanotube diameter. The insert illustrates the positions of Li, C1 and C2

atoms, which are also given in Fig 2.

C2 atoms than between Li and C1 atoms. On the other hand, all of the Li-C bond lengths in
Li intercalated graphite, LiCs, are identical due to the flat carbon sheet in graphite. Thus all
of the carbon atoms should have identical negative charges and identical ionic interactions
with lithium in the LiCs.
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As shown in Fig. 4 (b), the Li-C2 bonds in nanotubes maintain a length similar to that
of the Li-C bond in the flat monolayered LiCs. Here, the flat monolayered LiCgis a
hypothetical model having one flat carbon sheet above (or below) which Li atoms are
arranged following the structure of LiCq [1]. The Li-C1 bond is longer than the Li-C2 bond,
but its length decreases with the nanotube diameter and may converge to the Li-C bond
length in the flat monolayered LiCs. Moreover, as shown in Fig. 4 (a), the effective charge
of Li increases slightly with the nanotube diameter. Therefore, the Li-C ionic interaction

probably becomes stronger when Li is absorbed into larger nanotubes.

3.3 C-C chemical bonding

The change in the bond order and the bond length between carbon atoms with respect to the
nanotube diameter are shown in Figs. 5 (a) and (b), respectively. The results denoted by
open symbols are those for pure nanotubes and the results denoted by solid symbols are
those for the Li outside-absorbed nanotubes. Both the C1-C2 and C2-C2 bond lengths are
elongated, and hence their bond strengths are weakened due to the Li outside-absorption
into the nanotubes. However, the C1-C1 bond length is shortened, and the bond strength is
enhanced by the Li absorption. In addition, the bond orders between carbon atoms increase
with the nanotube diameter.

For comparison, we investigated the Li absorption into the hypothetical monolayered
graphite. The results of this investigation show that the bond order of the nearest neighbor
C1-C2 bond in graphite decreases from 1.00 to 0.59 due to the Li absorption. In addition,
the bond order of the second nearest neighbor C1-C1 bond (or the C2-C3 bond) decreases
from 0.86 to 0.54 after the Li absorption. That is to say, all of the C-C bonds in graphite are
elongated and weakened due to the Li absorption, which is in contrast with the result for

single-walled nanotubes.

3.4 Charge density

The contour maps of charge density in the central section are shown in Figs. 6 (a)-(e) for
pure and Li-absorbed (6, 6) carbon nanotubes. The charge densities between C atoms are
fairly large, but the charge densities between Li and C1 atoms are rather small. This
indicates again that the C-C bonding has a covalent nature, whereas the Li-C bonding has
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an ionic nature. Moreover, the charge densities between Li and C1 atoms are larger in the
Li inside-absorption case than in the Li outside-absorption case. A similar result is obtained
for the Li inside/outside-absorption 11 model. This may occur since the Li-C1 bond length
is shorter in the Li inside-absorption case than in the Li outside-absorption case due to the
curvature of the carbon sheet in the nanotube. This infers that the Li-C1 ionic interaction is
stronger outside the nanotubes than inside the nanotubes. In the Li
inside/outside-absorption I model, the charge density between Li and C1 atoms is less
inside the nanotube than outside the nanotube. This may be related to the less repulsive

coulomb interaction due to the low Li concentration inside the nanotube in this model.
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, pure (6,6) SWNT

(b) (c)

_ Liinsidelowside-absorption | | Liinsidcfoutside-absorption I
Fig 6. Charge densities in the central section of (a) the pure (6, 6) nanotube and the
Li absorbed (6, 6) nanotubes for (b) the Li inside-absorption model; (c) the Li
outside-absorption model; (d) the Li inside/outside-absorption I model; and () the
Li inside/outside-absorption II model. The charge densities increase gradually in
steps of 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, 1.28 e/(an)’.
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4. DISCUSSION

Based on chemical bonding analyses, both the Li-C ionic interaction and the C-C covalent
interaction become stronger with increasing nanotube diameter. This is helpful in
understanding why the binding energies of the pure and the Li absorbed nanotubes increase
with nanotube diameter. However, the result that the Li outside-absorption energy is large
in the small nanotube, despite the Li-C ionic interaction being weak, is unexpected. Thus,
the change in the C-C covalent interaction due to Li absorption should be considered. In
fact, as described earlier, the positive contribution from the strengthening C1-C1 bonds is
fairly large in small nanotubes, which may result in the large Li absorption energy. Such a
contribution to the Li outside-absorption energy decreases with the nanotube diameter. In
graphite, since no strengthening C-C bonds exist, the Li absorption energy of graphite is
expected to be lower than that of carbon nanotube. On the other hand, in small nanotubes,
the Li inside-absorption appears to be more difficult than the Li outside-absorption, and
even becomes energetically unfavorable in nanotubes smaller than the (4, 4) nanotube
having a diameter of 0.556 nm. Since the lithium absorption is a kinetic process, the lithium
diffusion path should also be considered in order to fully understand the Li absorption
process, although this is not the aim of the present study.

The changes in the Li-C and C-C chemical bondings due to the Li absorption into
graphite and carbon nanotubes are illustrated schematically in Fig. 7. In these figures, the
strengthening bonds and the weakening bonds due to the Li absorption are illustrated using
solid lines and dotted lines, respectively. Figure 7 (a) shows that the same Li-C ionic
interactions occur during the Li absorption into graphite because of non-difference in the
bond length between Li-C1 and Li-C2. In addition, the Li absorption into graphite weakens
all bonds between carbon atoms. However, this is not the case in the carbon nanotube. For
example, when lithium is absorbed outside the armchair carbon nanotube (Fig. 7(b)), the
C1-C1 bonds which bridge the two neighboring six-membered carbon rings onto which Li
is absorbed, become stronger due to the shortened bond length. The strength of the C1-C2
and C2-C3 bonds, however, becomes weaker due to the bond elongation, as is the case for
graphite. The distribution and the number of these strengthening C-C bonds vary with the
carbon nanotube structure (e.g., {n, n) armchair type, (n, m) zigzag type, etc.) and Li
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(a) Graphite

Armchair SWNT

mmmm  strong C-C covalent bonding
Zigzag SWNT suawn weak C-C covalent bonding
(d) outside-absorption | = strong Li-C ionic bonding (e) inside-absorption
weak Li-C ionic bonding

Fig 7. Schematic illustration of showing changes in the Li-C and C-C chemical bondings
due to (a) Li absorption into graphite; (b) Li outside-absorption into the armchair
nanotube; (c) Li inside-absorption into the armchair nanotube; (d) Li outside-absorption

into the zigzag nanotube; and (e) Li inside-absorption into the zigzag nanotube.
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absorption sites (outside or inside). Several possible patterns of the Li-C and C-C chemical
bondings in Li absorbed carbon nanotubes are proposed based on the calculation results.
These are illustrated in Figs. 7 (b)-(e).

5. CONCLUSION

The dependencies of the Li absorption energy on both the diameter of the carbon nanotube
and the Li absorption site (outside or inside nanotubes) was investigated by combining
first-principles DMol and DV-X gechniques. The Li outside-absorption energy was found
to decrease with the nanotube diameter, whereas the Li inside-absorption energy was found
to increase with the nanotube diameter. The Li outside-absorption is energetically more
favorable than the Li inside-absorption in small carbon nanotubes. However, the Li
outside-absorption tends to have a Li absorption energy similar to that of the Li
inside-absorption when the nanotube diameter increases beyond approximately 0.824 nm.
The Li absorption both inside and outside of nanotubes were proven to remain energetically
favorable, although the absorption tendency is weak compared to that of single-side Li
absorption.

The unique adjustment of both weakening and strengthening C-C bonds is characteristic
of the Li absorption into carbon nanotubes. The arrangement of the strengthening C-C
bonds depends on the structure of nanotubes and the Li absorption sites. The strengthening
effect of the C-C bond adjustment contributes to the high Li absorption energy in nanotubes
and is more prominent in small nanotubes. Graphite, however, in that every C-C bond is
weakened evenly by the Li absorption into graphite, as observed in LiCs. A fundamental
understanding of the Li absorption into carbon nanotubes is beneficial in the search for
more advanced carbon materials which can be used as anodes for secondary Li-ion

batteries.
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Abstract

Following a brief review of the Auger process including effects of molecular and
solid environment on Auger spectra, the Auger decay from excited (multihole)
states is discussed. Illustrating applications and possibilities for interpreting Auger
spectra by the help of cluster models, case studies are presented involving
determination of charge transfer in binary alloys, sampling unoccupied density of
electronic states from Auger satellite analysis and from resonant Auger spectra,
and describing multiplet structure of deep core transitions.
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1. INTRODUCTION

In a solid environment, the creation of a vacancy in the atomic core induces a
response of the system resulting in changes in the core potential, in the valence
charge and in the distribution outside of the atom with the core hole [1]. The
decay of the core hole can proceed either via an emission of an X-ray photon or
through an emission of an Auger electron. In the case of photoionization, the
initial state of the process includes the exciting photon and the neutral atom inside
the solid, while the final state includes the photoelectron emitted upon
photoionization, the doubly ionized atom with two vacancies in its outer shell and
the Auger electron emitted during the decay of the core hole. The final state holes
in solids can appear in the valence and conduction bands as well and they can be
delocalized or localized around the initial core hole. By the two electron nature of
the Auger process, Auger spectra carry information on electron correlation and on

ADVANCES IN QUANTUM CHEMISTRY, VOLUME 42
© 2003 Elsevier Science (USA). All rights reserved
0065-3276/03 $35.00



332 Laszlo Kovér

the electronic structure surrounding the atom (with the nitial core hole) of a given
element — in a particular position or chemical state — in a solid material. This local
electronic structure is determining for the mechanical, electronic, magnetic,
optical and chemical character of the given material. Information on the local
electronic structure is crucial in designing materials with novel properties. In the
innovation of new materials, the Localized Quantum Structure, i.e. the electronic
states and chemical bonding at special locations in solids (e.g. grain boundary,
impurity, atom vacancy) has been proved to be a key concept [2], leading to a
rapid progress in materials science and nanotechnology.

X-ray induced Auger and core photoelectron spectra, emitted from surface and
interface layers of solids, provide rich and unique details on the local electronic
structure. Recent developments of electron spectroscopy and theoretical models
describing materials have led to a leap in understanding the effects of atomic
environment on processes and structures reflected in the electron spectra [3,4].

Studies of deep core transitions offer a number of advantages:

o The core potential model is assumed to be valid in the deep core region, i.e.
due to changes in the valence charge similar shifts of the electron binding
energies are expected, the validity of the core potential model is important
in estimating charge transfer from environmentally induced shifts in Auger
parameters (in differences of the kinetic energies of core Auger lines and
of the respective photoelectron lines) in the case of binary alloys [4].

o Various effects due to the solid environment are amplified (e.g. resulting
in larger energy separations between structures — environmentally shifted
Auger peaks and satellites — in the spectra).

o [Easier interpretation of the less complex spectra at near threshold
excitation (e.g. the intensity of the satellites appearing as a consequence of
initial state — shake — excitations becomes small or vanish).

2. THE AUGER PROCESS: FROM ATOMIC VIEW TO EFFECTS OF
MOLECULAR AND SOLID ENVIRONMENT

Types of Auger process

Fig. 1 shows the main types of the Auger transitions, including Auger decay of
excited states. It should be added, that final state angular momentum coupling has
an important role in the Auger process, e.g. validity of the coupling models
(indicating the dominance of either the electrostatic or the relativistic interaction)
can determine the number of the peaks in the KLL Auger spectra [5].
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Auger transitions
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Fig. 1 The main types of the Auger decay of the initial core hole including core and
core-valence transitions (upper and middle part) as well as excitations
(lower part) during the Auger process.
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Auger transition energy and probability

The transition energy £, of the atomic core Auger process involving the levels J
(with the initial vacancy) j and k& (with the final state vacancies) can be
approximated by:

Eijr = ErErEy - Up )

where E;, E; and E are the electron binding energies of the respective electrons in
the atom (ground state) and Uy denotes the Coulomb repulsion or correlation
energy between the final state holes. For a more correct approximation, further
terms accounting for intra-atomic and extra-atomic relaxation effects, should be
added to the right side of eq. (1).

For valence shells, the binding energy shifts induced by the atomic environment,
can differ noticeable from that observable for core levels. Theoretical values for
E; i can be obtained from the difference in total energies of the initial and final
states calculated using ab initio methods. The convergence of the total energy
calculations in the case of clusters, however, often difficult to be achieved [6].
Applying the so called Slater’s transition method [7] (Fig. 2) for Auger decay {8],
correlation effects can also be accounted for and in many cases a good
approximation is provided. Estimating Auger transition energies accurately,
multiplet structures should also be considered [5,9].

The probability of the ijk Auger transition in the simplest, frozen core independent
particle approximation with the Wentzel Ansatz approach is expressed as [6]:

11']7( :’< lyf(lé')'ez /rIZ[lPi(.jk)>|2 (2)

where ¢ is the energy of the ejected Auger electron, e%/ry; is the Coulomb
interaction between the two electrons involved in the transition, Wi(jk) and W(ic)
are the wave functions of the initial and final states, respectively. This simple
picture reflects the highly local character of the Auger process. Different
hybridizations between the initial state with the core hole and the Auger final state
can result in a satellite structure of the Auger spectra which is dependent on the
atomic environment.

Core Auger parameters

From the differences in the measured Auger kinetic energies and the related
binding energies between two atomic environments surrounding the atom with the
initial state core hole, the Auger parameter shifts can be obtained using the
definition [10]:
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AS()) = AEy () — AE, (i) + 2AE, () 3

where AEy(ijj) is the environmentally induced shift in the kinetic energy of an
Auger transition involving the i and j core levels and AFE} is the difference in the
binding energy of a core level between two atomic environments. If AE; is similar
for all core levels (1) corresponds to the conventional definition of the modified
Auger parameter shift Aa’ = AEijk)+AEy(core) [11]. In this case
Aé A’ =2AR* is the environmentally induced change in the final state extra-
atomic relaxation energy, R*. Therefore & is called “final state Auger parameter”.
A different definition for Auger parameter is:

AB(j)= AE, (ifj) + AE (i) + 2AE, ()~ 24V “4)

where AV is the change in the core potential as a consequence of changes in the
valence charge. f is called “initial state Auger parameter” reflecting changes in
the core potential. For interpreting A& using a model based on atomic structure
parameters [10]:

AE = Alg(dk / dN) + (k - 2dk / dN Xdq ! dN)+ (dU / aN )] (5)

where ¢ is the valence charge, & is the change in the potential in the core when a
valence electron is removed, N is the occupancy of the core orbitals and U is the
contribution from the atomic environment. Assume k and g depend linearly on M.
For two conductors, the efficient screening yields A(@U/dN) = 0 and the on-site
core hole screening (dg/dN) = 1, therefore A(dg/dN) = 0, leading to

Aé = Aq(dk/dN) (6)

for the case when the valence electrons belong to a single band. The parameter
dk/dN can be obtained from the results of atomic structure calculations for free
atoms [12]. From (6) the charge Aq transferred between two components of a
binary alloy, can be derived. Charge transfer among constituent atoms of crystals
is very important from the point of view of mechanical and chemical stability and
of alloying and surface catalytic processes. This Auger parameter analysis is
expected to improve when deep core levels are involved in the Auger transition.
Using cluster molecular orbital models, local charges and the ground state local
density of electron states (LDOS) can be independently estimated. The transferred
charges derived from the Auger parameter analysis can be compared to the charge
distribution obtained using cluster MO calculations.
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For non-local screening of the core hole the electronic polarizability of the atomic
environment determines the relaxation mechanism and the charge transfer process
involves spatially extended orbitals. In this case the extra atomic polarization
energies and the Auger parameter shifis can be estimated using the electrostatic
model of Moretti [13] i.e. interpreting the final state polarization in terms of the
electric field generated by the core hole as well as by the induced dipoles.

Assuming same ligands with the same distance R from the core ionised atom and
high symmetry, this model gives [14]:

Aa’ =144 na /(R* + RDa) )

where « is the electronic polarizability of the ligand, » is the number of the first
neighbours and D is a geometric factor. The generalized electrostatic model [15]
uses the matrix representation, leading to:

[F.]11D,]=17 | ®)

where the [Fy;] matrix represents the total electrostatic field £, on ligands i and

[F] the electrostatic field due to the core hole and [D;] contains the geometrical
parameters and ligand polarizabilities. Solving the corresponding system of linear
equations, the total relaxation energy or the final state Auger parameter shift can
be derived.

Auger parameter shifts are often utilized in studies of electronic parameters of
metal particles deposited on oxides. A recent work introduces a new concept, the
“chemical state vector” for systematizing the variation of the Auger parameters
determined at metal-oxide interfaces and for describing the changes in the
electronic parameters of these systems [16].

Effects of atomic environment on Auger transition probabilities and Auger
lineshapes

Core-valence relative Auger intensities can be strongly influenced by a preceding
Coster-Kronig transition, the probability of which is strongly dependent on the
localization of the valence electron involved [17].

Using atomic Auger transition matrix elements and the model proposed by
Ramaker [3] on the basis of the Final State Rule, neglecting configuration mixing,
localization and shake, the lineshapes of core-valence Auger spectra of solids can
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be described in terms of the local density of electron states (LDOS). When the
main components of the valence band are s and p orbitals, the experimental
lineshape A(F) for the core-core-valence (CCV) and for the core-valence-valence
(CVV) Auger processes can be approached as [3]:

A NEXC,p(E)+C,p,(E) ©)
and

where ® denotes convolution integral, p; (07) is the LDOS (screened LDOS) of
the final state without (with) the core hole, C;,Cj; denote atomic Auger transition
matrix elements normalized per filled shell, and the R; factors provide the ratio of
local charges in the screened initial state to that in the unscreened final state of the
CVYV process.

In the case of on site final state hole-hole interaction and completely filled bands,
correlation effects on CVV Auger lineshapes can be described by the Cini-
Sawatzky theory [18]:

(E) ~ p&p'(E) an
T - Avn(E)) +[aUme® o' (E)]]

where I(E)=f(p@p(E)/(E-e))de; and AU is the effective hole-hole correlation
parameter.

For calculating the respective LDOS distributions for Al (O symmetry, a cluster
of 19 atoms) and Al-Ni alloys (14 atom cluster, cubic O symmetry for AINi3; 16
atom cluster, orthorombic DOy structure for AlL3Ni) using the DV-Xa cluster
molecular orbital model, a good agreement with the experiment was obtained [19,
20].

3. AUGER TRANSITIONS WITH EXCITATIONS IN SOLIDS

Due to the creation of the core hole “intrinsic” excitations (Fig. 1) can take place,
as:

e “shake up”, where the initial state is a core hole plus an outer shell
electron excited into an unoccupied state with the same angular
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momentum, then the excited electron either participates (“participator”) or
doesn’t (“spectator”) in the Auger process

¢ “shake off”, where the initial state is a core hole plus an outer shell hole
plus an electron ejected from the atom

o plasmon(s) can also be excited in certain solids, in this case the initial state
is a core hole plus excited plasmon(s)

It should be noted, that in all of the cases listed above, these excitations result in
the appearance of satellite lines in the Auger spectra, separated from the main
(diagram) Auger lines at their low kinetic energy side. Only in the case of the
“participator” type transitions, where the excited electron with excess energy is
involved, however, the satellite appear at the higher kinetic energy side. An
analogue is the “plasmon gain” satellite, where the energy of the excited plasmon
is transferred to the emitted Auger electron, proving the intrinsic nature of the
process. For estimating the magnitude of the excitations upon creation of the core
hole atomic calculations were performed, showing a change in the share of
excitations within the subshell photoionization cross section between 10-20 %
[21]. The Manne-Aberg sum rule ensures that in the case of having a high
intensity satellite the remaining ones all should have low intensities [22].

Similar (“final state”) excitations can occur as a resuit of the appearance of the
second hole in the final state.

In addition, further satellites can be induced in the Auger spectra as a result of
“extrinsic” inelastic energy loss processes (plasmon(s) excitations, interband
transitions, atomic excitations, ionization) induced by the Auger electron on its
way escaping from the surface of the solid.

4. CASE STUDIES

Charge transfer in Cu-noble metal alloys

Table 1 demonstrates the accuracy achieved determining charge transfer in Cu Pd
alloy from deep core Auger parameter shifts [23]. The very small charge transfer

from the Pd to the Cu site is confirmed by the DV-Xa cluster MO calculations
using a cluster of 15 atoms, O, symmetry and a near minimal basis set.
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Table 1.
CuPd Auger parameter shifts (eV) and transferred charges Ag [23]

Aq(Cu) Ag(Pd)
AE(Cu) 0.03 -0.01
AB(Cu) -1.30 -0.05 (0.08*; -0.23")
AB(Pd) 0.70 0.05
DV-Xa cluster
MO theory (g.s.) -0.03" 0.03"
dk®/dN=-3.30* est. err. <] 0.10| eV kP (average)=11*

* R.J. Cole and P. Weightman, in Metallic Alloys: Experimental and Theoretical
Perspectives, eds. J.S. Faulkner and R.G. Jordan (Kluwer, 1994)

* R.J. Cole, N.J. Brooks, P. Weightman, S.M. Francis and M. Bowker, Surf. Rev.
Lett. 3, 1763 (1996).

" 1. Cserny, private communication

Screening of the core hole in 3d metals Cu and Ni

Figs 3 and 4 show the X-ray excited high resolution KLL Auger spectra obtained
from thin (~10 nm thickness) metallic layers of Cu and Ni [24] as measured (a)
and following corrections for contribution from electrons scattered inelastically in
the sample (b).

Near the main diagram ('D;) line in the spectra an intense satellite (satellite 2) can
be observed in the spectra, its localized intrinsic excitation origin has been
indicated earlier [25]. In Table 2 the experimental shake up satellite — main line
energy separations are compared to those obtained from atomic and Discrete
Variational Xa cluster molecular orbital calculations (using fcc lattice and clusters
of 13(43) atoms with lattice constants of 0.361 nm (Cu) and 0.352 nm (Ni), and
near minimal basis sets) [26]. As it can be seen from the data, the difference in the
energy separations for Cu and Ni can be attributed to different screening of the
core hole in the two metals and it is correctly interpreted by the MO calculations
using large clusters.

The estimations based on atomic models and the sudden approximation fail to
explain the high intensity of the satellites [5], confirming the presence of strong
solid state effects.
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Fig. 3 Experimental Cu KLL spectrum of a metallic Cu layer of ~10 nm thickness,
excited by X-rays (a) and the decomposition of the spectrum corrected for
inelastic background (b) [24].
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Localization of unoccupied electron states in fluorides

In Fig. 5 the F KLL Auger spectra excited by Cu Lo X-rays from rutile-type
fluorides are shown [27]. The satellite denoted by M was earlier identified as a
result of a resonant transition between the highest occupied molecular orbital in
the ground state and the lowest unoccupied molecular orbital in the K-shell
ionized state [28]. Multiplet structure (DV-ME) calculations for the case of
polycrystalline KF using a K¢F cluster in octahedral symmetry confirm that
multiplet splitting can be excluded as a possible origin of the M satellite [27]. As
it can be seen from Figs 5 and 6, the energy broadening of the satellite is strongly
dependent on the chemical environment of the fluorine atom [27], while the
energy broadenings of the main (diagram) lines are similar. This indicates
considerable changes in the density of the unoccupied electronic states and in their
localization.

Local excitation of collective electron states in Ge

During the Auger process in a solid collective electron states can be excited as
well. In the case of free electron gas materials, the induced plasma oscillations in
the bulk are characterized by the plasmon frequency and satellites appear in the
core Auger spectra at the energy loss corresponding to the bulk plasmon energy.
Surface plasmon satellites can also appear at a somewhat smaller energy loss as a
result of collective excitations which are restricted in their spatial extension to the
uppermost atomic layer. The plasmon loss features in the photoinduced electron
spectra are dependent on the surface nanostructure as well [29].

Fig. 7 shows the high energy resolution Ge KLL spectra excited from amorphous
Ge by Cu bremsstrahlung [30], including a very intense satellite near the main
('Dy) Auger line, at the same energy loss as the bulk plasmon energy (the “excited
atom” model [31] gives a smaller energy separation for an initial state shake up
excitation). Our preliminary results indicate that this plasmon satellite includes a
substantial contribution from intrinsic excitation as a consequence of the
appearance of the core hole(s).

Core polarization in MnO

In the Mn KLL Auger spectra of MnO an intense “extra peak” was observed
earlier with an energy separation of 7.9 eV [32] from the main (*Dz) Auger line,
which “extra peak” is missing in the KLL spectra of the metallic Mn sample.
Earlier studies reported an exchange energy splitting of ~6 eV for the Mn 3s
photoelectron peak in the case of MnO, due to the coupling of the spin of the
pbotoinduced core hole to the spin of the valence orbital [33]. Preliminary
calculations using a multiplet structure cluster model [34] confirm that the “extra
peak” in the Mn KLL Auger spectra of MnO can probably be attributed to a
similar multiplet splitting [35].
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Resonant excitations in KLL Auger spectra of solids

Using synchrotron radiation, it is possible to set the energy of monochromatic
X-rays near to the ionization threshold of a deep core level resonantly exciting an
electron from this shell to unoccupied bound states. This resonant photon
absorption process can be followed by a resonant Auger emission showing the
characteristics of the Auger resonant Raman effect below threshold (a linear
dispersion of the Auger peak position with changing photon energy and only
partial contributions of the lifetime broadenings to the Auger lineshape) [36].
When the core electron is photoexcited to an unoccupied state, the shape of the
Auger peak will be influenced by the density of the unoccupied electron states
[37].

Fig. 8 shows the evolution of the Cu KLL spectra photoexcited from metallic Cu
using photon energies below the ionization threshold.

The energy distribution i(g4) of the KLL main line ('Dy) Auger electrons g4 for
Ao exciting photon energy at near threshold energy is from resonant scattering
theory [36,37]:

pEN,,(ho - ha')de d ho'

Toar—e 5o F -1 /allbw oo, Bop Fr 70 4

where Ny is the photon energy distribution, Fx the K edge position, I the lifetime
width, ¢ the photoelectron energy, p (&) the partial density of the unoccupied
states and C is a constant. For the final state, £, is obtained from the energy
position E4 of the 'D; line at exciting photon energies well above the threshold
since k=Ex-F; oLy The final state width, T1,, is obtained from the corresponding

i(aA,ha)):CTT (12)

single hole lifetime widths.

From (12) it can be seen that the resonant Auger lineshape contains unique
information on the local density of the unoccupied electron states around the
initial core hole. At the same time the evolution of the shape and intensity of the
satellite lines as a function of excitation energy can be very helpful in clarifying
their origin.
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5. SUMMARY

Cluster molecular orbital models have been proved to be very useful for
interpreting chemical and solid state effects in Auger spectra, providing good
estimates on' transferred charge in binary alloys, density of occupied and
unoccupied electron states local to the core hole, multiplet structure and resonance
phenomena. The DV-Xo MO cluster calculations present a promising
performance in treatment of core holes and excitations. Some possibilities for
further relevant improvements and challenging problems concerning the
interpretation of Auger spectra are:

e the use of an accurate description of the exchange correlation potential

[39].

e calculation of Auger transition probabilities for a given atomic
environment

o calculation of shake up/off excitation probabilities for different atomic
surroundings

e estimation of environmentally induced Auger parameter shifts.
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Abstract

Theoretical B K, CK and N K x-ray emission/absorption spectra of three
possible graphitic-structured BC;N clusters are predicted based on the B2p-, C2p-,
and N2p- density-of-states (DOS) calculated by discrete variational (DV)-Xa
molecular orbital calculations. Several prominent differences in DOS spectral
features among BC;Ns, A-BN, and graphite are confirmed from comparison of
calculated B2p-, C2p-, and N2p-DOS spectra. These variations in the spectra
allow BC,N structures to be positively identified by high-resolution x-ray
emission/absorption spectroscopy in the B K, C K, and N X regions.

Keywords

BC;N, soft x-ray spectra, x-ray emission, x-ray absorption, molecular orbital
calculations, electronic structure, density of states

1. INTRODUCTION

In the search for advanced materials with novel physical and chemical
properties, boron/carbon/nitrogen materials are attractive targets. A new and
particularly exciting area for such BCN materials is the synthesis and
characterization of graphitic-structured BC;N [1]. The graphitic network structure
of BC,N should be similar to graphite and hexagonal boron nitride (#-BN), yet
should exhibit very different physical and chemical properties. It is well known
that graphite and 4-BN have contrasting properties; for example, graphite is a
semimetal and excellent host material while A-BN is an insulator and generally

ADVANCES IN QUANTUM CHEMISTRY, VOLUME 42
© 2003 Elsevier Science (USA). All rights reserved
0065-3276/03 $35.00
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does not form intercalation materials. Thus, graphitic-structured BC;N may
exhibit novel semiconducting and intercalation properties that could prove useful
in many applications including light-emitting materials, thermoelectric conversion
materials, lightweight electrical conductors, electrode material for batteries, high-
temperature lubricants, and coating materials.

In the synthesis of graphitic-structured BC,N materials, structural
characterization is important because various structural isomers are possible and
the properties of each exhibit strong structural dependence. For the
characterization of composite materials consisting solely of light elements, high-
resolution soft x-ray emission and absorption spectroscopy using synchrotron
radiation is a powerful tool that reveals detailed information regarding the
electronic and chemical structure [2]. Spectroscopic analysis of these x-ray
spectra can best be achieved using discrete variational (DV) Xa molecular orbital
(MO) calculations [3], which approximately reproduce the x-ray spectral features
from the calculated density-of-states (DOS) spectra [4 - 6]. The present author has
successfully characterized several carbon nitride films as covalent C;N, materials
using soft x-ray spectroscopy and DV-Xa MO calculations, demonstrating the
power of this method in the characterization of light-element composite materials
[71.

Characterizing graphitic-structured BC;N materials using soft x-ray emission
and absorption spectroscopy requires theoretically calculated x-ray spectra in
order to identify the x-ray spectral features of the various structural isomers. Here,
the author reports theoretically predicted x-ray emission and absorption spectra
calculated from the occupied and unoccupied DOS for the possible structural
isomers of BC,N using DV-Xa MO calculations.

2. DV-Xa MO CALCULATIONS
2.1. CONFIRMATION OF DV-Xa MO CALCULATIONS FOR
GRAPHITE AND A-BN CLUSTER MODELS

To confirm the validity of DV-Xa MO calculations for graphitic-structured
BC;N materials, the x-ray emission/absorption spectra of graphite and 4-BN are
compared to the corresponding DOS spectra obtained by DV-Xa MO calculations.
Cluster models of graphite (CosHz4) and A-BN (B4gN4gH,4) used in the DV- Xa
MO calculations are illustrated in Figure 1. These structures were optimized using
molecular mechanics (MM2) [8] with commercially available Chem3D Plus
software. DV-Xa MO calculations for these cluster models were conducted on the
electronic structure of the ground states with a basis set of 1s, 2s, and 2p orbitals
for B, C, and N atoms. Calculations were performed using the SCAT program [3]
as part of commercially available DV-Xa software running on a DOS/V computer.
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Fig. 1. Cluster models of three possible structural isomers of graphitic-structured
BC,N (B24CysNagH,s) with references s-BN (BysNigH,s) and graphite (CoeHaa).
Hydrogen atoms terminating the edge atoms in the cluster models are not shown in
the figure.

X-ray spectral measurements of graphite and ~-BN powders were carried out
using high-brilliance synchrotron radiation at the Advanced Light Source (ALS;
Berkeley, USA). High-resolution x-ray emission spectra in the B K, C K, and N X
regions were obtained using a grating x-ray spectrometer installed on beamline
8.0 [9], and absorption spectra were obtained using beamline 6.3.2 [10] by the
total-electron-yield method. The resolving power (E/AE) was estimated to be
approximately 270 for emission measurements and 1600 for absorption in the C X
region.

Measured x-ray emission/absorption spectra in the B K and N X regions of 4-
BN and those in the C X region of graphite are shown in Figure 2. Superimposed
upon these measured spectra are the individual DOS spectra for centered atoms
(denoted by asterisks) of B2p and N2p in A-BN and C2p in graphite. The
calculated spectra are obtained by broadening individual DOS with 0.5 eV-wide
Lorentzian functions. The occupied B2p-, C2p-, and N2p-DOS spectra well
reproduce measured x-ray emission spectra. This suggests that the generation of
DOS spectra from DV-Xa MO calculations is an appropriate method for
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simulating x-ray emission spectra. However, the calculated unoccupied DOS
spectral features do not exactly agree with the experimental absorption spectra at
the B K, C K, and N X threshold. This is reasonable in that the final state
relaxation effects, which should be considered in exact calculations of core
photoabsorption spectroscopy, were not taken into account. However, outline
features such as n* and o* peaks in the x-ray absorption spectra were roughly
reproduced by the calculated DOS spectra. These results confirm that DV-Xa MO
calculations on monolayer models composed of nearly 100 atoms reproduce x-ray
emission spectra with good accuracy [12] and may also be useful in assigning the
absorption spectral features for graphitic-structured BC,;N materials.

(a) emission (b) absorption
¥ BK_h-BN
occupied :
B2p-DOS unoccupied
B2p-DOS

160 170 180 190 200 180 190 200 210 220

N K _h-BN

occupied
N2p-DOS
unoccupied
N2p-DOS

X-ray intensity (arb. units)

370 380 390 400 410 390 400 410 420 430

n C K_graphite
occupied N
C2p-DOS : ‘/—/\
unoccupied
C2p-DOS

260 270 280 290 280 290 300 310
Photon energy / eV

Fig. 2. Soft x-ray emission spectra (a) and absorption spectra (b) in the B K and N K
regions of 4-BN and those in the C X region of graphite. Corresponding occupied and
unoccupied C2p-DOS spectra of the 2-BN and graphite cluster models calculated with
DV-Xa MO calculations are superimposed on the x-ray emission and absorption spectra.
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2.2. DV-Xa MO CALCULATIONS FOR BC;N CLUSTER
MODELS

Three possible structures of BC;N were predicted by Liu et al. [11] as shown
in Fig. 1. Carbon atoms in model (a) form poly-acetylene-like structures. Each
carbon atom in model (b) is bound to carbon, boron, and nitrogen atoms. There
are two kinds of carbon atoms in model (c): one carbon atom is bound to one
carbon atom and two boron atoms, while the other is bound to one carbon atom
and two nitrogen atoms. Based on these structures, DV-Xa MO calculations were
performed for the three cluster models of B,4CysNasHa4. Atoms on the edges of
the clusters are terminated by hydrogen atoms. The geometries of these model
structures were initially optimized by the MM2 method. DV-Xa MO calculations
of these cluster models were performed on the electronic ground states with a
basis set of 1s, 2s, and 2p orbitals for B, C, and N atoms. DOS spectra were
obtained by broadening the calculated individual DOS of the centered atoms
(denoted by asterisks in Fig. 1) using 0.5 eV-wide Lorentzian functions.

3. RESULTS AND DISCUSSION

Figure 3 shows the occupied and unoccupied DOS spectra of 2s- and 2p-
orbitals in B, C, and N atoms of the three BC,N cluster models. DOS spectra for
B and N atoms in A-BN and for C in graphite are also shown as references. In
these DOS spectra, the energy levels of the highest occupied molecular orbitals
(HOMOs) are defined as zero eV on the MO energy scale.

The occupied DOS spectra of B atoms for all three BC;N models exhibit a
low-energy tail feature in B2p-DOS, which hybridizes with the B2s orbital.
However, the low-energy peak observed in A-BN is not observed in the BC;N.
This low-energy peak feature therefore represents an index for distinguishing
BC,N from A-BN. The high-energy features differ among the three BC;N models:
model (a) has small shoulder peaks, model (b) has a sharp peak, and model (c)
exhibits no high-energy fine structures. These differences in high-energy features
will provide useful indices for identifying BC,N structures in B K x-ray emission
spectra. In the occupied DOS spectra of N atoms, the N2p-DOS spectrum of #-BN
is the main peak feature with a high-energy peak and a low-energy step-like
shoulder. However, such fine structure is not observed in the BC;N models. This
difference in N2p-DOS spectra between BC,N and h-BN is another clear index
for distinguishing BC;N from 4-BN. In the BC;N models, the main peak feature
in model (c) is slightly sharper than that of models (a) and (b). However, there is
little significant difference in the N2p-DOS spectra among the three BC;N models.
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Fig. 3. Occupied and unoccupied DOS spectra of 2s- and 2p-orbitals in B, C and N
atoms of the three BC,N cluster models. Molecular structures of the BC,N models (a —
¢) are shown in Fig. 1.
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It therefore appears difficult to distinguish between the three BC,N structures
based solely on N K x-ray emission spectra. In the occupied DOS spectra of C
atoms, there are clear differences in C2p-DOS spectral features of the main peak
and high-energy shoulder/peak between the BC;N models and graphite. These
main-peak and high-energy-shoulder/peak features can therefore be used to
distinguish BC,N from graphite. In the BC;N models, there are clear differences
among the three models: a broad main peak with a high-energy peak in model (a),
a main peak with a small high-energy peak in (b), and a broad main peak with a
prominent high-energy peak in (c). Spectral features of the main peak and high-
energy peak in C K x-ray emission can also be used as indices for identifying
BC;N structures.

(a) BC,N

occupied unoccupied
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Fig. 4. Occupied and unoccupied C2p-DOS spectra drawn by separating the components of
C(I) and C(I1) atoms in BC,N cluster models (a) and (c). Molecular structures of (a) and (c)
models are shown in Fig. 1.
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In the unoccupied DOS spectra, there are distinctive differences in B2p-, N2p-,
and C2p-DOS among the three BC,N models and the reference 2-BN and graphite
in the fine threshold structures. This demonstrates that BC,;N structures can be
identified from high-resolution x-ray absorption spectra at the B X, C K, and N K
thresholds, in addition to identification using the above-mentioned x-ray emission
spectra.

There are two kinds of C atoms in BC;N models (a) and (c). In model (a), one
C atom (denoted by I in Fig. 1) is bound to two C atoms and one N atom, while C
(W) is bound to two C atoms and a single B atom. In model (c), one C (I) is bound
to a single C atom and two B atoms, while C (II) is bound to one C atom and two
N atoms. The clear difference in the C2p-DOS spectra between (a) and (c) results
from these variations in chemical bonding. Figure 4 shows the occupied and
unoccupied C2p-DOS spectra after separation of the components of C (I) and C
(1) atoms in (a) and (c). In the occupied spectra, high-energy peak features are
assigned primarily to hybridization with B atoms. Consequently, the prominent
high-energy peak in (c) can be well explained by strong hybridization with two B
atoms of the C (I) atom. In the unoccupied spectra, the prominent low-energy
peaks in (a) and (c) are due to hybridization with N atoms.

4. CONCLUSIONS

The author has obtained B2p-, C2p-, and N2p-DOS spectra for the three
possible graphitic-structured BC;N models (B24C4sN24Ha4) based on DV-Xa MO
calculations in order to predict the B X, C K and N X x-ray emission/absorption
spectra. From a comparison of the occupied/unoccupied DOS spectra of BC;N
models with graphite (Co¢Hz4) and #-BN (B4gNagHa4) references, clear differences
in the individual DOS spectra of the BC,N and reference models were identified.
In addition, clear variations in both occupied and unoccupied DOS spectra were
discovered, with the exception of occupied N2p-DOS, among the three BC;N
models. Thus, the author demonstrated that high-resolution soft x-ray emission
and absorption spectral measurements in the B K, C X, and N X regions for
graphitic-structured BC;N compounds are a useful tool for structure identification.
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Abstract

Ensemble theory of excited states is reviewed. A recently proposed gener-
alization of the optimized potential method is discussed. A non-variational
theory based on Kato’s theorem and valid for Coulomb systems and a vari-
ational density functional theory of a single excited state are reviewed.
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1 Introduction

Recently, there has been a growing interest in studying excited states in the
density functional theory [1]. Nowadays there exist excited state theories in
both the time-independent [2, 3] and the time-dependent [4] density func-
tional theory.
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The first rigorous generalization of time-independent density functional
theory for excited states was given by Theophilou [3]. His theory was en-
larged into the theory of ensembles of excited states by Gross, Oliveira and
Kohn [6]. The relativistic generalization of this formalism was also done [7].
A perturbation theory of excited states was presented by Gorling[8, 9]. Kohn
[10] proposed a quasi-local-density approximation and exitation energies of
He atom were calculated using this method [6]. Excitation energies of several
atoms [11, 12, 13, 2] were determined using the ensemble theory and several
ground-state approximate functionals have been tested [14]. The coordinate
scaling for the density matrix of ensembles was explored [15]. The adiabatic
connection formula was extended to the ensemble exchange-correlation en-
ergy and a simple local ensemble exchange potential was presented [16]. (For
reviews of excited-state theories see 2, 3].)

Unfortunately, the exchange-correlation part of the ensemble Kohn-Sham
potential is not known exactly. The optimized potential method (OPM)
that turned to be very succesful in treating exchange exactly in the ground-
state theory [17-20] was generalized for ensembles of excited states. The
first generalization was based on the ensemble Hartree-Fock method [21].
Recently, ghost-interaction correction to this scheme has been proposed [22].
A new, more appropriate OPM has recently been proposed [23]. In the next
section this new OPM method for ensembles is discussed.

Recently, time-independent theories for a single excited state have also
been proposed [24-27] A non-variational theory (24, 25] based on Kato’s the-
orem is reviewed in Section 3. Gorling developed a stationary theory of
excited states [28]. Section 4 summarizes the variational density functional
theory of a single excited state [26, 27].

2 Optimalized potential method in the en-
semble theory of excited states

The eigenvalue problem of the Hamiltonian H can be given by
HY, =BV,  (k=1,.,M). (1)
From the energy eigenvalues

E<E<.. (2)
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the ensemble energy

M

£=) wEy (3)

k=1

can be constructed, where w1 > wy > ... > wa > 0. The generalized
Rayleigh-Ritz variational principle is valid [6] for the ensemble energy. There-
fore the generalized Hohenberg—Kohn-theorems can be derived. (i) The ex-
ternal potential v(r) is determined within a trivial additive constant, by the
ensemble density n defined as

M
n= Z Wy, - (4)
k=1

(ii) For a trial ensemble density n'(r) such that

n'(r) >0 (5)

and
/ ' (r)dr = N (6)
E[n) < €], (7)

i.e. the ensemble functional £ takes its minimum at the correct ensemble
density n.
Kohn-Sham equations can also be derived for the ensemble:

1 . ,
-39+ v 4(0) = i) ®)
The ensemble Kohn-Sham potential
Vgs (I'; w, n'w) = U(l‘) + Vc(l‘; w, nw) + ch(r; w, 'nw) > (9)

is a sum of the external, the ensemble Coulomb and the ensemble exchange-
correlation potentials. These equations have exactly the same form as the
ground-state equations. However, because of Eq. (4) there are non-integer
occupation numbers, too.
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The optimized potential method developed for the ground state [17-20,29]
was generalized for ensembles [21, 23]. Here the most recent version is dis-
cussed [23]. In the optimized potential method the total ensemble energy &
should be known as a functional of the ensemble Kohn-Sham orbitals

@ﬂ_T+/ )+ E, + E,, (10)

where T, E. and E,, are the non-interacting kinetic energy, the Coulomb
energy and the exchange-correlation energy, respectively. These quantities
can be expressed with the following sums:

Ts = ZwkTsk (11)
k
and
E. =S wiEF, (12)
P
where
1 .
Ti=-32% / ¢,V 0;dr , (13)
Fi
nk(r)nk ' )
c 2/ ir—r d dr (14)
and
e =3 Xl [° (15)
J

are the kinetic energy, the Coulomb energy and the density corresponding to
the eigenvalue &, respectively. The exchange-correlation term E, is defined
by Eq. (10). As the total ensemble energy can be written as a sum

M
8[(%] = ZwkEk s (16)

where

E,;_T’°+/n,c Ju(r) + Ef + EX, (17)
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the exchange-correlation term E. can also be partitioned as
zc — ZwkEic . (18)
k
Introducing the ensemble occupation numbers
a; =D wehj (19)
k
we arrive at the following expression of the kinetic energy

1
To= -5 Y0 [ 67%0;dr. (20)
g

Now, the optimized potential is defined in the usual way: the local ef-
fective optimized potential V(r) minimizes the the total ensemble energy
£

5 8¢3(r) B
Z/W ) VD) dr' +cc.=0. (21)

The functional derivative of the one-electron orbitals ¢; with respect to the
local effective potential V' can be calculated with the help of the Green’s
function

5¢5(r")

= —G.(r . 29
(5‘/(1') G] (l’ ,I’)éj(l‘) ’ ( )
and an integral equation for V' can be derived:
0_2%/ r') = Vilr') = Vaol£)] G5(', 0) g5 ()65 (1) + cc. . (23)
where

1 §(E.+ Ex)
a;¢3(r)  0¢;(r)

and V(r) is written as a sum of the external, the classical Coulomb and
exchange-correlation potential:

V(r) = v(r) + Ve(r) + V() . (25)

Vilr) =

(24)
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It is very difficult to calculate the effective potential ' because of vast numer-
ical problems. Consequently, the ensemble analogue of the Krieger-Li-lafrate
(KLI) [20] approach has been introduced [23]. The generalized ensemble KLI
potential is a sum of the external potential v and the KLI-like expression for
the sum of the Coulomb and exchange-correlation potentials V.

V(r) = v(r) + Veae(r) , (26)
where
Vca:c - ‘S =+ Z I ”czc czc|¢]> (27)
The Slater potential
Vo = V5 4+ V§e (28)

has both Coulomb and exchange-correlation part:

n
Vé= z W *T?k'uf (29)
k

3
Ve =Y wp—rk, . (30)
. n
These are the ensemble averages of the Coulomb and exchange-correlation

potentials weighted with the densities. The orbital dependent ensemble
Coulomb and exchange-correlation potentials are

—/lr—r’J (31)

and
1
k k
Tc n—k ; ajéjvzcj(pj ’ (32)

where

o LoBkls)
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Notice that these ensemble Coulomb and exchange-correlation potentials are
different for different orbitals. The orbital dependent potential in Eq. (27)
has the form

Vi =VIiqVi, (34)
where
: Aoyk
Vc" = MJ_:C_ (35)
>k wk’\j
and
s, Mok
Vi, = T A Ve (36)
Dok WA
In the exchange-only case the exchange energy E¥ is given by
__1 ZZ)\k/\k/ (D, ¢] )(D?’(, )¢l( )dl'dl‘l ) (37)

It is important to emphasize that the ensemble exchange-correlation en-
ergy defined in the present approach is different from the one in the original
paper of Gross, Oliveira and Kohn [6]. The original definition was

n(r)n(r’)

Ep=E—T, - / r)u(r) — v v

drdr’ (38)

while the present definition is

Epe=&-T,~ / (£)o(r) — Z /"" "" ) avdr . (39)

That is the Coulomb terms are different. In Eq. (39) only the true Coulomb
energies of the ground and excited states are added. On the other hand,
Eq. (38) contains non-physical 'self-Coulomb’ terms between the different
excited states [22, 23]. Both definitions are correct. However, if the original
definition (Eq. (38)) is used the exchange-correlation energy (Ej.) will con-
tain ’self-exchange’ terms to eliminate the ’self-Coulomb’ terms mentioned
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above. Consequently, approximate expressions of E,. should also include
‘self-interaction’ terms to obtain at least a partial elimination of the ‘self-
Coulomb’ terms. In the present approach ( Eq. (39)) there is no need of
such ’self-interaction’ terms.

As an illustration excitation energies of the He atom and Lit, Be™" and
B**+ ions are presented. The ensemble energy (3) depends on the weighting
factors wy. The excitation energies, however, are independent on wy, provided
that the exact ensemble Kohn-Sham potential is used. In the exchange only
case, however, there is slight dependence on the weighting factors wy. It has
been shown that the dependence of the excitation energies on the weighting
factors is of second or higher order. Table 1 presents the triplet and singlet
excitation energies separately. The following averages were calculated:

1 3
&= ZENS + ZEQSS ) (40)
3 15 5
&y §E115 -+ 3—2E235 + 3—2E215 s (41)
3 15 5 45
= SEns + —Eps + — Boig + —
& gBos+ T0aE2s + Toi s + 104E13I’ , (42)
and
1 3 1 9 3
54 = §E115 + ﬁEzas + 3’2‘E215 + ﬁElaP + géEllp . (43)

These weighting factors lead to very good excitation energies. For comparison
the experimental data [30] are also pesented.
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Table 1

Excitation energies for the He atom and the Lit, Bet™ and B™*" ions
calculated with the ensemble KLI method (in Ry). Experimental values,
where available (taken from Moore’s tables [30]), are shown for comparison.

{ Transition | He | LI [ Bett | BT+ ]
[ 3S KLI |1.4562 [ 4.3541 | 8.7519 | 14.6495
exp | 1.4567 | 4.3381 | 8.7162 | 14.5940

152 — 1825
1S KLI | 1.4989 | 4.3959 | 8.7936 | 14.6931

exp | 1.5152 | 4.6559

3SPKLI|1.5433 | 4.5160 | 8.9862 | 14.9558
exp | 1.5408 | 4.5041 | 8.9609 | 14.9166

152 - 1s2p
'P KLI | 15875 | 4.5604 | 9.0307 | 15.0004
exp | 1.5594 | 4.5729 | 9.0896 | 15.1090

3 Theory for a single excited state

According to the Hohenberg-Kohn theorem of the density functional the-
ory the ground state electron density determines in principle all molecular
properties. About fifty years ago Kato proved the following theorem [31]

1 on(r)

Zs = “on(r) or

(44)

r=Rg

where the partial derivatives are taken at the nuclei 3. n denotes the angular
average of the density n. It was Bright Wilson [33] who noticed that it
follows from Kato’s theorem {31, 33] that the electron density determines the
Hamiltonian for a Coulomb system. From Eq. (44) the cusps of the density
tell us where the nuclei are (Rg) and what the atomic numbers Z are and
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the integral of the density gives us the number of electrons:
N= / n(r)dr . (45)

Thus from the density the Hamiltonian can be readily obtained from which
every property of the system can be determined. One has to emphasize, how-
ever, that this argument holds only for Coulomb systems, while the density
functional theory is valid for any external potential.

Kato’s theorem is valid not only for the ground state but also for the
excited states. Consequently, if the density n; of the i-th excited state is
known, the Hamiltonian H is also in principle known and its eigenvalue
problem

HY, = E¥,  (k=0.1,..,4,..) (46)

can be solved, where

H=T+V 4V, (47)
N 1 .
T=Z(~§Vj), (48)
j=1
. N-1 N 1
Vee = S (49)
I;l S e =1l
and
N M
V=33 -Z;/|re - Ryl (50)
k=1J=1

are the kinetic energy, the electron-electron energy and the electron-nucleon
operators, respectively.

There are certain special cases, however, where Eq. (44) does not provide
the atomic number. The simplest example is the 2p orbital of the hydrogen
atom. In this case the spherical average of the derivative of the wave function
is zero and the value of the wave function is also zero at the nucleus.

ngp(r) = crle " (61)
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It means, that though Kato’s theorem (44) is valid in this case, too, it does
not give us the desired information, that is the atomic number. Similar cases
occur in those highly excited atoms, ions or molecules, for which the spherical
average of the derivative of the wave function is zero at a nucleus, that is
where we have no s-electrons.

Pack and Brown [34] derived cusp relations for the wave functions of these
systems. There are several works concerning the cusp of the density [35-44].
Recently, the corresponding cusp relations have been derived for the density
[45]. Let us now define

m(r) = o (52)

where [ is the smallest integer for which 7; is not zero at the nucleus. The
new cusp relations for the density

ofr)| 2z

or r=0__l+1

n'(0) - (53)

In the present example Eq. (52) leads to

T _
Top(r) = 37 = e (54)

and the new cusp relation has the form:
—2Zn3p(0) = 215, (0) . (55)

So we can again readily obtain the atomic number from the electron density.
Other useful cusp relations have also been derived [46, 47).

Using the concept [48, 49] of adiabatic connection Kohn-Sham-like equa-
tions can be derived. We suppose the existence of a continuous path between
the interacting and the non-interacting systems. The density n; of the i-th
electron state is the same along the path.

HYWE = ERUY, (56)
where

He =T +aV,e+ V2. (57)
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The subscript i denotes that the density of the given excited state is supposed
to be the same for any value of the coupling constant . a = 1 corresponds
to the fully interacting case, while & = 0 gives the non-interacting system:

HYW) = E29Y (58)

For o = 1 the Hamiltonian A is independent of i. For any other values of o
the ’adiabatic’ Hamiltonian depends on i and we have different Hamiltonian
for different excited states. Thus the non-interacting Hamiltonian(a = 0) is
different for different excited states.

The optimized potential method [18] can be generalized for a single ex-
cited state, too. It was shown [24] that from the fact that the energy is
stationary at the true wave function follows that the energy is stationary at
the true potential. It is well-known that considering the energy as a func-
tional of the wave function F[¥], the eigenvalues of the Hamiltonian are
stationary points of F

ob
7
and only the eigenvalues are stationary points.

From the density of a given excited state n;, one can obtain the Hamil-
tonian, the eigenvalues and eigenfunctions and through adiabatic connection
the non-interacting effective potential V,*=0 and certainly the solution of
equations of the non-interacting system leads to the density n;:

Thus, we can consider the total energy as a functional of the non-interacting
effective potential:

0 (k=1,.0i,.), (59)

E[W] = E[¥;[V"] . (60)
Making use of Eq. (59) we obtain
6F OF 0V,
= —5+ec=0. (61)

oV2 60,4V,
So an optimized effective potential can be found for the given excited state.
The KLI approximation to the optimized effective potential can also be de-

rived straighforwardly [24]. The generalized KLI exchange potential for the
ith excited state reads [24]

. - ; 2 . .
i = v+ 3 2l gy, (62
b ?
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where ¢, and oLF" are the expectation values of the exchange potential v}

(62) and the Hartree-Fock exchange potentials v’ HE (defined in the usual

way) with respect to orbital ¢;.

Lol B O

ni(r)|r — /|

E(r) = —

(63)

is the Slater potential.

4 Variational theory for a single excited state

The theory discussed in the previous section is a non-variational one. It has
recently been shown, however, that there exists a variational Kohn-Sham
density-functional theory, with a minimum principle, for the self-consistent
determination of an individual excited-state energy and density [26]. The
functionals in this variational theory are bifunctionals, that is, they are func-
tionals of not only the given excited state density n;, but of the ground-state
density ng as well. The variational principle is written in the form of a
constraint search

Ei=min min (¥|H|T). (64)
n ¥n
¥1¥y,.... ¥

The minimization process is done in two steps: first, for all wave functions
giving n; and being orthogonal to the first i — 1 states of H, then for the
density. It can also be written as

E; = min{ [ o(e)ni(r)dr + Fifn,nal} = [ o(®)ni(e)de + Fiionol , - (65)
where the universal functional Fj[n,n'] is given by
Fln, o) = pin(@iT + V,o¥) = (W )T+ Veol W)y . (66)
Now define the non-interacting kinetic energy T;[n;, ng) by
Tinoml=  min  (@[7(@) = (@ gl Tlelnnel) . (67)

&1 Do, P71
f(nf)—no)2 min
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where each @ is orthogonal to the first m — 1 states of the non-interacting
Hamiltonian A% if n; is the density of the mth state of the non-interacting
system Hi. It then follows that ®[n;, ng| is that non-interacting excited state
wavefunction of H: whose density is n;. Moreover, we have the minimum
principle

Ti[ni, no] + /wi(["i,no]ir)”i(r)dr

= min {Ti[n, 9] +/wi([n,n0];r)n(r)dr} , (68)
where the non-interacting Hamiltonian is defined
~ . -~ AN,
H, =T+ wi([ni, no); rx) - (69)
i=k

ka is identified as the one whose ground-state density resembles ny most
closely. This means that from all those non-interacting excited states (if
there are more than one) for which the excited state density is n; we select
the one for which f(n§ — ng)? is minimum. n} is the ground-state density of
the non-interacting Hamiltonian H .

The Kohn-Sham equations have the form

1 . .
— o V2 -+ il nols )| 65(6) = li(r) (70)
where the orbitals are occupied as necesarry, so that
R DI (71)
k=1

The occupation numbers AL will be 0,1 or 2 for a non-degenerate system.
Since n; is an excited-state density of I:If‘, at least one of the AL will be zero.
As in the usual Kohn-Sham scheme, w; here is obtained by first approxi-
mating it with a starting guess for n; in the Kohn-Sham potential, and then
the Kohn-Sham equations are solved in a self-consistent manner. The total
excited-state energy is

Bi= [o(e)mi(e)d(r) — 5 3 X(6V?I64]) + Gl ) (72)
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where
Gi[n. no| = Fi[n, no] — Ti[n, ne] (73)

is the sum of the Coulomb and exchange-correlation energy. For practical cal-
culations GG must be approximated. The optimized potential method and the
KLI approximation mentioned above can also be generalized to approximate
G and the Kohn-Sham potential w. It is convenient to partition G;[n, ng]
into

Gi[n’ nO] = Qi[na Tlo] - Ef[n! nO] H (74)

where ; is the Coulomb plus exchange component and E? is the correlation
component of G;. A crucial constraint for approximating @); and ";%L is

(@[ni, 7] [Vee | ®[nis mol)  — (‘I’NAl[nia"q]|VAEe|‘1’N_1[nia"0]>
= [ainr — e I e

where ®V~1 is the ground-state of H? in Eq. (69), but with N — 1 electrons,
and n)' " is the density of ®"~'. Also, it is understood that both w; and
%.Q# vanish as |r| — oc. Eq. (75) is analogous to the ground-state exchange-
only Koopmans relation that has been previously obtained for finite systems
[20, 50] and for infinite systems [51]. Other useful constraints can also be
derived [26).

5 Discussion

One can apply the theories discussed in this review in a large variety of
calculations. In a ground-state calculation one needs only one exchange-
correlation functional. In excited state calculations, on the other hand, we
have different exchange-correlation functionals for the different excited states
or for the different ensembles. It is believed that these functionals can be
constructed as orbital dependent functionals, that is the difference between
excited state functionals is revealed in the exchange-correlation functional
only through the occupation numbers (i.e. the electron configuration). This
can be realized by the optimized potential method. This method can be
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applied not only for exchange-only calculations. The inclusion of correlation
is straightforward in principle. One only needs a correlation functional as a
functional of the orbitals and then the way of the derivation and calculation
is exactly same. Unfortunatelly, we do not have ensemble or excited state
correlation functionals. In the ground-state theory it is also a fundamen-
tal problem to find an appropriate correlation functional, i.e. a correlation
functional that performs well together with the KLI exchange. In the exist-
ing approximating functionals exchange and correlation are treated together
and if we change only the exchange part (into KLI) the balance between the
exchange and correlation is ruined and we might receive worse results than
in the exchange-only case. Gross and coworkers [52] found that among the
existing correlation functional the Colle-Salvetti correlation functional is the
best. In a lot of cases KLI + Colle-Salvetti gives results better than any other
existing functional. The study of correlation in excited state calculation is a
challenge of future research.

We can emphasize that ensemble calculations or calculations on a sin-
gle excited state are only slightly more complicated than the ground-state
calculation. So these calculations can be routinly done just like the ground-
state calculations. They can be regarded as competitive with the powerful
time-dependent density functional approach for the calculation of excitation
energies. The practical troubles one has to face in dealing with bigger sys-
tems are exactly the same as in the ground state. (For a recent review of
ground-state OPM and KLI calculations see [52].)
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Abstract

We discuss some new aspects and related open problems in theoretical chemical
physics. These include the fundamental issue of the system-environment partition,
the problem of entanglement versus dissipation and the approach to the classical
limit via coherence-decoherence mechanisms. In these applications resonances act as
an intermediary and it can be proven that microscopic selforganisation emerges as a
consequence of the approach towards a higher order complexity level. Present
methods and applications act as an edge-boundary for the quantum-classical and/or
micro-macro (meso-)situation.
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1. INTRODUCTION

In the present report we discuss and review some open problems related to the
interaction between a quantum system and its environment particularly the transition
from a pure quantum state to the classical limit. The principal issue is the
fundamental conflict between a quantum system and its classical environment [1].
The problem is usually conjectured in terms of concepts like entanglement and
quantum dissipation or phrased differently on the notions and mechanisms of
coherence-decoherence.
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A different approach to this question is to invoke general quantum statistical
methods to attend the open boundary regions of seemingly random correlations and
fluctuations. It is proposed that in this vanguard territory stochastic resonances will
act as an intermediate instrumentation of information. As a result, the well-known
measurement problem is extended to deal concurrently with the effects of
entanglement and dissipation.

This alternative viewpoint brings in the density matrix as the fundamental unit [2],
particularly the reduced density operators and their representability properties
[3.4,5]. To paint the coherent-dissipative portrait it is thus necessary to describe the
emergence (or loss) of off-diagonal long-range order, ODLRO [3]. The production
of quantum correlations contributing to the coming out of a macroscopically large
eigenvalue in the appropriately reduced density matrix - a manifestation of ODLRO -
is already a well-known element in most theories of super-conductivity and -fluidity,
see e.g. [6]. The theory is however less developed and understood in connection with
general properties of open, dissipative complex systems.

As the tools of modern physics extend into many new areas which leads to technical
progress and new industrial applications the present viewpoint is far from academic.
As examples we mention the initiation of the new Uppsala Research Graduate
School Advanced Instrumentation and Measurements [7]. On the microscopic level
e.g. a novel type of quantum technology is becoming essential for miniaturised
objects and for advanced computer and data communications. We end this review by
enclosing a table of Quantum Technology, techniques and mechanisms.

2. SYSTEM-ENVIRONMENT

In a statistical framework random-, thermal-, and quantum fluctuations compete in
the process of structural formation and break up. The theoretical formulation, in
terms of Liouville like master equations, must therefore be properly generalised to
incorporate thermal correlations. This is usually carried out by means of appropriate
thermalisations and/or inclusions of non-Hamiltonian terms in the evolution
dynamics [8). In this enlarged setting the thermalized Liouville equation, see e.g. [9],
extends the dynamical environment and brings forth a possible framework for
microscopic self-organization.

To complete the picture of integrating a rigorous resonance representation in the
present formulation we stress the following well-known results. First, complex
resonance states necessitate, in general, a nonhermitean extension of quantum
mechanics [10] and support moreover classical entities within a nonlinear stochastic
setting. The latter has recently attracted attention in various complexity situations
under the name of Stochastic Resonances [11]. The generic interpretation is coupled

to quantum-and classical scattering processes including signal processing technology.
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The mathematical formulations are formally linked through the solutions of the
associated Helmholtz equation for the scattering process or the related finite Fourier
transform for the bandlimited signal [12]. Ellipsoidal co-ordinates in general and
prolate spheroidal wave functions in particular are here of fundamental and
technological importance in arriving at attainable solutions [13].

The progress in quantum technology, see the introduction above, has also been
paralleled by strong developments in the understanding of non-linear dynamical
systems operating in a noisy environment. These considerations include general
cooperative phenomena with characteristic deterministic and stochastic time scales,
which sometimes are collected under the name of a new complexity paradigm [11].
This in turn brings forward several unorthodox questions. For instance what are the
supposed boundaries as regards appropriate phenomenological levels of organisation
and description, e. g. the ordering into various micro-, meso-, and macroscopic
distributions, and most interestingly, the conflict in bridging the gap of
understanding between classical and quantum physics. This is also related to the
well-known inconsistency of irreversibility on a higher order phenomenological
level and the fundamental time reversible dynamics of Schrodinger’s and Newton’s
equations [14], see also the discussions at the Nobel 90-year Jubilee [15]. The
situation is further perplexing in that the interpretation and understanding of
quantum mechanics even today defeats a general feeling of agreement or consensus.

We support the indirect measurement philosophy in Quantum Mechanics, see e.g.
[16]. In this formulation {17] the initial step rules that the quantum system and the
measuring device and/or environment entangle through objectively defined quantum
correlations uniquely given by the mirror theorem [18]. The fundamental step of the
measurement is then a resonance forming and decaying process, which connects the
phenomenon with a relevant time scale. These correlations lead us to an objective
description that will guide our physical intuition towards an adequate comprehension
and inclusion of general quantum phenomena. The formulation, now referring to the
Liouville level, also contains stochastic components, c.f. recent studies of stochastic
like resonances in driven nonlinear dynamical systems with possible relations to
quantum aspects of chaos via the actuality of nonlocal hidden variables [17].

The present trend involves several theoretical and technical advances. We will first
mention the application of the mirror theorem that states that the product of two
noncommuting mappings (with non-zero eigenvalues) have the same classical
canonical forms irrespective of the order of the product. This leads to several
consequences in the formulation of quantum aspects of atomic and molecular
systems. It also leads to the definition of so-called natural expansions and a general
definition of entanglement, see [9] and references therein.

Next we refer to well-known extensions of quantum theory to incorporate the
resonance picture of unstable states. These are often supported via so-called dilation
analytic techniques [10] or through precise semigroup constructions, see e.g. [19]. It



386 Erkki J. Brandas

depends on the physical situation, which one is to be preferred. We will not say more
on this except pointing out that the analytic approach may appear more convenient in
applications in quantum chemistry and chemical physics.

The Liouville picture, finally, has here several advantages over the standard
Schrodinger-Heisenberg picture. It allows a direct comparison between quantum-
classical behaviour. More directly it permits the simujtaneous incorporation of all
kinds of general correlations irrespective of their quantum- and/or thermal origin.

We have recently discussed many of these aspects in quite some detail [20]. In the
next section we will show how thermal behaviour are brought together in the density
matrix through a simple relation between phenomenological relaxation times and the
absolute temperature of the environment and the consequences of this condition.

3. DENSITY MATRICES AND EXTREME STATES

In quantum statistics it is convenient to focus on the density operator p and to use
the Liouville equation

.dp ~
Z-L 1
P (D

Husimi [2] first realised that the exact energy of a system of identical particles can
be expressed by the second order reduced density matrix. Important theorems
regarding fermionic behaviour was developed by Yang [3], Coleman {4] and Sasaki
[S], for a recent review on reduced density matrices and the famous N-
representability problem, see Coleman and Yukalov [21].

The N particle (and its p-reduced companions) representable density matrix I'*”’ can
be defined as follows

®) L
TV xppx, )=

N . .
[p }J“I" (1o X o Xy X )P (XXX X )X d 2)

where the (normalised) wave function W(x,...x,) represents a many-body quantum

mechanical system. Traditionally one ususally consider two types of particles,
bosons and fermion, but since quantum chemical applications concern the electronic
structure of atoms and molecules it is common practice to focus on the
characteristics of fermion reduced density density matrices, particularly with p=2.
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Note that the definition (2) normalises p=T""to the number of pairings of N
fermions [2]. Other normalisations [3,4] also exits

N
Lowdin: T”; Tr{r" }= (p}
Coleman: D", Tr{D””}: 1 3)

N
Yang: p”; Trfp” }= p!(p} .

The Léwdin normalisation is often used in quantum chemistry, but other choices are
also frequently used depending somewhat on the circumstances.

It was first believed that the eigenvalues (in the Léwdin normalisation) of T, like
in the one matrix case, were bounded between zero and one. This was however
wrong and this realisation led in fact to a very important and interesting
development. The possible limits that the two-matrix eigenvalues may obtain
correspond to every conceivable correlated arrangement from the independent
particle model to a fully pair coherent condensate. The principal concept of off-
diagonal long-range order, ODLRO, was introduced by Yang [31] in connection with
his proof of the largest bound for T .

The manifestation of a macroscopically large eigenvalue A{" in the reduced density
matrix showed a very strong physical organisation in the system. The emergence of
ODLRO through A"’ =N/2 in the Lowdin normalisation, leads to many interesting

consequences, see e.g. [22]. Note that in the Yang and Coleman normalisations
A% =N and A” =1/N-1.

Although the concept of an extreme state, Coleman [4, 21] is quite well-known in
quantum chemistry and chemical physics, the concept is not fully acknowledged in
general since the custom seems to be that one refers more or less unconsciously to
the thermodynamic limit. Nevertheless ODLRO has been of central importance in
super- conductivity/fluidity and it will also play a central role below. In connection
with this development Coleman [2] identified the precise condition for the so-called
extreme state which in certain cases could develop ODLRO. The observation that a
simple AGP-function gave the largest possible eigenvalues of the 2-matrix was given
by Sasaki [5] in a report that unfortunately was delayed through a misplacement by
the publisher [21]. The clue to describe a convenient representation for open systems
will be obtained via the extreme state as follows:
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Starting from a set of m localised pair functions or geminals h=(h ,h,,...r ) ob-

m

tained from appropriate pairing of one particle basis spin functions, we will build
the following transformations, the motive to be explained further below,

1 @ (1)2 wmAl
| 1 w} w6 . w}(nkl) i
B= - w=e" 3)
m
2m—1 2(2m-1) {(m=1X2m-~1)
l o (0] w

The scenario is usually obtained from discussions of total wavefunctions constructed as
an Antisymmetrised Geminal Power, AGP, where the units (geminals) are obtained
from two-particle determinants of suitable spin orbitals. More general quantum
statistical settings are also possible [23].

To proceed we introduce a coherent and a correlated basis g and f respectively
through

B =lg)=|s,.8....8,

“4)

IWB~ =) =[f.f,....f,)
At present we do not appreciate the significance of either g or f, except noting that
the functions in g are completely delocalised over the region of sites defined by the

localised (may be chosen real) basis h. The differences between the g,’s are simply
that of different phases at every numbered #, , where for each consecutive number of

sites there seem to follow a certain oddity-rule. The f-basis contains all possible
phase shifted contributions from each site in accordance with Eq.(4) above.

There are several inter-connections to be mentioned here. The first one concerns
Coleman’s extreme state. If h is the set of two particle determinants and the AGP
wave function is constructed from g,, see Coleman [4] for the exact condition for
the extreme state, the two-particle reduced density matrix (not explicitly writing the
“tail contribution” which results from the remaining pair configurations) can be
expressed as

r™ =l‘£2)+1"5(2’ =A«L'glxg|l+ASZlgk)(gkl (3)
k=2



Perspectives in Chemical Physics 389

with the (possibly) large eigenvalue A, and the degenerate one A given by

AL—-2 (m 1);ts’/ls_4m(m—l) ©)

Note that we have m basis pairfunctions or geminals and 2m spin orbitals. The
number of fermion pairings and pair configurations are therefore

N (2m
2/ 2
respectively. The dimension of the “box contribution” defined in Eq. (5) is m and

consequently the dimension of the missing “tail contribution”, not explicitly written
out above is 2m(m —1).

To summarise the situation we add the fact that one can prove that the eigenvalue
associated with the missing “tail” is the same as A [4]. We thus have for the extreme
state one possible large eigenvalue A, and an (m - 1)(2m +1) degenerate eigenvalue
A. The physical significance of the extreme state follows by noting that A, may under
specific circumstances grow to be macroscopically large, i.e. approach the macroscopic
number N/2 (in the Lowdin normalization) thereby developing ODLRO. However,
rather than focusing only at the latter transition we will also consider the precursor
level of the extreme state and the importance played by the basis g.

As we have mentioned above analogous equations can be derived [23] in a statistical
framework both for the case of localised fermions in a specific pairing mode and/or
bosons subject to a quantum transport environment. The relevance of the basis f will
be demonstrated in the following section

4. THE ROLE OF TEMPERATURE

To complete the picture including a theoretical formulation of random-, thermal-
and quantum fluctuations the temperature must somehow be incorporated. This is
fundamentally a difficult problem as we are dealing with systems out of
equilibrium. We have also stated that we do not apply the thermodynamic limit. Still
we will show that it is possible to incorporate the temperature in a quasi-equilibrium
context and then to demonstrate the constructive interaction between the thermat
input from the environment and the open quantum system.

It is a very well-known trick to make time imaginary by formally including



390 Erkki J. Brandas

temperature in the formulation through the relation
t—)t—iﬁ'ﬂ-’—l )]
T kT

where k is Boltzmann's constant and 7 the absolute temperature in Kelvin. In the
extended dynamical picture to be presented below this analogy does no longer hold.
To rigorously comprehend the temperature we can as usual resort to the Bloch
equation via

P i ®

where I:Bis the energy super operator appropriately extended to a biorthogonal
complex representation [24].

Lo = f Xel+1 o1t} ©

Note the complex conjugate in the bra-position compared to the extended Liouville
time generator

L=H X|-I X & (10)

where we instead admit the hermitean conjugate in the commutator above. For more
on this, see e.g. Ref. [9]. Applying now Egs. (8-9) to

m mo 1
FS(Z) =2’522'|gk)(gk|=2’522lhk)(5kl _—)(hll ()
k=

k=1 [=1 m

we obtain, with E the real part of the energy,

o~ B m. o [lek+51 l
e PR =AY e (6, -— X, (12

k=11=1

where g, is the imaginary part of the energy, which is related to the life time as (%
is Planck’s constant divided by 27)
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T h
T (13)

The tilde over the two matrix indicates an extended complex biorthogonal
representation according to the analyticity requirements [10] given by the resonance
formulation.

To appreciate the formulas (11) and (12) we remind the reader of the result quoted
in Ref. [25], i.e.

Q=B"JB (14)

where the unitary matrix B connects the standard Jordan form J

010.0

001 ..

J=[. . . .0 (15)
1

0 .0

with the symmetric representation Q defined by

i (k+-2)
m .

1
Q, = (8, ——)e sk, l=12,..m (16)
m

Hence, if we can find a relation between €,, B with the dimension r =m, so that

the transformed density operator in Eq. (12) assumes a Jordan block form (i.e.
proportional to Q or J) one of the consequences for the related dynamics is the

emergence of a dramatically increased lifetime [9]. Hence if

I
Be, =27~ 1=12,.r (17)
r

we find that the thermalised density matrix in Eq. (12) becomes proportional to Q.
A similar analysis with m = 2 obtains for Fiz’ . Using (7), (8) and (17) one finds that
the longest relaxation time 7, - obtained for [ =1 - compatible with the smallest



392 Erkki J. Brandas

dimension or "size" r,, is given by

min

= h = 2_” (18)
2%TT, r

niin

Be,

Thus the sought after relation between the absolute temperature, the relaxation time
and the "minimal size" of our dissipative system is

gy =0 (19)
where the relaxation time is given by
Tret = Foin Tiim® Tiim = . (20)

4nkT
Note that 7y, is the shortest time commensurate with the uncertainty relation.

The relevance of the f-basis is now clear. It appears through Eq. (14) and the
unitarity property of B, noting that (12) and (17) connects ' with

7= InQ(H =B 'sBlbl =I)Kel= 37, X, @

The vectors of B' express f in the original basis h, see Eqgs. (3-4), while producing
the natural basis for the thermalized density matrix. Thus a quantum system with
ODLRO emerging through a dominant macroscopic eigenvalue in the appropriately
reduced density matrix may decay through characteristic life times 7.

3 | o

It is, however, easy to prove that the operator T= generates the evolution

,ij_' m=l{ s k .
e'r =2[—’—’j L g (22)

ol T k!

1]
Since Eq.(22) is multiplied with ¢ * we find that the general decay rule associated
with the time dependent probability N(z) to find our system at time ¢ in its initial
configuration given by
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dN = _lr N(tydr (23)

is modified to, assigning the highest power in the polynomial to m=r,

i

N(fyect™e © (24)

and
dN = t”z(r— 1 —j':jN(t)dt (25)

While we find dN(7)< 0 for all times in (23), the law deduced in (24) and (25)
yields

dAN(n)>0;t <(r-1)T. (26)

Hence, instead of the usual disintegration law for the initial state, we find that
Eq.(23) leads to increasing (self)-organization during a finite number of life times
T. It is in this context that we can speak of microscopic selforganization at the
microscopic level.

We have here been very careful to refer to precise constructions and theorems in
density matrix theory and resonance formation. It is clear, however, that the present
development can be generalised to other more general processes in non-equilibrium
quantum statistics, where the two natural basis partners g and f refer to density
matrices and/or transition matrices [9].

The theory above has been applied in a variety of realistic situations. The range
includes ionic conductance in aqueous solutions and molten alkali chlorides,
damped spin-wave behaviour in paramagnetic systems, stimulated emission of
adiation in masers, the fractional quantum Hall effect and quantum correlations in
high-T¢ cuprates and other non-BCS superconductors [6, 9, 22, 23, 26].

5. QUANTUM COMPLEX SYSTEMS: CONCLUSIONS

We will end this review by introducing the popular concept of Complex Systems
particularly with the focus on Quantum Complex Systems.

Complex systems share the feature of exhibiting a variety of behaviours. The
fundamental mechanism behind this is instability principally manifested in bifurcations
towards a multiplicity of states and deterministic chaos. It confers to the underlying
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system a sensitivity to the unavoidable perturbations of intrinsic or environmental
origin present in the world around us [27]. The most common evidence of complexity
comes from phenomena at the macroscopic level, where emphasis is placed on the
origin of collective behavior in multi-unit systems giving rise to new emergent
properties absent at the level of the constituting units.

There is, however, an increasing awareness that complexity appears also at the
microscopic level. For instance the very origin of irreversibility is intimately related to
the intrinsic complexity generated by the interactions and correlations between the
elementary particles constituting the macroscopic system [15]. A variety of systems
operate on an intermediate scale between the micro- and microscopic ones. Such
mesoscopic systems exhibit a growing importance in the new quantum technology
domain [28].

The tools of modern physics extend into many new areas with the developments
focused on a new level of description never before believed to be possible. The
complexity paradigm emphasises the appropriate level of formulation as well as the
supposed boundary between classical and quantum physics. Recent developments in
quantum technology involve basic quantum phenomena [28], stochastic resonances
and information theoretic analysis [29], ellipsoidal wavefunctions for scattering and
signal processing [30], coherence-decoherence in dissipative systems [9] including the
phenomenon of high temperature cuprate super conductors [6].

It may be useful to make a more systematic arrangement of Quantum Complex
Systems by stressing the techniques and mechanisms of Quantum Technology subjects
involved in the present research programme. It will be specified below, for more
details see reference [28]:

QUANTUM TECHNOLOGY
Application Area Mechanism/Technique
Quantum information Nonclassical
Quantum computers Q-bits
Cryptography Superposition
Quantum memory Spins, squids
Teleportation Entanglement
Quantum optics Interference
Quantum Nondemolition QND Uncertainty relation
Condensed matter Broken symmetry
Superconductivity SC ODLRO
Quantum Hall effect Topology
High temperature SC Quantum Statistics
Superfluidity Gauge symmetry

SQUID Josephson effect
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Ultracold matter
Traps

Laser cooling
Ultracold molecules
Atom laser

Micro maser
Electron holography

Interferometry
Photons
Electrons
Muons
Neutrons
Atoms

Coherent dissipative systems
Aqueous solutions

Proton transfer

Polar molecules

Molten salts

Protons and muons in metals
Polymers, organic molecules

Stochastic non-linear dynamical
systems

Complex Systems

Cellular systems

Image processing

Signal processing

Antenna synthesis

Resonances in atoms and molecules
Signal-to-noise

395

Dissipation-dispersion
Doppler dispersive forces
Anti-Stokes Raman process
Intermolecular forces
Bose-Einstein condensation
Mode selection
Aharonov-Bohm effect

Coherence-decoherence
Entanglement

Vortex dynamics

Spin resonance

Spinor symmetry

Cavity QED

Quantum-thermal correlations
Grotthus type

Self-dissociation

FIR

Tonic conductance

Coherent tunneling

Quantum diffusion

Stochastic Resonances

Semigroups, dilations
Self-organisation

Aliasing

Prolate spheroidals

Finite Fourier transform
Complex potentials

Stochastic differential equations
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Abstract

The near-edge electronic structures of several tetraphenylporphyrins
(TPPs), modified by substituting the central metal atoms (M), were measured
using photoelectron spectroscopy in air (PESA), and were estimated using the
DV-Xa molecular orbital calculation method. The metal atoms used were Mg, Co,
Cu and Zn. The ionization thresholds and the photoelectron emission yields of
these TPPs changed significantly from compound to compound. The thresholds
for ionization or photoemission can be divided into two groups, i.e. 1) less than
5.26 eV for Mg"TPP and Zn"TPP, and 2) more than 5.38 eV for Co"TPP and
Cu'TPP.

DV-Xa calculations demonstrated that the upper valence band primarily
consists of C2p in Mg"TPP and Zn"TPP, M3d in Co"TPP, and M3d and N2p in
Cu"TPP. Such valence band components can be used to explain the difference in
observed photoemission threshold energies and to elucidate the change in
photoemission yields for electrons with low kinetic energy.
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1. INTRODUCTION

Extensive studies have been conducted on porphyrin-complexes because
the skeleton structure of these compounds is similar to those of “in vivo functional
materials” such as chlorophyll and hemoglobin. Recent reports indicate that
ZnTPP [1] and PtOEP [2] are potentially useful as red organic light-emitting
diodes (OLEDs). Therefore, theoretical and experimental studies of the near-edge
electronic structures of porphyrin complexes are necessary to further understand
the functions of these materials.

An OLED is an electronic device in which a thin film of organic emissive
material is sandwiched between a transparent anode and metal cathode. The
emissive layer emits light as a result of the recombination of electrons injected
from the cathode and holes injected from the anode. The injection barrier height at
the interface between the emissive layer and the anode or cathode can be
experimentally estimated from the difference in photoemission threshold energies
at the interfaces, as measured by photoelectron spectroscopy in air (PESA).
Although photoemissions from the emissive layer, anode or cathode cannot be
measured directly at the interface by PESA, the photoemission or ionization
threshold energy can be theoretically estimated from the energy difference
between the vacuum level and the highest occupied molecular orbital (HOMO).

We observed photoelectrons emitted from the near-edge structures of some
tetraphenylporphyrins (TPPs) by PESA. Such “in air” measurements are very
effective for studying materials used in air. However, the surface of some
materials becomes oxidized when exposed to air during measurements, leading to
ambiguity of the near-edge structures. The DV-Xa molecular orbital calculation
method can be used to estimate the near-edge electronic structures and also to
confirm whether the surface of the material investigated is oxidized after
photoelectron measurements. Although the absolute binding energies of molecular
orbitals cannot be determined using the DV-Xa method, these energies can be
estimated from PESA experiments. Therefore, the complementary use of PESA
and DV-Xa is required to fully understand the near-edge electronic structures of
TPPs used in air.

2. EXPERIMENT

Pulverized Mg"TPP, Co"TPP, Cu"TPP, and Zn"TPP were prepared
according to literature [3-6]. Fine crystals of TPPs purified by recrystallization
were used as the samples for the photoemission measurements. Photoemission
measurements were conducted at room temperature in air (temperature 23-25 °C,
humidity 43-50%Rh and pressure 1014-1015 hPa). Photons from a deuterium
lamp were monochromatized by a grating spectrometer (Japan Spectroscopic,
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CT-10) and focused on a sample. Generated electrons from the sample were
measured using PESA with a 0.05-eV photon energy step. An open counter (AC-2,
Riken Keiki) [7-10] was employed as a detector of generated electrons. The
number of incident electrons per second into the counter Ny, was then estimated
with the aid of the following equation.

NN = — 22— m
" ) 1'T]\[ol:ls

Here Nen is the number of emitted electrons per second, f is the fraction of
electrons incident at the counter, 7 is the dead time, and Ny is the number of
observed electrons per second. The photoelectric quantum yield Y is derived by
dividing Ni, by the number of incident photons, which was estimated using a
photodiode (S1220-1010BQ, Hamamatsu Photonics), placed in the sample
position [9].

3. CALCULATION

The DV-Xa method [11] was employed to calculate molecular orbitals.
Convolution of the squares of molecular orbital amplitudes to plot a partial
density of states (PDOS) curve was carried out adopting a line width of 0.5 eV.
The model used for calculations is shown in Fig. 1. The geometries of Zn"TPP are
based on X-ray data [12]. Molecular orbitals of Mg"-, Co", and Cu"-TPP were
calculated employing the same geometries as those of Zn"TPP where a central
metal is substituted with one of the metal atoms mentioned above.

Fig 1. Geometry of tetraphenylporphyrin used for present calculations, where a
central metal atom M is substituted with Mg, Co, Cu or Zn.
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Calculating conditions were as follows: basis sets of 1s-3p for N, 1s-3p for C, 1s
for H, 1s-3d for Mg, and 1s-4p for Co, Cu and Zn; potential well of 2.5 atomic
units in width and —2.0 Hartrees in depth; and 38500 sampling points for all TPPs.

4. RESULTS AND DISCUSSION

The density of states (DOS) was estimated by differentiating
photoemission yield (¥) with incident photon energy (E). Square roots of
photoemission yields against incident photon energies for Zn"TPP are shown in
Fig. 2. The threshold energy for photoemission was deduced from the intersection
point of 7' and background (listed in Table 1 for the TPPs).

[x10%] 2 o ' ' iy
y
*
f
@ 4
E Lo threshold energy f’ 4
2 »
[ ]
¥
4
2
oot -.._-,:‘____
1 ‘ L
0 5.00 6.00

Energy of UV-ray(eV)

Fig.2 Relationship between energy of incident UV-rays and square root of
photoelectric yield (Y) for Zn"-TPP.

Observed threshold energies were divided into two groups; 1) Mg"- and
Zn"-TPP with low threshold energies of less than 5.26 eV and include
non-transition elements as central atoms, and 2) Co"- and Cu"™-TPP with high
threshold energies of 5.38 eV or greater and include 3d elements. DOS values
estimated from photoelectron spectra are shown in Fig. 3. The abscissa and
ordinate indicate energy of UV-rays and DOS values, respectively.
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Table 1. Threshold energies for photoemissions from TPPs

Sample Threshold energy (eV)
Mg"TPP 524
Co''TPP 5.38
Cu''TPP 5.64
Zn"TPP 5.26

(arb.unit)

Mg'TPP & & °

Co™TPP o
W ° —

Cu"TPP -
20000y Se000000000000eseett® .
oot

Zn' TPP '.d'f""
I | 1 | ' 1 1 1
450 500 550 6.00
Energy of UV-ray (eV)

i

Fig.3. Density of states (DOS) estimated from observed photoelectron spectra.

Relative binding energies and major orbital components of the HOMOs
of Mg"-, Co"-, Cu"™ and Zn"-TPP are shown in Table 2. The major HOMO
components of the TPPs consist of 4C 2p and N2p for Mg"- and Zn"-TPP,
forming the basis of first classification from observed photoemission threshold
energies. The major HOMO components consist of M 3d for Co"-TPP, and consist
of M 3d and N 2p for Cu"TPP, forming the second group. Such classification
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based on calculated orbital components for the HOMOs appears to be consistent
with classification based on observed photoemission threshold energies.
Furthermore, calculated relative binding energies for Mg'- and Zn"-TPP are
smaller than those for Co"- and Cu"-TPP, and this grouping is consistent with that
based on observed photoemission threshold energies.

Table 2. Binding energies and orbital components of HOMOs in TPPs

Components Rate (%)
Complex  Energy (6V) “Im3i N2s N2p 3C2p 4C2p SC2p
Mg'TPP  -1.035 0 0 28 3 53 5
Co''TPP -0.573 82 0 2 6 0 8
Cu''TPP 0.115 49 9 28 4 2 5
Zn"TPP -1.066 0 0 25 4 52 7

1) M=Mg, Co, Cu or Zn

A linear relationship does not exist, however, between the observed
threshold energies for photoemissions and the calculated HOMO binding energies
of the TPPs. This is because the molecular geometries of the TPPs, with the
exception of Zn"-TPP, are hypothetical, and not experimentally determined.
Furthermore, the calculated binding energies are relative, not absolute. The
relationship between observed photoemission yields for near-edge structures and
calculated DOS values remains a subject of future study as the photoemission
yields are expected to be expressed as the product of the DOS and the
photoemission probabilities for near-edge molecular orbitals, both of which have
yet to be studied.

5. CONCLUSION

The photoemission threshold energies of TPPs were measured using the
PESA method. The TPPs examined here can be divided into two groups, i.e. 1)
Mg"-and Zn"-TPP with low threshold energies of less than 5.26 eV, and 2) Co'-
and Cu"-TPP with high threshold energies of more than 5.38 eV.

DV-Xa calculations revealed that the HOMOs of the TPPs consisted primarily
of 4C 2p and N2p in Mg"TPP and Zn"TPP, M 3d in Co"TPP, and M 3d and N 2p
in Cu''TPP. These calculated results helped to explain observed photoemission
threshold energies and emission yields.

For quantitative explanation of observed photoemission threshold
energies, DOS and partial density of states (PDOS) at the HOMOs of
tetraphenylporphyrins, it is necessary to know the exact geometries of the TPPs as
well as the photoelectron emission probability for molecular orbitals, rather than
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that for atomic orbitals.
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Abstract

In order to understand the coordination behavior of AI(III) ions in hydrosphere,
discrete variational Xa molecular orbital calculations were performed to analyze
Al K-edge XANES spectra for the aqueous solutions of AI(NO3)3-9H,0 and Al-
EDTA (EDTA = ethylenediaminetetraacetate) complex. As to AI(NO3)3:9H,0,
the hydrate structure was presumed to be rather an asymmetric hexahydrated
structure than an high-symmetric structure. As to AI-EDTA, the 5-fold
coordinated Al-EDTA was concluded to be the coexistence of the pyramidal and
trigonal bipyramidal structures in proportion of 4 to 6.
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1. INTRODUCTION

Recently, AI(IIT) ions in soil and/or rocks dissolving in hydrosphere due to
acid rain exhibit toxic effects against living thing, especially plants (1,2). The
toxicity of AI(III) ions appears strongly in the hydrated Al(IIl) ion and its
hydrolytic products. The Al(IIl)-toxicity is, however, suppressed by the
complexation of AI(II) ion and organic ligands, especially the ligands with
carboxylate groups(1-3). Therefore, it is important on environmental science to
understand the coordination behavior of AI(IIl) ions in hydrosphere.

For AI(IIT)-EDTA complex (EDTA = ethylenediaminetetraacetate), we have
studied the coordinated structure to the aluminum(III) ion in the aqueous solution
from NMR measurements. As a result, it
has been proposed that the AI(III)-EDTA
complex in aqueous solution is the dynamic 0 _0o
5-fold coordinated structure with one O
atom of a HyO molecule, two N atoms of
EDTA, and two O atoms which o
alternatively exchange by two atoms of four ’

CH,COO groups of EDTA, as seen in Fig. 1 /

(4). The coordination structure is, however, Hzo"“"M\ j
insufficiently revealed in the steric structure l N
from NMR measurements.

X-ray absorption near-edge structure sz
(XANES) spectra, which give us the o
information on the electronic state and z 0
steric structure of absorbing atoms (5), for
light atoms in solid compound have been
also measured popularly using soft X-ray Fig 1. Structure of AI-EDTA
and analyzed in combination with a discrete  presumed by NMR measurements.
variational Xo (DV-Xa) molecular orbital
(MO) method (6-11). However, few studies for light atom species in solution have
been carried out by XANES until we develop a liquid cell system for soft X-ray
(rightly by transmission mode) (12).

Using the liquid cell system, Al K-edge XANES spectral measurements
were made for aluminum nitrate nanohydrate (AI(INOs);-9H,0), as model of
harmful chemical species in soil, and AI-EDTA in aqueous solution (13). Figure 2
shows the XANES spectra together with that in powder measured by use of a total
electron yield mode. The XANES spectrum of AINO;);9H>O in aqueous
solution was little different in the spectral feature and peak position from that in
powder, though the peak width in the powder was slightly broader than that in the
aqueous solution. This suggested that the structure around the AI(III) ions in
aqueous solution becomes hexahydrate structure the same as that in powder. On
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the other hand, the XANES
spectrum of AI-EDTA in aqueous
solution was outstandingly different
in peak position from that in
powder, though the peak position
for the powder sample of AI-EDTA
was the same as that of powder
sample of AI(NO3);9H,0. This
suggested that six coordination sites
of AI(III) ion in AI-EDTA powder

" AI(NO3)3'9H,0

Normalized Intensity / Arb. Units

are occupied only by EDTA which A-EDTA

is a hexadentate ligand, while the

coordination structure of AI-EDTA powder

in aqueous solution is different aq. soln.
from that in powder. From the

results of NMR for AI-EDTA in

aqueous solution, the chemical shift

of XANES spectrum is expected to N S S T
derive from the 5-fold coordinated 1560 1570 1580 1590 1600
structure as shown in Fig. 1. Energy / eV

However, it is hard to argue it from

only the comparison of the spectral ~ Fig 2. Observed XANES spectra of
feature and peak position for the  powder (thin) and aqueous solution
observed XANES spectra whether  (bold) of each of AI(NO;); 9H,O and
the steric structure of the  AI-EDTA.

coordination of six H,O molecules

to AI(IIL) ions in aqueous solution of AI(NOs);-9H,0 is similar to that in powder
or not, and whether the chemical shift occurs by the change of the coordination
number for AI(ITI) ions or not.

In this study, our aim is to examine theoretically the influence of the steric
structure around AI(IIT) ions on the XANES spectra from the DV-Xa calculations
and to discuss the hydrated structure of AI(III) ions and the chemical shift of Al-
EDTA in aqueous solution.

2. COMPUTATIONAL METHOD

For AI(NO3)3-9H,0, model [ is an asymmetrical structure with six different
Al-O bond lengths, 1.80, 1.90, 1.91, 1.97, 2.03, and 2.03 A, which is based on the
crystal structure (14), and model II is an octahedral structure with six same Al-O
bond lengths, 1.88 A, which is O, symmetry on the basis of the structure in
aqueous solution (15) (see in Fig. 3). Basis sets used are 1s, 2s, 2p, 3s, 3p, and 3d
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for Al, 1s, 2s, and 2p for O, and 1s for H. Charges of models I and II both became
3. Sample points used in the numerical integration were taken up to 20000 for
each calculation. Convergence point of self-consistent-field iterations for all
models was set 0.001 electrons in difference of electron before and after the
iterations. The calculations were made for both the ground state and Slater’s
transition state (16) with non-symmetry.

Al-O: 1.80 A
1.90 A
1.91A
1.97 A
2.03A
2.03A

Model |

Al-N: 2.06 A
AlO: 1.84 A
1.88 A

Model HI Model IV Mode! V
4 &

¥

Model VI Model VII

Fig 3. Models of AI(NOs); 9H,0 and AI-EDTA used for DV-Xua calculations.



XANES Analysis for Aqueous Al Salt Solutions 411

For Al-EDTA, model III is 6-fold coordinated AI(III) ion only by EDTA
(see in Fig. 3). This model was constructed by referring to the single-crystal
structure of K[AI(EDTA)]-2H,0 (17). Model 1V is that K(I) ion is removed from
model III, and model V is that one CH,COO group coordinated at the axial
positions to AI(III) ion in model IV is replaced with one HO molecule (see in Fig.
3). Then, the free CH,COO group is arranged that two O atoms little interact with
the AI(III) ion. Models IV and V were used to investigate the influence of the
complex ion and coordinated H,O molecule on the chemical shift of the XANES
for the aqueous solution of AI-EDTA, respectively, compared with 5-fold
coordinated models. Models VI and VII were constructed as pyramidal and
trigonal structures, respectively (see in Fig. 3), and are based on the results of
NMR experiments as mentioned above. Note that only one of two CH,COO
groups bonded to each N atom can coordinate to the AI(III) ion. In addition, the
geormrietry optimizations for the two models were performed with the Cerius®
ver.3.5 (Accelrys Inc.) programs (18). Basis sets used are 1s, 2s, 2p, 3s, 3p, and 3d
for Al, 1s, 2s, and 2p for C, N, and O, and 1s for H. Charges became zero for
model IIT and 1- for other models. Sample points used in the numerical integration
were taken up 1000 points per atom for each calculation. Convergence point of
self-consistent-field iterations for all models was set 0.001 electrons in difference
of electron before and after the iterations. The calculations were made for both the
ground state and Slater’s transition state with non-symmetry.

The DV-Xa calculations were made for the models mentioned above and
transition peaks were subsequently calculated by the suite of programs (19,20).
The transition peaks that appear above lowest unoccupied orbitals should be only
utilized to analyzed observed XANES spectra because their shapes are based on
the theory that an electron is excited from an inner orbital to an unoccupied orbital
by an electric dipole transition and the details of procedure can be seen in Ref. 21.

3. THE PRESUPPOSITION OF XANES SPECTRAL FEATURE
FOR HEXAHYDRATED Al(IH) ION

The calculated transition peaks (bars) for models I and II are shown in Fig. 4
with the observed XANES spectrum (solid line) of AI(NOs);-9H,0 in aqueous
solution. The calculated transition peaks are convoluted by a Gaussian function
(broken line) of 1.2 eV full width at half maximum (FWHM). The energy scale
was calibrated by adding 7.8 eV to the calculated energy (eV) for model I,
because it was in good agreement with the observed XANES spectrum of
AIINO3)3-9H0 powder. This 7.8 eV was also added to the calculated energy (eV)
for model I1.
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The transition peaks for
model II, which is constructed as a
structure in aqueous solution, show
mainly two bunches of them. Bunch
¢ in lower energy side is assigned
by the transition to the MO’s
composed of Al 3p and O 2s

Al(NO5;)3-9H,0

orbitals, Bunch f in higher energy A 3p,3d
side is assigned by the transition to Y +0 2p
the MO’s composed of Al 3p and O \,—/

2p orbitals. The appearance of ¢ model |

bunches such these is due to high
symmetry of model 1I, and that is
reason why the transition peaks for
model II are not in well agreement
with the feature of the observed
spectrum in aqueous solution,
though  the  high-symmetrical el el T
AP (H,0); structure calculated by a 1560 1570 1580 1590 1600
molecular dynamics simulations in Energy / eV

water (max. 1728 water molecules)

has well agreed with the Fig 4. Calculated transition peaks
experimental result of Al-O length  (vertical bars) and curves (broken) for
(22). If the structure of AI*'(H,0)s  the models 1 and IL The observed
keeps high symmetry in aqueous  XANES spectrum (solid) for aqueous
solution, the observed XANES  solution of AI(NO;);9H,0. is given for
spectrum  would indicate two  reference with the prominent features A-
outstanding peaks. On the other  E. The main atomic orbitals composing
hand, the transition peaks for model significant MO’s are shown.

I, which is constructed as a

structure in powder, are separated due to asymmetry. Consequently, this is well
correspondent with the feature of the observed spectrum in aqueous solution as
well as in powder. These results predict, therefore, that the steric structure around
AI(III) ions in aqueous solution of AI(NQO;);-9H,0 is a hexahydrated structure
with an asymmetric Al-O bond manner rather than O, symmetry.

Normalized Intensity / Arb. Units

4. THE CHEMICAL SHIFTS OF XANES SPECTRA FOR Al-
EDTA COMPLEX

Figures 5 and 6 show the results for 6-fold coordinated and 5-fold
coordinated AI-EDTA models, respectively, with the observed XANES spectra
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T T
AI-EDTA

aq. soln.

model Il

.......................

........................

Normalized Intensity / Arb. Units

560 1570 1580 1590 1600
Energy / eV

Fig 5. The chemical shifts of 6-fold
coordinated AlI-EDTA  complex
species for the models III-V. The
vertical bars and broken lines are
the calculated transition peaks and
curves, respectively. The solid lines
arec the observed XANES spectra
for the powder (thin) and aqueous

solution (bold) of AI-EDTA
complex, which are given for
references.

Normalized Intensity / Arb. Units
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aq. soln.

1. modellll
------- 3 ':_’LJ.I [

} H“\ model VII
1560 1570 1580 1590 1600
Energy / eV

Fig 6. The chemical shifts of 5-fold
coordinated AI-EDTA  complex
species for the models VI and VII,
as compared with model III. The
vertical bars and broken lines are
the calculated transition peaks and
curves, respectively. The solid lines
are the observed XANES spectra
for the powder (thin) and aqueous
solution (bold) of AI-EDTA
complex, which are given for
references.

for powder and aqueous solution of AI-EDTA. The calculated transition peaks are
convoluted by a Gaussian function of 1.0 eV full width at half maximum
(FWHM). The energy scale was calibrated by adding 2.25 eV to the calculated
energy (V) for model III, because it was in good agreement with the observed
XANES spectrum of AI-EDTA powder. This 2.25 eV was also added to the
calculated energy (eV) for models IV-VII.

In Fig. 5, the positions of the calculated main transition peak for both
models IV and V are less different from that of model III. These results would
show for 6-fold coordinated AI-EDTA complex that both the ionization and
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hydration structure replaced one CH,COO group coordinated to Al(III) ion with
one H,O molecule are little relation to the chemical shifts of the Al K-edge
XANES spectra for AI-EDTA.

On the other hand, the prominent peaks of the calculated transition peak for
both models VI and VII appear at low energy of 5-7 eV, compared with that of
model III, as can be seen in Fig. 6. These results would show that the chemical
shifts of the K-edge XANES spectra for AI-EDTA mainly depend upon the
difference in the coordination structure between 5-fold and 6-fold coordinates.
Similar chemical shifts have been also obtained for that of aluminosilicate
minerals including 4-fold, 5-fold, and 6-fold coordination structures. The
chemical shifts depending on the coordination number of AI-EDTA further
support the results of NMR
experiments (4).

However, the steric structure
of 5-fold coordinated Al-EDTA in
aqueous  solution cannot be
concluded by either pyramidal or
trigonal bipyramidal structures such
as models VI and VII, respectively,
since both the calculated results for
models VI and VII show the
calculated transition peaks
illustrating the features
characteristic of the Al K-edge
XANES for aqueous solution of Al-
EDTA. Therefore, the authors
propose two steric structures as
follows: the coexistence of the
pyramidal and trigonal bipyramidal

Normalized Intensity / Arb. Units

N ]

structures in a certain proportion, 1560 1 5'70 1 580. 3 5190 1600
and the intermediate structure of Energy / eV
them.

The former idea may be  Fig 7. The consideration of the mixed
interpreted in Fig. 7, which shows  structure of the pyramidal and trigonal
the mixed peaks that the transition  bipyramidal structures by the use of
peaks calculated for models VI and  models VI and VII. The appropriate
VII are mixed in the proportions of  proportions of model VI to model VI
5t05,4t06,and 3 to 7. The atomic  are shown in. The vertical bars and
orbitals, particularly the Al atom  broken lines are the calculated transition
and the surrounding N and O atoms,  peaks and curves, respectively. The solid
constituting the MO’s of the line is the observed XANES spectrum
prominent peaks, a-f, and their  for the aqueous solution of AI-EDTA
proportions per one atom for each  complex, which is given for reference.
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atomic species are shown in Table 1. Peaks a, ¢ and e are of model VII, and peak
b, d, and f are of model V1. The N atom orbitals equivalently contribute to peaks
b-e, that is, it would show to be independent of the geometry. However, the O
atom orbitals of HO molecule contribute to peaks b and d more than that of COO
groups, i.e., peaks of model VI, while that of COO groups contribute to peaks ¢
and e more than that of H,O molecule, i.e., peaks of model VII. Thus, these
results suggest that the characteristic on the steric structure may appear on the
observed XANES spectrum. By mixing the transition peaks characteristic of each
model, the mixed peaks obtained is in better agreement with the prominent
features of the observed XANES spectrum than the peaks obtained for each model.
For instance, feature B, C, and D in the observed spectrum can be assigned to the
peak b of model VI, the peak ¢ of model VII, and both of the peak d of model VI
and the peak e of model VIL In particular, the transition peaks mixed in
proportion of 4 to 6 are well correspondent with the feature D in the observed
spectrum, though there is no direct evidence for this consideration. However, the
pyramidal and trigonal bipyramidal structures are likely to exist easily in the
equilibrium that two O atoms which exchange alternatively among four CH,COO
groups of EDTA occupy the remaining two coordination sites of Al (III) ion in
aqueous solution, as seen in Fig. 1. Therefore, the 5-fold coordinated A-EDTA in
aqueous solution is suggested to form the pyramidal and trigonal bipyramidal
structures such as models VI and VII, respectively, in proportion of 4 to 6.

Table 1. The atomic orbitals constituting the MO’s of the prominent peaks, a-f in
Fig. 7, and their proportions

Atomic orbital and its proportion® (%)
Peak Al3s Al3p Al3d 0°2s 0O°2p 0°2s 0O°2p N2s N2p

a 0.0 03 12 0.2 9.7 0.1 0.2 0.1 0.2
b 148 257 139 0.1 1.1 9.1 7.0 2.0 22
c 0.0 417 204 0.2 1.6 0.1 1.2 0.5 4.5
d 1.8 395 110 0.7 27 <01 2.5 2.2 3.8
e 0.0 292 7.8 0.6 2.5 0.1 0.3 0.1 110
f 0.2 9.5 229 1.8 9.4 0.1 0.3 0.1 1.8

*Proportion per one atom for each atomic species. °The O atom coordinated to
AI(III) ion in COO group. “The O atom in H,O molecule.

In the case of the latter, the DV-Xo method may be limited because it is
hard to construct the model structure for the intermediate. In the molecular
dynamics simulations of AI”(H,0)s in water, the geometry converged at
pyramidal- or trigonal bipyramidal-like structure, which is due to basis set (22,23).
In the case of geometry optimizations for our AI-EDTA models, nothing
converged at the structure except for models VI and VII, but not in water.
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However, if the molecular dynamics simulation of AI-EDTA in water is
performed, intermediate structure may be obtained. This matter will be improved
in future.

5. CONCLUSION

The Al K-edge XANES spectra for the aqueous solutions of Al(NO3);-9H,0
and AI-EDTA complex were analyzed by the DV-Xa calculations to investigate
the steric structure around AI(II) ions. As to AI(NO;);9H,O, the hydrate
structure was presumed to be rather an asymmetric hexahydrated structure than an
high-symmetric structure. As to AI-EDTA, the 5-fold coordinated AI-EDTA was
concluded to be the coexistence of the pyramidal and trigonal bipyramidal
structures in proportion of 4 to 6. By the use of the combination of the Al K-edge
XANES spectra and DV-Xo method, it will be expected to understand the
coordination behavior of Al(III) ions in hydrosphere.
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La X-ray fluorescence (XRF) spectra emitted from some typical transition
metals and their compounds showed different shapes characteristic of their
chemical environments, which were Mn, MnO and MnQO,, Fe, a-Fe;03 Fe;04
and FeSO,;and Cu, Cuy0O, CuO and CuCl. Such change in spectral shapes was
successfully explained, except for CuO and CuCl, in view of the self-absorption
scheme, where the DV-Xa molecular orbital calculation method was employed
to estimate occupied and unoccupied density of states (DOS) responsible for
X-ray emission and absorption.

The Lo X-rays resulted from electron transition between an M 2p electron
vacancy and occupied molecular orbitals including, at least in part, M 3d orbitals
of the atom of interest were theoretically explained to be absorbed by
neighboring M atoms, where M means the same kind of transition elements, i.e.
Mn, Fe and Cu. Here a part of the emitted Loe X-rays must be used to excite M

2p electrons to unoccupied molecular orbitals composed, at least in part, of M
3d.
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1. Introduction

Lo X-rays emitted from chemical compounds including transition elements
embedded in different chemical environments show significant difference in
shape [1-6]. The shape of the L X-ray spectra has been explained qualitatively to
be much altered by change in the near edge structures composed of occupied and
unoccupied molecular orbitals. However, enough explanation had not yet been
given in view of the quantum chemical scheme [1, 2].

Recently, the present authors succeeded to explain shape-difference in Fe Lot
spectra emitted from Fe, a-Fe;O3, Fe;04 and FeSO4 quantum-chemically [7].
Such difference was quantitatively explained by introducing an assumption that a
part of X-rays emitted through electron transition between the Fe 2p and 3d
orbitals of Fe atom of interest is absorbed by another Fe atom with partially
unfilled 3d orbitals, i.e. self-absorption, which is situated on the neighborhood of
the X-ray emitting Fe atom.

The same explanation must be done for all the other chemical compounds
composed of transition elements. As typical examples of transition element
compounds, Mn, MnO and MnQ; and Cu, Cu,0, CuO and CuCl were selected
and their observed and calculated Lo spectra were compared with those of the Fe
Lo. For molecular orbital calculation the DV-Xa method [8] was employed.

2. Experiment and calculation

X-ray fluorescence (XRF) spectra emitted from Mn-, Fe- and Cu-containing
compounds were recorded using Phillips PW 1480 spectrometer. The anode of the
X-ray tube is made of molybdenum coated with a scandium thin layer. The
accelerating voltage and the electric current on the anode were kept at 60 kV and
50 mA during experiments. Emitted X-rays were analyzed with the aid of a
thallium acid phthalate (TLAP(001) 2d=25.75A) single crystal. The pellets of
pulverized Mn (FURUUCHI CHEMICAL, 99.9%), MnO (RARE METALLIC,
99.9%), MnO; (RARE METALLIC, 99.9%), Fe (WAKO PURE CHEMICAL
INDUSTRIES), a-Fe;O3 (RARE METALLIC, 99.9%), Fe;0s (SOEKAWA
CHEMICALS, 99%), FeSO; (SOEKAWA CHEMICALS, 99.9%), Cu
(SOEKAWA CHEMICALS, 99.9%), CuO (SOEKAWA CHEMICALS, 99.99%),



Self-absorption Correction for L X-ray Spectra Based on MO Calculations 421

Cu;0 (RARE METALLIC, 99.9%) and CuCl (Junsei Chemical, 99%), were used
for the experiments.

The DV-Xa method [8] was employed for calculating the partial density of
states (PDOS). The calculating conditions were as follows; 1) basis sets used for,
Mn, Fe and Cu: 1s-4p, for O: 1s-2p, for S: 1s-3p and for Cl: 1s-3d; 2) clusters
used for 2-1) Mn: Mn;7 with T4 symmetry and with 8500 discrete sample points
(DSP), for 2-2) MnO: MnO4'" with Oy, and 3500 DSP, for 2-3) MnO,: MnQOg*
with Dy, and 3500 DSP, for 2-4) Fe: Fe;s with Oy and 7500 DSP, for 2-5)
a-Fe,03: FeOg”™ with C; and 3500 DSP, for 2-6) Fe;04: FeO,* with T4 and 4500
DSP and FeOgs™™ with C; and 3500 DSP, for 2-7) FeSO4: FeSs0,4'> with C; and
15500 DSP, for 2-8) Cu: Cuy3 with Oy and 6500 DSP, for 2-9) Cu,O: Cu,0.>"
with C3 and 4500 DSP, for 2-10) CuO: Cuy;04'*" with C; and 7500 DSP, and for
2-11) CuCl: CusCl’* with Tq and 8500 DSP. The size of a potential well used
for all the clusters is 7.0 atomic units in width and -0.5 Hartrees in depth.

3. Results and discussion

Mn Lo spectra emitted from Mn, MnO and MnO, were of one peak but their
shapes were much different each other, as shown in Fig. 1. Fe Lot spectra emitted
from Fe, o-Fe;03, Fe;O4 and FeSO4 split into two and their shapes were
characteristic of these compounds, as shown in Fig. 2. Cu La spectra emitted from
CuO and CuCl, as shown in Fig.3, had a shoulder at the higher energy side of
main peaks but those from Cu and Cu,0 had not.

The occupied and unoccupied M 3d PDOS (M=Mn, Fe and Cu) calculated here
are shown in Fig. 4 for Mn, Fig. 5 for Fe and Fig. 6 for Cu, respectively. Here
convolution of the PDOS was carried out adopting the line width of 4eV. As can
be seen in Figs. 4-6, difference in the peak-top energies and in relative intensities
of the occupied and unoccupied M 3d PDOS is remarkable. This suggests that the
Lo X-rays emitted from these compounds must experience different degrees in
self-absorption due to electron transition from the 2p orbital of the M atom of
interest to the unoccupied molecular orbitals. This must give different and
characteristic spectral shapes for these compounds mentioned above.
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Comparison between observed and calculated M Lo spectra is given in Fig. 7
for Mn, MnQO, MnQ,, in Fig. 8 for Fe, a-Fe;03, Fe;04 and FeSOy, and in Fig. 9
for Cu, Cu,0, CuO and CuCl, respectively. Here for better understanding, L3
spectra and contributions from the 9th order diffraction of Fe Kot at 710 eV and
of Mn Ko at 655 eV were reduced from observed spectra. The extent of
contributions from the 9th order diffraction of Ko was estimated by multiplying
the intensity of the 9th order diffraction of KB with the intensity ratios of
Ko/KP. On the other hand, the calculated Lo spectra were prepared by
multiplying the occupied PDOS shown in Figs. 4, 5 and 6 with (1-nDy), where
Dy means the PDOS of the M 3d unoccupied orbitals and n is a coefficient, i.e.
0-1. In our experiments, n is selected to be 1 because the samples used were
thick enough and then absorb emitted M L X-rays in proportion to the numbers
of 3d electron deficiencies in the M atom.

Coincidence between observed and calculated Lo spectra is satisfactory for all
the Mn- and Fe-containing compounds, and Cu and Cu,O, but is insufficient for
CuO and CuCl. This suggests that a further correction, such as the multiple
ionization correction is necessary for the latter.

Calculated

Observed

| MnO MnO, N\
;1./\-‘——-—:@ R

620 64 660

Relative intensity (arb. unit)

620 640 660
Energy (eV)
Fig. 7. Comparison between calculated and observed Mn Lo spectra, where
Lp spectra and contributions from the 9th order diffraction of Mn Ko were
reduced from the observed spectra.
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4. Conclusion

Simulation to reproduce fine structures of Lo X-ray spectra emitted from
some 3d transition elements is performed. Observed Mn Lo spectra emitted from
Mn, MnO and MnO; were of one peak but their shapes were much different each
other. Fe Lo spectra emitted from Fe, a-Fe,0s, FesO4 and FeSO4 were of well
separated two peaks. Cu Lo spectra emitted from CuO and CuCl had a shoulder
at the higher energy side of main peaks but those from Cu and Cu;0 had not.
These features were theoretically reproduced in view of the self-absorption
scheme using the DV-Xa molecular orbital calculation.

Difference in the shapes of the observed spectra emitted from Mn, MnQO and
MnO;,, Fe, a-Fe;0;, Fe3O4 and FeSO,, and Cu and Cu,O was well reproduced by
introducing unoccupied DOS of 3d elements, which are responsible for X-ray
self-absorption. However, Cu Lo spectra emitted from CuO and CuCl were not
well reproduced only by considering the self-absorption, suggesting that the
satellite peak originated from the multiple ionization is not negligible in intensity
for these compounds.
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Abstract

Tunneling spectra in TiO,(110) surface observed by scanning tunneling
spectroscopy are identified using the spin-polarized Discrete Variational (DV)-
X o molecular orbital calculation. The features in the tunneling conductance
spectra obtained at each ionic site are assigned on comparison with calculated
spectra. The results clearly indicate that a paramagnetic Ti*~ is produced due to
an oxygen vacancy immediately below the fivefold-coordinated titanium ions
rather than a bridging oxygen vacancy.

CONTENTS

1. Introduction

2. Observation current images and tunneling spectra in TiO; (110) surface by
scanning tunneling spectroscopy.

3. Computational method of tunneling conductance

4. Results and discussions

5. Conclusions

Keywords: scanning tunneling spectroscopy, tunneling conductance, first
-principle analysis, DV-X o molecular orbital calculation, TiO;(110) surface,
oxygen vacancy.

E-mail address: sakai@ashiya-u.ac.jp/

ADVANCES IN QUANTUM CHEMISTRY, VOLUME 42
© 2003 Elsevier Science (USA). All rights reserved
0065-3276/03 $35.00



430 Yoshiyuki Sakai

1. INTRODUCTION

Titanium dioxide has recently attracted considerable attention since it is known
to have strong activity as a photocatalyst that decomposes a large number of
undesirable chemical pollutants upon irradiation of ultraviolet rays. The oxygen
vacancies in this surface are considered to play important roles in the
photocatalytic reaction [1-3].  However, it is still not clear exactly which
features of the oxygen-deficient TiO2 surface are responsible for the surface
chemical reaction [3]. It is considered that the electronic and geometric
information at oxygen vacancies in the surface is important for understanding the
mechanism underlying the surface chemical reaction.

Scanning tunneling microscopy/spectroscopy (STM/STS) is a powerful tool
to provide such information in real space with atomic resolution on various
material surfaces of metal, semiconductor, and molecules [4,5]. In STS
measurements, the tunneling current (I) versus sample voltage (V) spectrum as
well as its differential spectrum (dl/dV; vs V;) or a vibrational spectrum (*l/d V;’
vs V;) can be obtained at each atomic site [5,6]. Its local density of states
(LDOS) is estimated from tunneling conductance (dl/¥;) spectra [7] which is in
good agreement with those by Photo-Emission Spectroscopy (PES) [8].
Recently, this technique has been applied to oxide surfaces such as SrTi0;,[9,10]
MO;[11], MgO,[12] ZnO[13], VO4[14], V,05[15,16], Fes04[17], TiO, [18-23].

The electronic structures around oxygen vacancies in TiO,(110)-(1 X 1)
surface is rather complicated: the unoccupied defect states due to a bridging
oxygen vacancy were observed by STS [23][24] while occupied defect states in
this surface were often observed by non-imaging techniques of PES [25-27] or
Electron- Energy- Loss Spectroscopy (EELS) [25,28]. As those experimental
facts were found, first-principles calculations have been performed to investigate
the detailed geometric or electronic structure in this non-stoichiometric TiO(110)
surface [29-34].

In this study, a variety of electronic structures are theoretically reinterpreted
for the consistency with experimental facts [23] of STS measurements. The
spin- polarized DV-X & molecular orbital method is used to calculate local density
of states (LDOS) in rutile Ti0,(110) surface with oxygen vacancies. Theoretical
dl/dV; spectra at each ionic site are also calculated to assign peaks of experimental
spectra in comparison with the calculated spectra.

2. OBSERVATION OF CURRENT IMAGES AND TUNNELING
SPECTRA IN TiO(110) SURFACE BY SCANNING TUNNELING
SPECTROSCOPY [23]

Electrons are tunneling between a tip and a sample surface at some 10 A
distance from each other as illustrated in Fig.1. By scanning a metal tip over a
surface keeping tunneling current to be constant, corrugation of atomic size in the
surface can be imaged in real space [35]. The I-V, spectra and their differential
conductance (dI/dV,) are measured at each of the 64 X 64 pixels in a topographic
image. All the experiments in this studly were carried out in an ultrahigh-vacuum
(UHV) chamber at a pressure of 1 X 10" Torr. Experimental set up was
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Fig.1 Principle of scanning tunneling spectroscopy

carefully arranged to avoid tip-surface interaction causing the deterioration of
reliability of STS measurements: The bias voltage V; was swept from -1 V to 2.5
V in STS measurements so that atom transfer between a tip and a sample might
not occur due to strong electric field [36,37]. One step in voltage sweeping was
1/50 of the full voltage range. Therefore, features of tunneling spectra were
determined within 0.1 eV in accuracy. Also, Pt-Ir tip apex was annealed by
electron bombardment in UHYV to eliminate the contamination on tip apex. A
rutile TiO; crystal with a mechanically polished surface was cleaned by cycles of
Ar' ion bombardment and annealing up about 1000 K in UHV .

Figure 2 (a) shows the unoccupied state image of the rutile TiO, (110) surface.
It is well established that the bright rows along the (001) direction correspond to
rows of fivefold-coordinated Ti ions [19, 20].

Fig.2 (a) STM image of
Ti02(110) and (b)simul-
taneously obtained tunneling
current image at Vs=-1V,
White lines in ‘(b) indicate the
positions of fivefold-
coordinated Ti rows. Arrows
V and g indicate bridﬁing 0]
vacancies and trappe
electron charge, respectively.
¢) Schematic structure
of Ti02(110)-(1 X1) surface
with a bridging Ovacanca'. A
bridging O ion, a fivefold-
coordinated Ti ion and a
sixfold-coordinated Ti ion are
labeled as "Ob", "Tf" and
"Ts", respectively.

(d) Typical example of the
dl/dVs spectrum obtained at
a bridging O vacancy. The
arrow S1 indicates the
unoccupied defect state.

~dI/dVs(arb.units)

|
—
o
—
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Several bright spots are observed between Ti ion rows at around 1.5V. It is
known that these spots correspond to bridging O vacancies as illustrated in Fig.
2(c) [19, 23] and they disappear at lower bias voltage less than 1 V [23].

When a bridging O is removed as a neutral atom, two electrons are left at two
neighboring Ti ions to maintain charge neutrality so that an occupied defect state
is produced in the surface band gap. It is believed that one electron is trapped
at a Ti* adjacent to a bridging O vacancy to create a Vo-Ti* paramagnetic defect
complex [25] (Vo: oxygen vacancy). Such a state due to the oxygen vacancy
was observed within 1 eV below the Fermi level (Ep) by PES [25-27] on both an
ion- bombarded surface and an annealed surface of TiO,(110).

However, the defect state (marked as S1 in Fig.2(d)) due to a bridging O
vacancy is found to be unoccupied in this experiment and moreover, any occupied
state of a trapped electron is not found at this site within 1 eV below Ef.  As
shown in Fig.2(b), a trapped electron is found only on the fivefold-coordinated Ti
ion row as a conductive spot in the current image simultaneously obtained at Vs of
-1 V. The dark area in the image results from the electrically insulating property
at negative Vs. These conductive spots in Fig.2(b) begin to appear below —0.8
eV.

These results are contrary to the idea that a Vo-Ti** defect complex is
produced at a bridging O vacancy. It is considered that trapped electrons at the
bridging O defect sites are easily driven to the conduction band by large surface
band bending of 1.7 eV[25] in a nearly perfect TiO,(110). The other type of
oxygen defect is possible to be created at the trapped electron site: it is created
immediately below a fivefold- coordmated Ti ion in the surface during the heat
treatment in UHV, and a Vo-Ti’* defect complex is formed in the subsurface
layer (see Sec. 4).

3. COMPUTATIONAL METHOD OF TUNNELING
CONDUCTANCE

Variations of tunneling current between the STM tip and each constituent ion

in an oxide surface can be calculated by the simple equation [38, 39] depending
on V; as

eV,
Iocjo pE)T(eVs,E)dE

where p (E) is the LDOS at the energy E (eV) relative to E and T(eV,E) is
tunneling probability [38] which is expressed as

+ V.
T(eV,,E)=exp (—1.ozr\/¢f—2?i+%—EJ o

where r is the distance (A) between the sample surface and the tip apex and ¢ s
and ¢, are the work functions(eV) of the sample and tip, respectively. In
equation (1), the density of states of tip apex is assumed to be constant.
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Tunneling conductance dI/dV; is derived from eq. (1) as

dl eV, 0
_dT/:OC p(eVs)T(eVs,eVs)“'jO p(E)&—, &)

When the voltage V; is small, the first term in eq. (3) is dominant and, therefore,
dl/dV is proportional to the LDOS in the surface at energy of eV The LDOS
o (E) in the above equations is estimated by the spin-polarized DV-X «
molecular orbital calculation using the surface cluster of TiO2(110). The
computer program SCAT [40] is used for this calculation. Figure 3 shows the
stoichiometric (110) surface cluster (Ti4O16) used for the calculation.

(110)
O Oxygen (001)

1(E"E)| e,

Fig. 3 Structure of the cluster model used for DV-X o molecular orbital
calculation.

The Madelung potential was taken into account in the calculation. There are
two types of titanium ions in the surface as illustrated in the figure: a fivefold
coordinated Ti ion which is surrounded by five oxygen ions and a sixfold
coordinated Ti ions surrounded by six oxygen ions. The population of Ti3d
character in the molecular state is the important factor to evaluate the LDOS at
each Ti ion site.  In the calculation, o (E) is approximated by the sum of
Gaussian distributions as

plE)=2 &%a e"p{:zl(%i)} L@

where fi is the population of the atomic orbital component of the i electronic state
at the energy of E; and ¢ is the half-width of the Gaussian distribution. The
value of p can be estimated using value of fi mentioned above. Substituting
p (E) into eq. (3), the differential conductance (dI/dVs) is evaluated.
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4. RESULTS AND DISCUSSIONS

Figures 4 (a) shows the partial densities of states (PDOS) of the Ti3d character
at fivefold- and sixfold-coordinated Ti ions in the stoichiometric TiO,(110)
surface, using the cluster model TisO1s of Fig.3.

@ - ®
Ti(1)3d Ti(1)3d at O(1) defects1

PDOS
iL

PDOS
l

0 1 2 3 4 T T 'Sz' T T T T T

2
N
v
=%
PDOS

¥ Ti@2)3d at O) def

-2 -1 0 1 2
Energy level(eV)

PDOS

0 1 2 3 4
Energy level(eV)

Fig.4 Partial densities of states (PDOS) in Ti02(110) surface calculated
by DV-X«& method using the cluster model. (a) PDOS at sixfold- and
fivefold- coordinated Ti ion sites in a stoichiometric surface (at Tig) and
Ti(2) in Fig.3 )and (b) PDOS at Ti(1) and Ti(2) where O(1) and O(2) are
removed, respectively. Arrows S1 and S2 indicate corresponding two types
of defect states.

Atomic orbitals used in the calculation are 1s~4p in Ti atom and 1s~2p in O
atom. For the states spreading over the energy region of -1 eV~2 eV, the
Ti3d character is predominant. In this case, results of PDOS of upspin orbital
are shown in the figure (PDOS of downspin orbital is the same as that in the
upspin case). The PDOS profile is obtained by the overlap of the Gaussians of
eq.(4) with the width of 0.5 eV centered on each cluster level . Zero level is
set on the level £ of the lowest unoccupied molecular orbital (LUMO).

At fivefold-coordinated Ti site, the broad peak A is an intrinsic surface state.
On the other hand, at sixfold-coordinated Ti ion site, the peak B of tzg like level
appears at 3 eV from £% .

Figure 4 (b) shows the PDOS of the Ti3d character at two types of oxygen
vacancies (a bridging O vacancy and an O vacancy immediately below the
fivefold-coordinated Ti ion). The cluster model used is derived from Ti,O,s by
removing O(1) and O(2) ions. In this case, it is assumed that no electron is
trapped at Ti(1) site (adjacent to a bridging O vacancy) and one electron is
trapped at Ti(2) site (adjacent to an O vacancy just under a Ti(2) ion) based on
the above argument in Sec. 2. Therefore, the charge state of the cluster is



First-Principles Analysis of Tunneling Spectra for TiO,(110) Surface 435

assumed to be (Ti4O;4) 13 ", the charge of which is determined from the sum of the
formal charge of each constituent jon(Ti*",0%) and one electron added to the
cluster. As shown in the figure, the separation between the levels of upspin
and downspin occurs in the Ti(2)3d states. One electron is trapped in the
spin-polarized state S2, which is the origin of a paramagnetic defect state. The
energy difference between the S2 level and E; is about 1 eV.  On the other
hand, the defect state S/ due to a bridging O vacancy is unoccupied.  Albaret et
al. [30] pointed out by using density functional theory that an excess electron in
TinOn' cluster generally rests on an inequivalent titianium ion with a lowest
coordination number in the weakest Madelung potential. The situation is similar
in this case of (Ti4O14) " cluster with two types of oxygen vacancies mentioned
above (ie, the fivefold-coordinated Ti(1) at bridging O vacancy and the
fourfold-coordinated Ti(2) at O vacancy immediately below Ti(2) ). This is the
probable reason why an excess electron is trapped not at the Ti(1) ion site but at
the Ti(2) ion site. The PDOS is also calculated for the cases of two or more
electrons added to the cluster (not shown in the figure). In those cases, the S2
state level is raised by the mutual Coulomb repulsion so that the energy difference
between the S2 level and E; becomes as small as less than 0.1 €V, which is much
smaller than the experimentally obtained value (~1.4 eV)[23].  Therefore, it is
reasonable that one electron is trapped at the O (2) defect site forming a Vo-Ti**
paramagnetic defect complex.

As shown in Fig.5(a), the unoccupied SI orbital appears around the Ti(1)
site at 0.5 eV above E; (It does not appear at lower energy), which is consistent
with voltage dependent STM image of bridging O vacancies.

Fig.5 Calculated
molecular orbitals of (a)
the unoccupied defect state
S1 and (b) the defect state
S2 at -1 eV below LUMO
level when O(1) and
O(2)ions are removed from
the cluster of Fig.3 and one
electron is left to the
cluster.
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On the other hand, a trapped electron at S2 state is localized around the
Ti(2) site as shown in Fig.5(b) in agreement with the trapped electron image in
Fig.2(b). In this case, the trapped electron charge at Ti(2) site occupies 82 % of
a total population of the S2 state while that at Ti(1) site is very small to be less
than 1 %.

The conductance spectra(dl/dV;) are calculated by substituting the
calculated o (E) of Fig.4 into eq.(3) as shown in Fig.6 where the experimental
spectra are also shown for the comparison. It is difficult to theoretically
estimate what energy Ertakes from E since its level often varies due to the band
bending effect depending on amount of surface oxygen vacancies[41]. The
Fermi level Er is determined empirically to be 0.8 eV below E; so that the
calculated S/ level coincides with the experimental S/.

The features of the calculated spectra agree well with experimental results as
shown in Fig.6.

@ At O(1) defect (c) At sixfold
site coordinated Ti site

g | Ep
E s1 z
£ :
2 £
E Cale. g
= St 2

‘ =)

-1 o0 1 2

Vs(V)
(b) At fivefold-coordinated|  Fjg 6 Calculated differential conductance
z| Exp Disite | (dl/dV)  spectra  compared  with
= /ﬁ/ experimental STS spectra. Spectra at a
2 bridging O vacancy site. (b),(c) Spectra in
5 | Calc. stoichiometric TiO2 (110) surface at a
N A fivefold- and a sixfold- coordinated Ti
= ol ions site, respectively.
-1 0 1 »
Vs(V)

Experimental peaks (S/, 4) and the curve Bcan be assigned to those of calculated
spectra in Fig.6(a)-(c): The peak S/ belongs to the defect state due to the
bridging O vacancy. The peak 4 and the curve B in the spectra obtained in the
stoichiometric surface belong to the intrinsic surface state of Ti(2)3d orbital and
the t2g like level of Ti(1)3d orbital, respectively.

In the above calculations, the position of each constituent ion in the surface
was determined from the bulk structure. To achieve more accurate quantitative
calculations, the relaxation effect in the surface should be taken into account.

According to the first principle calculations for the relaxed (110) surface
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structure, Ti and O ions are usually displaced normal to the surface[31,32]: In a
stoichiometric (110) surface, sixfold-coordinated Ti ions move away from the
bulk with respect to the unrelaxed positions while fivefold-coordinated Ti ions
move toward the bulk by the amount of more than 0.1 A. Jung e al.[42]
theoretically confirmed optimum displacement of each Ti ion in the surface for
the consistency with the STM images using the extended Hiickel tight binding
method. They pointed out that displacement of each Ti in a stoichiometric surface
is small (-0.05A). Therefore, the relaxation effect is considered to be smaller
than expected. This is one of the reasons why the calculated spectra by using
unrelaxed surface structure are in fairy good agreement with STS measurements.
On the other hand, it is also pointed out that two Ti ions adjacent to a bridging O
vacancy move largely inward due to strong Ti-O bond, assuming that two
electrons are trapped at these sites to produce Ti’' ions. This assumption is
however not the case in the STS measurements as mentioned in Sec.2.
Therefore, the calculation for the relaxed structure at a bridging O vacancy site
should be performed with no trapped electrons to discuss quantitatively with more
accuracy.

5. CONCLUSIONS

The STS spectra in TiOx(110) surface are identified by ﬁrst-principles
calculation using the spin-polarized DV X amethod.  The results presented in
this paper clearly indicate that a Vo-Ti’* paramagnetic defect complex is _produced
at the O vacancy site immediately below the fivefold-coordinated Ti ion rather
than at a bridging O vacancy site. The features of STS spectra in TiO,(110)
surface are found to originate from the d-orbital levels of Ti ions at defect and
non-defect sites by comparison with the calculated dl/dV; spectra. A variety of
voltage dependent STM images of oxygen-deficient TiO»(110) surface can be
explained by DV-X & molecular orbital calculation using the cluster model with
the fitting number of electron charges.
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Abstract

The electronic structures of silicon clusters with a mono-vacancy and a
di-vacancy are calculated with use of the discrete variational (DV)-X a
molecular orbital method. The results show that deep energy levels are produced
in the middle of the energy gap in cooperation with dangling bonds due to
vacancy introduction. We propose a new mechanism of eliminating the deep
energy levels by substituting vacancies with atoms or a pair of atoms for
applications in Si ultra-large scaled integrated circuits. One of the best candidates
as a substitute of the vacancy is a pair of combined interstitial boron atoms.
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1. INTRODUCTION

Although silicon (Si) is widely used to fabricate devices as the original Si
has few defects, numerous point defects such as vacancies, self-interstitials and
impurities, and their aggregates are unintentionally introduced in the fabrication
process of devices. 200 or more spectra originating from defects have been
reported in electron spin resonance (ESR) experiments.[1]-[6] Unsaturated bonds
(hereafter, we refer to as “dangling bonds”) originating from vacancies cause deep
levels in the energy gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) levels.[7],[8] The deep
level acts as traps of carriers. These traps become positively or negatively charged.
The positive charge attracts an electron, and the electron recombines with a
closely localized hole and emits some light (photon) or nonradiative lattice energy
(phonon). The positive charge also scatters a hole and an electron. Since the
primary mechanism for current fluctuation in a Si device is the trapping of carriers,
the control of vacancy introduction is a principal issue in the Si technology. It is
one of the serious problems as the current fluctuation causes a fault of pixel image
on a display.[9]

An extensive study of point defects including vacancies and interstitials
has been carried out with the purpose to improve performance of deep
sub-micrometer and nano-micrometer scaled devices. Ballistic ion processes
which occur during plasma treatment and implantation into Si lattice lead directly
to local excess vacancies at depths up to about half of projected ion range and
excess interstitials at deeper depths close to the ion range.[10] During annealing
after ion processes the vacancies diffuse rapidly through the crystal and interact
with themselves, self-interstitials and impurities.[7],[11] The recent studies using
the Au decoration method of so called Ry/2 defects for MeV implants is entirely
convincing the presence of vacancy clusters.[12],[13] On the theoretical point of
view, there is considerable interest as to the stability of such defects and their
evolution during annealing. Self-consistent molecular dynamics calculations
based on the density-functional theory and the local density approximation have
shown that stable forms of multi-vacancy clusters are Vg, Vo, . etc.[11],[14],[15]
The number of vacancies forming multi-vacancy clusters is called a “magic
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number”. It has been also found that a H-decorated multi-vacancy is capable of
containing an additional H, molecule.[16] Although there is much effort to
eliminate deep energy levels caused by dangling bonds due to introduction of
vacancies and their aggregates, it is surprising that no detailed information on the
elimination mechanism of the deep energy levels due to the dangling bonds is
publicly known. Two traditional mechanisms to eliminate the deep energy levels
have been reported: first, termination of dangling bonds by hydrogen atoms, and
second, replacement of vacancies by group IV elements, C, Ge, Sn, or Pb.[16]
The purpose of the present paper is to propose new elimination
mechanisms of the deep energy levels generated by dangling bonds due to
vacancy introduction. We have tried to eliminate the deep energy levels by
replacing a mono-vacancy by a pair of atoms, and by replacing a di-vacancy by a
transition metal atom. In group II elements such as B, Al, Ga, In, and TI, an
atomic valence configuration is ns’np at the atomic core. The number n labels the
principal quantum number of the atomic orbital. The basic idea is that a combined
boron pair with the valence configuration of ns’np=npns> may be expected to have
four orbital bondings with four dangling bonds with the mono-vacancy. The

combined boron pair has the <100> split boron pair structure, B,~'%*

,in Si,
which is supposed to be stable.[17] The second idea is that a transition metal atom
forming co-ordination compounds sometimes has a co-ordination number of six.
The orbitals of such a transition metal atom may successfully combine with six
dangling bonds due to the di-vacancy in the elimination of the deep energy levels.

<100>

The analysis shows that the <100> split boron pair structure, B, , in Si is

electrically inactive and eliminates the deep energy levels.

2. CALCULATION DETAILS AND CLUSTER MODELS

The electronic structures of silicon clusters were calculated using the
discrete variational (DV)-X a@ molecular orbital (MO) method with a linear
combination of atomic orbitals (LCAQ) expansion of molecular orbitals.[18] In
this method the exchange-correlation potentials are approximated by the simple
Slater form,[19]



442 Noboru Esashi et al.

1

Vicle - plr )}

where the coefficient « is a scaling parameter and is fixed at 0.7 throughout the
present work. p (r) is the local electron density at a position r. Using the simple
form for the potentials, high-speed calculations have been realized using a
personal computer. Calculations were iterated until p (r) reached to a constant
value by the self-consistent-charge method. The basis functions for the MO
calculations were constituted of the atomic orbital wave eigenfunctions obtained
in the numerical form, which included 1s-3d for Si and P atoms, 1s-2p for B
atoms, and 1s for H atoms. Mulliken overlap population analysis[20] was used in
order to discuss the bonding natures, which gave the net charge of atoms and the

bond overlap population between each pair of atoms in the cluster.

(@ )

Fig. 1. Cluster models for: (a) SizsHse, extracted from a regular Si without a
defect, and (b) III,-SizsHse, with a <100> split atom pair such as group I
element pair.
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The group HI element

Fig. 2. Magnified view of the portion surrounded with the circle in Fig. 1(b)

The cluster model, SizsHis, shown in Fig. 1(a) was extracted from a
regular Si crystal without a defect within the cluster. To calculate the electronic
structure of the cluster with a mono-vacancy, the cluster model, V-SiysHae, was
employed by introducing a mono-vacancy at the center of the cluster model,
SissHse, by removing the central Si atom.

Figure 1(b) shows the cluster model, IM,-SisyH3e, with the <100> split
atom pair such as a group I element pair instead of a mono-vacancy. Many
researchers believe the <100> split interstitial atom configuration as the most
stable interstitial configuration in Si.[21]In this cluster model, the distance dpn
between the <100> split atom pair is setto d.; =0.25a A, where ais 5431 A,
the lattice parameter of Si crystal. This model was used to examine the effect of
replacing a mono-vacancy by an group Il element pair on elimination of the
deep energy levels of dangling bonds due to the mono-vacancy.

Figure 2 is a magnified view of the portion surrounded with the circle in
Fig. 1(b). This figure clearly shows that the mono-vacancy is replaced by a group
II element pair in the <100> direction. A consensus has already emerged that
lattice reconstruction occurs in the interior of Si. In all the calculations, however,
we have not considered the effects of lattice relaxation.
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The cluster model shown in Fig. 3(b) was used to examine the effect of
replacing a di-vacancy by a transition metal atom on elimination of the deep
energy levels of dangling bonds due to the di-vacancy. This model, having a
transition metal atom at the center of two vacancies, was made from the cluster
model, SissHis, shown in Fig. 3(a), which was extracted from the regular Si
crystal without a defect. The dangling bonds of Si atoms on the cluster surface
were terminated with H atoms to eliminate the deep energy level in the energy gap.
The Si-Si bond length was fixed to 2.35 A and the Si-H bond length was fixed
to1.48 A.

(@ (®)

e Transition metal atom

Fig. 3. Cluster models for examining the effect of replacing a di-vacancy by a
transition metal atom on eliminating the deep energy levels: (a) SigH,,, and
(b) TM-SigHy,. TM represents a transition metal atom.
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3. RESULTS AND DISCUSSION

Figure 4 shows seven diagrams of energy levels obtained for the SizsHs,
V-SizHze and I ,-SizsHse cluster models, where Il represents the group III
element, B, Al, Ga, In, or Tl. The vertical axis shows the level energy in eV.

The solid lines in each diagram are occupied energy levels, and the broken
lines are unoccupied ones. The gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
corresponds to the energy gap of the cluster. The gap energy of each of the
clusters is about 4.0 eV, which is much larger than 1.1 eV of crystalline silicc~
The big difference of the gap energy comes from the difference of
confinement of electron movement whether it is inside of a small cluster or ove¢
the infinitely extended crystal. The details of the effect of the electron
confinement on gap energy has been reported in the previous paper.[8]
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Fig. 4. Diagrams of energy levels obtained for (a) SissHsg, (b) V-SizsHas and
1M ,.SizsHag clusters. I represents group Il element of (c) B, (d) Al, (¢) Ga,
(f) In, and (g) T1.
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In Fig. 4(a) for the SizsHje cluster without a defect, we can see no energy
level in the energy gap, whereas in the diagrams for the V-SizuH;¢ and 1II,-Si3:Hg
except B,-Siz Hsg clusters, energy levels can be seen in the middle or in the upper
half of the energy gap. Figure 4(b) shows that the mono-vacancy in the V-SizsHje
cluster causes generation of deep energy levels in the gap. The levels associated
with mono-vacancies consist of four levels: two are occupied levels and the other
two are unoccupied levels. Such deep energy levels act as traps and
generation-recombination centers, and disturb the carrier transport. Five figures,
Fig. 4(c)-(g), show the energy diagrams for the III ,-Si3sH3¢ cluster. These
diagrams give two notable features on the configuration of energy levels in the
gap: first, a pair of B atoms at the vacancy site eliminates deep energy levels and
generates shallow occupied and unoccupied levels. These levels mainly consist of
B 2p, Si 3p, and Si 3d orbitals. This means that Si atoms combine with a pair of
boron atoms. The transition of deep energy levels to shallow energy levels is
considered to be due to the interactions of deep energy levels of the dangling
bonds with that of a pair of B atoms. Although the energy gap of the B,-SizqHsg
cluster becomes narrower by about 25 % than that of the SissHsg cluster, the effect
of elimination of a deep energy level on carrier transport should improve the
performance of Si devices. Second, a pair of Al, Ga, In, or Tl atoms at a
mono-vacancy site introduces shallow donor levels near LUMO. These donor
levels emit electrons to compensate acceptor levels originated from single group
I atoms. The occurrence of compensation decreases the number of acceptors,
and then degrades the electrical characteristics of devices. The finding of the
introduction of shallow donor levels by a pair of group Il atoms suggests a
novel and important approach to solve some problematical phenomena appearing
when the concentration of group II atoms in Si is very high.

In the following, we will focus on the narrowing of the energy gap in the
B,-SizHse cluster. To develop further the analysis of the narrowing of the energy
gap, we investigated the dependence of the gap energy on the B-B distance dg.g of
a pair of B atoms.

Figure 5 shows five diagrams of energy levels obtained for the SizsHag,
V-SissH3¢ and B,-SizsHje cluster models. For the B,-Siz Hjs cluster, we varied dgg
from 1.10 A to 1.70 A. The gap energies were obtained to be 2.2 eV, 3.0 eV,
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and 29 eV fordgg = 1.70 A, 1.36 A, and 1.10 A, respectively. The variation
of the gap energy has an energy maximum of 3.0 eV at dg g of 1.36 A. The value
of dg.g = 1.36 A is a quarter of the lattice parameter of Si crystal. Although dg g
calculated from the rationalized tetrahedral radius of B atom is 1.71 A, a pair of
substitutional B atoms has a structure with a strong B-B bond of a length of 1.6
A in Si crystal.[22] Hence it appears that atomic configuration which gives a gap
energy maximum of 3.0 eV at dgp of 1.36 A occurs caused by pairing of
interstitial B atoms.

-------- unoccupied level
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Fig. 5. Diagrams of energy levels obtained for (a) SizsHse, (b) V-SizsHsg and
(c)-(e) B,-SizHse clusters. The distances between B atoms in pairs are (c) 1.70

A,(d)1.36 A,and (e)1.10 A.
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Figure 6 shows diagrams of energy levels obtained for the SisHuo,
V,-SissHyy and TM-SigHy, cluster models, where TM are transition metal atoms,
Sc, Ti, Y, or Zr. This model was used to eliminate the deep energy levels by
replacing a di-vacancy by a transition metal atom. The di-vacancy in the
V,-SisoHy, cluster is the origin of the deep energy levels in the middle of the
energy gap, as shown in Fig. 6(b). This attempt is not successful in eliminating the
energy levels in the middle of the energy gap by use of a transition metal atom.
Replacing a di-vacancy by a Zr atom, however, results in a considerably shallower

occupied level in the energy gap than by other transition metal atoms, as shown in
Fig. 6(f).
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Fig. 6. Diagrams of energy levels obtained for (a) SiysH,a, (b) V2-SisoHas, (c)
Sc-8igHyz, (d) Ti-SigsHya, (€) Y-SisoHyy, and (f) Zr-SigHy,.
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This result encourages us to find other transition metal atoms for
eliminating the energy levels in the energy gap.
The basic idea for finding such transition metal atoms is as follows: first, such
atoms have to have a co_ordination number of six, because the number of dangling
bonds originating from a di-vacancy is six. Second, the radius of a di-vacancy is
approximately 2.35A.. The atoms having such a large atomic radius never exit.
Thus, we have to choose the atoms having an atomic radius as large as possible.

4. CONCLUSIONS

The electronic structures of Si clusters with a mono-vacancy and a
di-vacancy are calculated with use of the DV-X ¢ MO method. The results show
that deep energy levels are generated in the middle of the energy gap of Si in
cooperation with dangling bonds due to introduction of the mono-vacancy and the
di-vacancy. We propose a new mechanism to eliminate the deep energy levels by
substituting a mono-vacancy with a molecule-like pair of atoms. One of the best
candidates for this process may be a pair of combined interstitial boron atoms,
especially a <100> split boron pair. On the other hand, an attempt is not successful
to eliminate the energy levels caused by the di-vacancy using a transition metal
atoms. Replacing a di-vacancy by a Zr atom results in a considerably shallower
occupied level in the energy gap than by other transition metal atoms. It seems
that the elimination of the deep energy levels by incorporating a transition metal
atom having an atomic radius as large as possible with a co-ordination number of

six is promising.

The authors would like to thank Professor Hirohiko Adachi of Kyoto
University and Dr. Akikazu Shibata of former general manager of SONY
Corporation Research Center for valuable discussion and support.
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The density of states (DOSs) of Cu with stacking faults was calculated using the
DV-X o method employing 13-atom fcc and hep clusters. A fec sequence was
contaminated with a hcp sequence when stacking faults were introduced in the former.
The calculated DOSs near Fermi edge were characterized with closely separated two
peaks in the case of the fcc. On the other hand, separation of the peaks became
larger (0.21 eV) and the energy level of lower energy peak became shallow in the
case of the hcp, where non-negligible amounts of 4p component were found at the
lower peak.

These results suggested that the valence structure of the fcc on a Cu thin film changed
by introducing stacking faults.
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1. Introduction

Lately, Cu has been employed as a new interconnect matenal in place of
conventional Al alloys for integrated circuits (ICs) due to high conductivity and good
reliability [1]. A rolled Cu has a fcc (face - centered cubic structure) and is oriented
in the direction of <001> However, as evaporated or electro-deposited thin films
used for ICs are mostly oriented in the direction for <111>, the structure is easy to
distort along a <111> direction. Therefore, introducing faults with sliding along the
{111} planes (ex. stackmg faults) changes the stacking sequence of close-packed
atomic planes from the fcc sequences into the other sequences (ex. hep (hexagonal
closest packed structure))[2].

It is important to figure out its electrical properties for application of electron
devices. In this study to understand the properties of the valence structure of the Cu
thin films, the discrete variational X « potential (DV-X « ) method [3-7] was
employed by which molecular orbitals located near Fermi edge or of the valence band
were calculated. As cluster models, the structures with the fcc sequences and the
hcp sequences were used in consideration of stacking faults [8,9].

2. Calculation

The discrete variational X o potential (DV-X o ) method was employed to
understand the properties of the valence electron for Cu thin films with <111>
orientation and the valence density of states (DOS) was calculated out. Here it was
assumed that the Cu thin film with stacking faults had a partial structure of a hcp,
which had the stacking sequence of ABABAB, in a fundamental fcc structure, which
had the stacking sequence of ABCABC. Therefore, in this calculation two cluster
models of 13 Cu atoms were used with the fcc and hcp sequences as shown in Fig. 1
and DOSs for the fcc and hep sequences were compared for Cu films without and
with stacking faults, respectively.
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Fig.1. Model clusters for 13 Cu-atoms aggregates.
(a) fcc sequences and (b) hep sequences

The calculations were performed under the following conditions: basis sets 1s - 4p
orbitals of Cu, well potential width 5 a.u. (1.03 x @), where @ was distance between
the nearest neighbor atoms, well potential depth -2.0 Hr, discrete sampling points
6500, and symmetry C3v. Inthe DV-Xe method, numerical integration is used for
a molecular orbital calculation and calculation time is decreased as the result. The
wave function and potential are calculated at the sampling points that are generated
at random around each atom and summed up. The calculation domain is often
made into at least an atomic radius. Since well potential width corresponds to the
area in calculating a wave function, it must be considered that calculation results
differ depending on a spread of the orbit of the radius direction for a composition
atom. Then, in the cases of well potential widths, 4 a.u. (0.83 x @) and 2.5 a.u. (0.52
x a), the calculations were also done here. The DOS and PDOS (partial density of
states) spectra were made by convoluting squares of coefficients of molecular orbital
wave functions with Gaussian function of 0.2 eV width.
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3. Results and Discussion

A valence structure of Cu with the hep sequences is compared with that with the fcc
sequences. Figure 2 shows DOS spectra of occupied levels for the Cu with
13-atoms fcc and hep sequences as a function of well potential width, respectively.
The abscissa axis is shown by an eigen-energy of a molecular orbital. In order to
make it legible, the spectra in well potential widths 4.0 a.u. and 2.5 a.u. are shifted in
the direction of a vertical axis +1 (1/eV) and +2 (1/eV), respectively.

When well potential width becomes larger, the eigen-energies of valence orbitals
shift to lager but components of DOS seem not to change remarkably. Then a
microscopic valence structure near Fermi level is studied at 5 a.u. of well potential
width. The DOS spectra of Cu with the fcc (dashed line) and the hep (solid line)
sequences near Fermi edge are shown in Fig. 3, respectively. In this energy region
(-3 ~ -4.5 eV), both spectra are composed of two energy levels for both sequences,
which are represented by inset bars in the figure. In the fcc sequence, two levels
(-3.93 eV and -3.95 eV) are overlapped each other. In the hcp sequence, two levels
are of -3.80 eV and -4.01 eV, whose energy difference 1s 0.21 eV.

A main orbital component is of 3d for both sequences as shown in Fig. 4. As a
minor component, 4p orbital appears in the hcp sequence, which is overlapped with
the 3d orbital at -3.80 eV, but contributions from other orbitals are negligible within
calculation error limits as shown in Fig. 5.

These calculated results show that when the fcc structure is contaminated with the
hep structure, two overlapped levels for the fcc structure near Fermi edge separate
into two levels, i.e. shallower and deeper energy levels. It suggests that if the hcp
sequence is introduced into the fcc sequence by forming stacking faults, change in the
valence structure must be found. In other words, there is possibility that the
existence of stacking faults is to be detected by observing the valence structure.
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Fig. 3 The DOS spectra of Cu near Fermi edge

for fcc sequences and hep sequences.

It is difficult to observe the splitting of 0.2 eV in DOS spectra near Fermi edge by
common electron spectroscopy. However, it is possible to detect such a small
energy separation by using the photoemission yield spectroscopy, whose energy
resolution is order of 0.01 eV. In addition, as non-negligible amounts of 4p orbital
component exit only for hcp sequence, the observation of the dipole transition related
to 4p but not to 3d orbital is expected to detect stacking faults. These facts suggest
that calculated results in this study might be confirmed experimentally in near future.

Cluster size dependence of the metallic electronic structure resulting from Cu-4sp
orbitals was also examined using a 43-atoms cluster model, which included even the
3rd neighbor atoms. Compared with a 13-atoms cluster only in consideration of the
nearest neighbor atoms the levels near Fermi level increased in a 43-atoms cluster.
However, they consisted of levels mainly originated in 3d orbital, and it turned out
that the rate of the levels resulting from 4sp was not dependent on a cluster size.

Then, the cluster model of 13 atoms with easy deforming was discussed here.
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4, Conclusion

The valence structure for Cu thin films with <111> orientation was studied by using
the DV-X o method. When the fcc sequence of Cu atoms was contaminated with
the hcp sequence, i.e. stacking faults, the DOS spectra near Fermi edge changed with
accompanied by the split of two overlapped energy levels. This result suggested
that the observation of the valence structure was expected to show the difference in
electronic near edge structures for Cu thin films with and without stacking faults.
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Appendix

The dependence of well potential width on calculated results is also studied. Figures
A-1 and A-2 show the DOS and PDOS spectra derived from Cu with 4 a.u. and 2.5
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a.u. of well potential width, respectively, which are corresponding, to Figs. 3 and 5 in
the case of 5 a.u. When the fcc sequences change over to the hcp sequences, two
overlapped energy levels are separated at the interval of ~0.2 eV. The main
component of the levels is 3d orbital for both sequences, and 4p orbital exists only for
the hcp sequences as a minor component. These results, which characterize the
change of valence structure related to stacking faults on Cu thin films, are the same in
the case of 5 a.u. of well potential width. Therefore the calculated results in this study
are available for the description of the valence structure of Cu thin films.
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Abstract

Electronic structures between electrode metals and AIN, which is
comparable to oxides such as ZnO and TiO, were investigated in relation to
wetting property by use of Discrete Variational Xo. The electrode metals
employed were Ag, Cu and Al The results suggest that the movement of
electrons between the substrate and electrode metal related to the wetting
mechanism are closer to covalence than ionicity. Therefore, we can estimate
macroscopic wettability of metal on a substrate from the nature of microscopic
bonding in the electronic structures at the interfaces. We proposed the wetting
mechanism through the function of the oxygen and bonding natures between
electrode metal, and AIN, or oxide.

Key words: wetting property, bond order, effective charge, electrode metal, AIN
ceramic
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1. INTRODUCTION

Wetting property of an electrode metal on a substrate is a very important
parameter for electronic ceramic function. In integrated circuits, oxides are
popularly employed as capacitors, varistors or substrates, and in addition to
oxides, AIN also can be used in electrodes mounted on ceramics, in order to
make best use of the electrical properties for the ceramics. Therefore, the
electrode metal should wet the ceramics. Usually, wetting property has been
discussed in terms of thermodynamics or surface tension on macroscopic scale,
and experiments have been conducted by changing oxygen partial pressure,
temperature, and other parameters [1,2]. Wetting property is usually evaluated
by measuring contact angle. Selection of appropriate metal for joining has been
based mainly on practical experience in industry; few basic studies on wetting
property have been carried out. We have studied the experimental results of
wetting property of electrode metals on oxides since 1990, and have reported
electronic structures for wetting of BaTiO; with electrode metal [3] as
determined by DV-Xa and compared these with experimental results. We found
that charge transfer occurs between a metal atom and Ti; specifically, the
effective charge of Ti drops as a result of electron transfer from metal to Ti. This
result was suggested to relate to wettability. Furthermore, as has been
determined experimentally, Ag and Cu exhibit improved wettability on oxide in
comparison with than Al and Sn. We discussed the wetting property of TiO,
ceramic with electrode metal, in which the covalent bonding nature of Ti with
Ag or Cu is greater than that of Al or Sn [4]. The wetting tendencies of these
metals were posited to relate to the covalent bonding nature of Ti with the
electrode metal.

After the oxide ceramic AlO;, AIN is most commonly used substrate
material, and is well known for its good thermal conductivity of 100~170
W/m+K and relative permittivity of 8.8 at room temperature and IMHz, which
is close to that Al;Os;. In the present study, we discuss another AIN electronic
ceramic in terms of wetting property with electrode metals, and study oxides in
terms of electronic structures. The experimental results show that the nitride
exhibits low wettability with an electrode metal [5]. ZnO, which is another
electronic ceramic, and AIN have the same wurtzite crystal structure. Oba et al.
[6] analyze and discuss the electronic structures in terms of the varistor property
of ZnO of the wurtzite structure. However, no analyses have been conducted on
the electronic structures for AIN for connecting macroscopic property of wetting
tendency with the electronic structures by DV-Xa although band structure was
calculated by a pseudo-potential method [7]. Therefore, in the present study we
analyzed the interfacial problems in the electronic structures between AIN and
ZnO, and the metals in relation to wetting property.
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2. CALCULATION AND EXPERIMENTS

AIN has a wurtzite structure having lattice parameters; a =3.11 A, ¢=4.982 A
(at 298K). Figure 1 shows the cluster model, and calculation was based on Csy
symmetry [8]. The wurtzite structure of ZnO, has lattice parameters; a= 3.250 A
and c= 5207 A. The space group is P6 3 in atomic coordinates; Al or Zn (1/3,
2/3, 1/2) and N (1/3, 2/3, 1/2+Z, Z=0.3821)[9] or O (1/3, 2/3, 1/2+Z, Z=~0.382)
[9], and for both ceramics the cluster was assumed to be electrically neutral as a
whole [8].

Although the wetting experiment is not described in detail here, the bulk
metal was put on the ceramics, then the metal was melted in a vacuum (~107
Pa), and the contact angle was measured in photographs taken with a camera.
The substrates were AIN and ZnO, and the electrode metals were Ag, Cu, and
Al.  Calculation was also carried out on ZnO assumed to have the cluster
shown in Fig.1.

Metal
° X:NorO
@ AAl or Zn

A*1 and A*6 indicate

different locations.

Fig.1 Cluster model of AIN and ZnO

3. RESULTS AND DISCUSSION

3.1 Experimental aspects

Contact angle is defined as shown in the left side of Fig.2; an acute angle
(less than 90°) indicates wetting and an angle of more than 90° indicates lack of
wetting [10]. Microscopic discussions of wetting property are difficult, in that,
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whereas contact angle serves as a macroscopic parameter for wettability, no
microscopic parameter for wettability is known to exist. Surface thermodynamic
energy and surface tension are also macroscopic figures. Intermediate
phenomena towards the final stage of wetting are important for understanding
wettability. Discussions of the electronic structures between a metal and ceramic
may facilitate understanding of electron transfers at the interfaces that lead to
the macroscopic thermodynamic results. The parameters employed are effective
charge, bond order, energy gap and bond overlap population diagram analyzed
by DV-Xa.

Figure 2 illustrates the wetting behaviors of Ag on various oxide substrates
and an AIN substrate. PLZT denotes (Pb,La)(Zr,Ti)Os, which is a typical
transparent ferroelectric ceramic of perovskite structure, and Mn-Zn is an
oxide-ferrite of spinel structure. According to these experimental results, oxide
is usually not wetted by a metal. Ag on BaTiQ; presents the lowest contact
angle (90°) thereby showing the most wetted behavior. Almost the same contact
angle is obtained in the case of Cu on BaTiO3. According to our previous report
[4], the contact angles of Ag and Sn on TiO;, are 90°and 140°, respectively, and
AIN shows the highest angle. Sn forms a more thermodynamically stable oxide
(heat of formation of around —300 kJ/mol) at the interfaces or on the surface of
the metal; in comparison, heat of formation of Ag-oxide is around —0.3 kJ/mol.

From our previous experimental findings, we propose the following
microscopic wetting mechanisms: Ag,0O is not stable, although Ag can easily
form an oxide. The oxidation phenomena are supposed to relate to wetting of
metal on the ceramics: that is, formation of the metal oxide is important for
lowering surface energy at the interfaces [2]. The physical meaning of surface
oxidation is dynamical electron-movement or electron-transfer between a metal
and an element in the substrate. Herein lies a big difference between the
chemical adsorption on the surface of a substrate and wetting behavior;
chemical adsorption is merely formation a product (such as oxide) on the
surface or at the interface. Whereas, wetting property is thought to relate to a
dynamical process wherein the product is formed and immediately dissociated
and the process is repeated to lower surface energy, resulting in the achievement
of equilibrated contact angle, regardless of whether or not wetting occurs.

& If'\”f\“/'\“

8 =90° wetted Ag/AIN Ag/PLZT Ag/Mn-Zn  Ag/BaTiO;
>90° not (142°) (113°) (94°) (90°)

/\]

Fig. 2 Wetting behaviors of Ag on AIN and oxides (contact angle, 8)
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In the first stage of the wetting process, the oxide is formed, and is
immediately dissociated if the oxide is an unstable species. Through this process,
the new surface of a metal can be generated, wetting of a metal proceeds, and
these processes continue until the achievement of equilibrium conditions,
leading to the macroscopic contact angle at the final stage. Previously we
reported [5]that after melting at 973K Al, shows a contact angle of 140° on the
oxide PLZT, and when temperature is raised to 1273K the contact angle drops to
120°. This finding suggests that the oxides (Al,O; film) on Al metal were
partially eliminated, and then a new surface appeared, thereby leading to wetting.
Therefore, a metal surface can no longer appear if a stable product such as oxide
film completely covers on the metal. Electron transfer between the metal and
substrate seems to be a key factor. This is a different view from chemical or
physical adsorption. That is to say, wetting property is a more dynamical issue
at the interfaces.

Electron transfer seems to require microscopic discussion of wetting
property, including interfacial electronic structures. In the present study, we
discuss the metal/ZnO system as another oxide. Therefore, we can compare the
wetting properties of different electrode metals on a nitride or oxide substrate, in
terms of both experimental results and calculation.

3.2 Calculated aspects
3.2.1 Effective charges

Table 1 shows effective charges in AIN were shown when a metal was placed
on AIN, where the initial valence of a metal is assumed to be 0. First of all,
Al(1) in AIN shows a valence of 1.68, obtaining 1.32 electrons in the valence of
+3 of Al, and N(1) releases 1.53 electrons, leading to the valence of —1.47, and
0.76 electrons of Al placed on AIN are transferred to the adjacent ions in the
AIN substrate. When Ag is placed on the AIN substrate, Al(1) is located at the
nearest position to the metal. If Al is ionized (+3) in AIN, Al obtains 1.28
electrons, leading to the valence of 1.72. Ag releases only 0.24 electrons. In
contrast, N(1) gives 1.64 electrons to its neighbors, acquiring valence of —1.36.
Furthermore, in the case of Cu on the AIN, Al(1) takes 1.28 electrons, and
whereby the effective charge becomes to 1.72, and only 0.32 electrons of Cu are
transferred to the neighbors in the substrate, while N (1) releases 1.63 electrons,
acquiring valence of resulting in —1.37.

When placed on AIN, Al showed a change in the number of electron from 13
to 12.263, indicating movement of 0.76 electrons. Ag also shows a change in ‘the
number of electrons (47 electrons to 46.76, indicating movement of 0.24
electrons), as does Cu (29 to 28.68 electrons, indicating movement of 0.32
electrons). More electrons move in Al than in Cu and Ag, suggesting that Al
electrode metal has lower wettability of Al.

When the substrate is ZnO, Al metal placed thereon shows a charge of 0.64,
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whereas Ag shows a charge of 0.30 and Cu a charge of 0.4. In contrast, oxygen
in the substrate receives more electrons, showing a charge of -0.92 in the case of
Al, as compared with -0.89 for both Ag and Cu, indicating more polarization in
Al on the substrate. These results of oxide substrate show the same tendency as
that of the AIN substrate described above.

Table 1 Effective charges of a placed- metal and constituent
elements in the substrate of AIN.

Metal/AIN Element Effective charge

Al N(1) -1.47
Al (1) 1.68

Placed-Al 0.76

Ag N(1) -1.36
Al(1) 1.72

Placed-Ag 0.24

Cu N(1) 137
Al(1) 1.72

Placed-Cu 0.32

The placed-metal is neutral upon placement. N(1) and Al(1) designate the
nearest element to the placed metal on the AIN substrate.

3.22 Coulomb force

Table 2 shows Coulomb force which represents the ionicity of metal on AIN,
where Coulomb force is computed by the following equation;

E=—1% _  uN=Nx10? (1)
e, r

where q; and q; indicate charges of the ions (C), g0 =8.854X 102 C*/N-m? and r
is the distance between ions.

Ag and Cu show -0.96nN and -1.36nN, respectively, which are greater than
that of Al, -3.06nN. Therefore, electrons seem to be easily polarized on AI/AIN
as compared with Ag/AIN and Cu/AlN, indicating slightly less electron transfer
between a metal and AIN. Namely, Ag and Cu are considered to be covalent.
This coincides with the results of effective charge shown in Table 1.
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Table 2 Coulomb interaction of metal /AIN system (X 10”)

Top metal Metal-N(1) Metal-Al(1) N-Al(1)
Al 3.06 3.59 15.89
Ag 0.96 1.26 15.02
Cu 1.36 1.81 15.24

N(1) and Al(1) have the same meanings as in Table 1.

Table 3 Coulomb interaction of metal/ZnO(X 107®)

Top metal Metal-O(1) Metal-Zn(1) 0-Zn(1)
Al 1.72 1.96 5.29
Ag 0.78 0.94 5.28
Cu 1.18 1.44 5.06

When the substrate is ZnO, Al shows greater ionicity than Ag or Cu. This
suggests that electrons around Al are apt to be polarized, leading to more stable
oxide and Al showing less wettability as compared with Ag or Cu.

3.23 Bond overlap population

The bond overlap population per atom serves as an index of covalent bonding
tendency. Table 4 lists the bond overlap populations for a metal/AIN systems
and metal/ZnO systems. A positive value indicates covalent bonding rather than
ionic bonding. As seen in Table 4, Ag (0.127) and Cu (0.123) on the AIN
substrate show more covalence than does Al (0.045) in metal/N and metal/Al
This trend is also seen in the ZnO substrate, namely, the bonding natures of
metal-O and metal-Zn are 0.056 and 0.103, respectively, and these values are
smaller than those of Ag and Cu. For both substrates, we can expect that
electron transfers are more active in Ag and Cu than in Al. We see similar
results in the wetting behaviors of BaTiO; with Ag and Al [3]; Ti in the
substrate of the Ag/ BaTiO; system shows a bond overlap population of 0.08
and -0.01 for the Al/ BaTiO; system, which indicates that the former shows
more covalence the latter.

Furthermore, we defined the ratio (W,) of covalence/ionicity according to the
values of Coulomb interaction and bond overlap population; the values are
thought to predict the interfacial interactions between a metal and the substrate,
associated with the tendency of wettability. Note that the interfacial interaction
does not necessarily mean the chemical reaction between a metal and a substrate
in the sense of wetting behavior. Table 5 lists value of the ratio.
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Table 4 Bond overlap population of metal /AIN systems and /ZnO

systems (per bond).
Metal Metal/ AIN Metal Metal/ ZnO
Metal-N | Metal-Al(1) Metal-O Metal-Zn(1)
Al 0.045 0.046 Al 0.056 0.103
Ag 0.127 0.055 Ag 0.075 0.110
Cu 0.123 0.074 Cu 0.085 | 0.148

Table 5 Ratio of bond overlap population to Coulomb interaction.

Al/  Ag/ Cu/AIN | AV Ag/  Cuw/ZnO

W, =
(bond overlap
population ) 0.015 0.13 0.09 0.033 0.096 0.072

(Coulomb interaction)

As seen in Table 5, larger values of W, suggest that electrons move around
at the interfaces between the electrode metal (Ag and Cu as compared to Al) and
a substrate; hereafter an electron is considered to be localized on neither a
placed-metal nor a substrate element, resulting in instantaneous formation of an
oxide or non-strong interaction with AIN or ZnO, after which the oxide is
expected to be promptly dissociated, leading to a new surface of a placed-metal,
and these processes continue until the achievement of an equilibrium contact
angle of a metal on the substrate. In the case of Al, the electrons are apt to be
localized as seen in larger effective charge, such as 0.76(Table 1) and smaller
W, (0.015 and 0.033 in Table 5). Ag and Cu showed larger values of W, (0.13
and 0.09 for Ag/ and Cu/AIN, respectively). Furthermore, in the case where a
ZnO substrate is employed values of 0.096 and 0.072 are obtained for Ag/ and
Cu/ZnO, respectively. For both substrates, W, is expected to somehow show a
tendency leading to larger covalence, which as discussed here, would indicate
better wettability. These computed results suggest that Ag and Cu possess more
wettability than Al, which agrees with contact angles obtained in wetting
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experiments results. Therefore, electron-movement is a microscopic key factor
for wettability of an electrode metal on a ceramic substrate.

In the oxide, when Ag was placed on TiO,, the bond of upper-oxygen and Ag

showed greater covalence (0.557) than did Al (0.292). Furthermore, Cu also
exhibited a grater value (0.456) than did Al. The parameter of bond overlap
population in TiO; provides relative electron-transfer between a metal and the
element in the substrate, which is in connection with another substrate of ZnO
as well as AIN. Note that the value of bond overlap population is not an absolute
value among metals on a substrate, but even relative values of W, are useful for
forecasting the tendency of wetting nature.
As discussed previously, the electron-transfer suggesting covalent bonding
nature is expected to serve as a microscopic monitoring parameter for wetting.
Figure 3 schematically shows interfaces between the substrate and metal (Ag or
Al), while focusing on only bond overlap population. Ag showed higher bond
order between metal and anion in both substrates, indicating more wetting than
Al

M (Ag) M (Ag) M(AD)
(0.055) 1 (0.127)  (0.057) . i(o,557) (0.046) +](0.045)
". L.__o' ] .’.
Al N Ti 0 Al N
(0.388) (0.808) (0.395)
AIN substrate TiO, substrate AIN substrate

Fig.3  Example illustrations for bond order; AIN or TiO,
substrate and metal (Ag or Al) placed thereon.

4. CONCLUSION

We investigated wetting tendency through electronic structures of a
metal/AIN system and compared the results with those for a metal/oxide
substrate (Zn0O), and as well as the wetting mechanism at the interfaces between
the electronic ceramic and the electrode metal. The DV-Xa method revealed
that the electron-transfer between the substrate and electrode metal suggested
the tendency of wettability showing grater covalence than ionicity between .an
electrode metal and AIN or any other oxide such as ZnO or TiO;, and BaTiOs.
Therefore, we can estimate relative wettability of a metal in the macroscopic
sense from the microscopic bonding natures in electronic structures among
ceramic substrates.
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