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Abstract: A first principles fully relativistic analysis (K. Ogasawara et al., Phys. Rev. B
2001, 64, 115413) of the dependence of 5d orbitals splitting (10Dg) and charge transfer
(CT) energies on interionic distance has been performed for light lanthanides (Ce®™,
Pr**, Nd*") in CaF,, SrF,, BaF, crystals. The salient feature of the method is that
four-component molecular orbitals (MO) composed of atomic wave functions are
used as the basis set. Without any fitting parameter, the power dependencies for 10Dg
and linear dependencies for the CT energies on the distance between rare-earth (RE)
ions and ligands were obtained. A comparison with experimental values is discussed.
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INTRODUCTION

Intensive studies of the intraconfigurational 4f — 4f transitions of trivalent
lanthanides in the past several decades resulted in the development of
several theoretical models for the description of their main spectroscopic
features.''?! However, detailed and consistent studies of the high-lying 4f
and 5d energy levels of trivalent rare-earth ions (RE®") became possible
only quite recently because of experimental limitations. Now this field is
extensively studied because of the rapidly growing demand for luminescent
materials and solid-state lasers in the ultraviolet or vacuum ultraviolet
spectral regions. Lanthanide absorption spectra in the ultraviolet (UV) and
vacuum ultraviolet (VUV) spectral regions are complicated due to overlap
of the high-lying 4f — 4f transitions, interconfigurational 4f — 5d and
4f — 6s transitions together with possible charge transfer (CT) bands,
which makes the spectra difficult to analyze. Recently, experimental and
theoretical works (Refs. 3—16, and references therein) allowed for understand-
ing, successful interpretation, and modeling of many UV and VUV spectra of
trivalent lanthanides.

In the current work, we report on the results of the detailed first-principles
microscopic studies of the 5d orbitals splitting and CT transitions for light
trivalent lanthanides (Ce**, Pr**, Nd**) in CaF,, SrF,, and BaF, crystals.
Without introducing any fitting parameters, we obtain the dependencies of
the 10Dg parameter for the 5d orbitals and energies of several types of CT
transitions on distance between RE*" and F~ in all above-mentioned hosts.
The obtained results can be used for interpretation of the pressure dependence
of the absorption spectra of Ce*T, Pr**, Nd>* ions in fluoride lattices. To the
best of our knowledge, this is the first attempt of this kind. The paper is
organized as follows: in the next section we briefly describe the method of cal-
culations. Then we proceed with presentation of the obtained results, analysis
of common trends between considered systems, and discussion of the com-
parison between the calculated and experimental results (when the latter
ones are available).

METHOD OF CALCULATIONS

The method employed in the current calculations is the fully relativistic discrete
variational multi-electron (DVME) method developed by Ogasawara et al.'”!
This is a configuration-interaction (CI) calculation program, which makes use
of the four-component fully relativistic molecular spinors obtained by the
discrete-variational Dirac—Slater (DV-DS) cluster calculations.!"®! The
DVME method is based on the numerical solution of the many-electron
Dirac equation, and its main advantages are as follows: 1) the first-principles
method without any phenomenological parameters (this is especially
important for the development of new materials, prediction of their expected
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properties, and analysis of the common trends between similar compounds); 2)
very wide area of applications: to any atom or ion in any symmetry from
spherical to C; for any energy interval from the infrared to the X-ray spectral
regions; 3) possibility to take into account all effects of chemical bond
formation such as covalency, ionicity, and configuration interactions; 4)
potential to calculate a wide variety of physical properties (like transition prob-
abilities, for example) using the obtained wave functions of the corresponding
energy levels. All relativistic effects, such as spin-orbit interaction and depen-
dence of mass on velocity, are no longer considered as small perturbations but
are taken into account from the very first step of calculations. The key idea of
the method is that the molecular orbitals (MO) consisting of the wave functions
of an impurity ion and ligands are used throughout the calculations rather
than atomic wave functions. This makes the effects of the covalent bond
formation in a cluster to be taken into account explicitly, because the percen-
tage contribution of wave functions of different ions to any MO can be
readily evaluated.

Because detailed description of the method can be found in the literature
(the reader is kindly advised to refer to Refs. 15, 17, 19-23), for the sake of
brevity we will not go into further detail but mention that recently this method
has been successfully applied to the analysis of the 4f—5d absorption spectra
of various trivalent lanthanides in LiYF,,'"*! high-lying 4f and 5d states of free
trivalent lanthanides,!'*?°! calculations of the X-ray absorption near edge
structure (XANES) spectra of transition metal ions,”?'! comparative study of
the Cr’" absorption spectra in ZnAl,S, and ZnGa,O, crystals,'*?! and study
of the covalence effects for 3d° ions in the SrTiO; crystal.**

RESULTS OF CALCULATIONS AND DISCUSSION

All crystals considered in this paper belong to the same space group Fm-3m
(space group number 225). Divalent cations (Ca*™, Sr**, Ba®>™") substituted
for by trivalent RE ions are surrounded by eight fluorine ions (Fig. 1). The

lattice constant a equals 5.4712 A,[M] 5.8000 A,DS] and 6.1964 A®! for
CaF,, SrF,, and BaF,, respectively.

Cubic clusters [REFg]°~ (with RE = Ce, Pr, Nd) embedded into the
effective Madelung potential created by the point charges placed at the
crystal lattice sites were used in the calculations with atomic orbitals from
1s to 6p for RE*" ions and from ls to 2p for F~ ions. In the 8-fold coordi-
nation, d states split into e, and f,, orbitals, with the former being the
ground state and the latter situated above it with energy separation of 10Dg."*”’

It is well-known that dependence of 10Dg on the “impurity ion—ligand”
chemical bond length R in the vicinity of the equilibrium position can be rep-
resented by the following expression:!?®!

10Dg = K (1)

R’
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Figure 1. The crystal structure of BaF,. Barium ions are at the centers of cubes
formed by eight fluorine ions. Orientation of the crystallographic axes is shown.
Drawn with VENUS developed by Izumi and Dilanian.

where K is a constant, and n = 5 in the framework of the point charge model.
However, the values of 10Dg obtained by using the point charge approxi-
mation are significantly lower than experimental results, and the value of n
very often is different from 5,*®! thus showing that more elaborated than
point charge model approaches should be used for microscopic analysis of
the crystal field effects on the electronic states of an impurity ion.

Figure 2 shows the calculated dependencies of the 10Dg parameter for 5d
states (defined as the difference between the barycenters of the groups arising
from the #,, and e, orbitals—the same procedure has been adopted in Refs. 29
and 30 for analysis of experimental spectra) on interionic separation for Ce* ™,
Pr3+, Nd>*5d states in CaF,, SrF,, and BaF, crystals. Power approximations
of the calculated values (shown by filled symbols) are given in each figure as
well along with equations of the fitting lines. RE*"—F~ distances were chosen
to vary between 0.92r, and 1.08r, with r(, being the cation—fluorine separation
in the host crystal. As seen from the figures, the value of n differs from 5—the
value predicted by the point charge model of crystal field. In each considered
crystal, the values of 10Dq decrease with increasing RE>** atomic number, as a
consequence of the lanthanide contraction. Additionally, the values of crystal
field strength for each considered ion decrease in the following direction:
10Dg(CaF,) > 10Dg(SrF,) > 10Dg(BaF,), following the increase in the
same direction of the crystal lattice constant. For all crystals, the values of
n follow the trend: n(Ce*") > n(Pr*") > n(Nd*H).

Table 1 shows available experimental data on 10Dq for the considered
systems (though we did not find corresponding experimental data for Nd*™,
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Figure 2. Dependence of 10Dg parameter on RE**—F distance for 5d states of
Ce*™, Pr*, Nd®T in CaF,, StF,, BaF, crystals (a, b, and c, respectively). Equations
of the approximating lines are also shown.
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Table 1. Experimental values of 10Dg for Ce** and Pr** ions in CaF,,
StF,, and BaF, crystals and estimated RE-F  distances

Experimental value Estimated RE*T—F—
RE* of 10Dq (cm™ 1 distance, (A) (this work)
CaF,
ce*t 12,2008 2.545
Pt 12,9003 2.502
SrF,
ce?t 11,2008 2.581
Pt 11,7009 2.542
BaF,
ce*t 10,8001 2.585
Pt 10,4003 2.589

for the sake of completeness of our study of light lanthanides, we keep the
results of calculations for this ion as well). Using these values and obtained
power approximations, we estimated the RE>"—F~ distances, which are
given in Table 1 as well. Because the electrical charges and ionic radii of
the substituted and substituting ions are different, actual RE’*T—F~
distances should be different from the distances between divalent cations
and F~ in undoped crystals.

Figures 3 to 5 show dependencies of the 2p (F ) — 4f (RE*") and 2p
(F7) — 65 (RE®") CT transition energies and 4f (RE*")—6s (RE*™) transition.
All these dependencies are linear; this result is similar to that one obtained for
the “ligand—metal” CT transitions for 3 ions in oxides."*")

For both CT transitions, their energies decrease in the series Ce’t >
Pr’t > Nd** and CaF, > SrF, > BaF,. However, the first trend becomes
inverted when considering the 4fRE*")—6s (RE®") transition. Such
behavior can be understood by analyzing the MO diagram (Fig. 6). Figure 6
shows the highest MO of Ce*", Pr’", and Nd®>" in CaF,. As seen from the
figure, MO of RE®" is lower when going from Ce*" to Nd**, but decrease
in the energy of the 4f orbitals (about 3 eV) is significantly greater than
decrease in the energy of 6s orbitals (less than 1 eV). As a result, energies
of the 4f (RE*")—6s (RE*™) are in the following order: Nd** > Pr’*™ > Ce™.
Table 2 summarizes information presented in Figures 2 to 5.

Calculated energies of various transitions of Ce** and Pr’" ions (in
comparison with experimental data) are shown in Table 3. Energies of the
CT and 4f (RE*")—6s (RE*") transitions were estimated using the linear
approximations from Figures 2 to 6 and RE*"—F~ distances from Table 1;
energies of 4f (RE°T)—5d (RE®") transitions were estimated from the
diagram in Figure 6 for CaF, (and similar diagrams for SrF, and BaF,, not
shown in the current paper). In principle, there is reasonable agreement
between our calculated values and experimental data reported by Loh!>*-"



02: 55 30 January 2011

Downl oaded At:

Microscopic Analysis of 5d States Splitting

(a)

(b)

(c)

80000

70000 |-

50000 -

2p (F)— 4f(RE*) CT energy, cm™

40000

60000 -

T T T
~ —y =2.681e+05-91130x R=0.99976

N\ —— y=27276e+05-91529x R=0.99975

1 1 L L

21

80000

22 23 24 25 26
RE - ¥ distance, A

70000 e

60000

50000

40000

2p (F') — 4f (RE*) CT energy, cm™

30000

20000

T T T
———y=2413e+05-79971x R=0.99837
m=se== y = 2.5881e+05 - 85455x R=0.99894 =

23

60000

24 25 26 27 28

REY - ¥ distance, A

50000 |-

40000

30000 |-

2p (F7) — 47 (RE™) CT energy, cm™

20000 -

10000

T T T
———y=1.9733e+05 - 63067x R=0.99523

~ —--== y = 2.2012e+05 - 70539x R=0.99738
pN N~ Y=24313e+05-76524x R=0.9987

24

25 28 27 28 29
RE™ — F~ distance, A

227

Figure 3. Dependence of 2p (F~) — 4f (RE*") CT energies on RE**—F distance

for Ce**, Pr**, Nd** in CaF,, StF,, BaF, crystals (a, b, and c, respectively).
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Figure 5. Dependence of 4f (RE*") — 65 (RE*T) energies on RE>*—F~ distance for

Ce*™, Pr’t, Nd*" in CaF,, StF,, BaF, crystals (a, b, and c, respectively).
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Figure 6. Relative positions of the highest MO of Ce*", Pr*™, and Nd** in CaF..
Occupied and unoccupied MO are shown by long and short horizontal lines, respect-
ively. 2p (F7) — 4f (RE*"), 4f (RE*")—6s (RE*T), and 2p (F) — 65 (RE*") tran-
sitions are shown by dashed, dotted, and solid arrows, respectively. Similar diagrams
for SrF, and BaF, are not shown.

and lonova et al.,1*?! apart from energies of the 2p (F) — 6s (RE*") CT tran-
sition, which in our calculations is much higher. As follows from Figure 6, the
following relation approximately holds true: E (2p—6s) ~ E (2p—4f) 4+ E (4f-
6s) (the final state for the 2p (F~) — 4f (RE*") transition is the lowest unoc-
cupied 4f orbital, whereas the initial state for the 4f (RE*M)-6s (RE*M)
transition is the highest occupied 4f orbital).

This condition is practically fulfilled for the calculated values (Table 2).
No experimental data on the 2p (F ) — 4f (RE3+) CT transitions were
reported in Refs. 29 and 30, but these transitions are hardly to be expected
around 4000—20,000 cm ™' (these values would be required to make the
above condition valid for the experimental values: Table 3). At least, exper-
imental results reported by Ionova et al.**! and Park and Oh'*¥! for similar
transitions in rare-earth trihalides are from 53,000 cm™ ! to 86,300 cm™ !
Therefore, estimation of the 2p (F) — 6s (RE”) CT transitions at about
80,000 cm ™ '?%% can be questioned. It seems to be significantly underesti-
mated, and spectral features around 80,000 cm ! may be ascribed to the
high energy tail of the 4f (RE*")—6s (RE*") transition. However, this issue
needs additional experimental investigation.

A look at the coefficients of the linear approximations collected in Table 2
reveals that on average, the absolute values of the derivatives dE/dR are the
largest for all ions in CaF,, intermediate in SrF,, and the smallest in BaF,.
This trend shows that the energies of all transitions considered in the
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Table 2. Dependencies of 10Dg and energies of the 2p (F7) — 4f (RE*™), 4f (RE*")—6s (RE*™), 2p (F7) — 65 (RE*>™) transitions on the RE*"—

F— distance R in CaF,, SrF,, BaF, crystals®

10Dg 2p (F7) — 4f (RE*) 4f (RE*H)—6s (RE*) 2p (F7) — 65 (RE*)
CaF2 6
1.7 1
ce’t % 2.7643 x 10°-89,665 R 2.1914 x 10°-60,112 R 4.9453 x 10°-1.4976 x 10° R
6
Prit % 2.7276 x 10°-91,529 R 2.3048 x 10°-62,591 R 5.0185 x 10°-1.5375 x 10° R
1.5373 x 10°
Nd** 7,@.2:; 2.6810 x 10°-91,130 R 2.3944 x 10°-64,726 R 5.0598 x 10°~1.5649 x 10° R
SI'F2 6
1.6320 x 10
ce’* T; 27456 x 10°-88,712 R 1.9269 x 10°-48,673 R 4.6723 x 10°-1.3738 x 10° R
1.5050 x 10°
Prit ?zojg 2.5881 x 10°-85,455 R 2.0435 x 10°-51,283 R 4.6160 x 10°-1.3630 x 10° R
1.4118 x 10°
Nd** —Rs'lg;) 2.4130 x 10°-79,971 R 2.1586 x 10°-54,265 R 45363 x 10°-1.3426 x 10° R
BaF, 6
1.3465 x 10
ce’* Tsﬁz 24313 x 10°-76,524 R 1.6528 x 10°-37,534 R 4.0840 x 10°-1.1406 x 10° R
1.2863 x 10°
Prt 7}35‘0;:2 2.2012 x 10°-70,539 R 1.8021 x 10°-41,384 R 3.9902 x 10°-1.1157 x 10° R
1.2387 x 10°
Nd** T;S 1.9733 x 10°-63,067 R 1.9586 x 10°-45,932 R 3.8927 x 10°-1.0888 x 10° R

“In all equations, R is measured in A, and the result is the energy measured in cm™ .

1

Sumds sayeys ps Jo sisAfeuy drdodsordrN
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Table 3. Energies (in 1000 em ) of some CT and intraconfigurational transitions for Ce** and Pr*" in CaF,, SrF,, BaF, crystals

2p (F) = 4f
(RE*h) 4f (RE*M)—6s (RE*T) 2p (F7) — 65 (RE*M) 4f (RE*") — 54 (RE*H)*
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
CaF2
ce*t — ~A4T7.2 ~60-772 ~66.1 ~80] ~113.3 ~31-561! ~21-51
Pt — ~43.7 ~7680 ~73.9 ~80B ~117.2 ~44-69130! ~31-57
SrF,
ce3t — ~45.5 ~60-772 ~67.0 ~80] ~112.7 ~31-561% ~23-45
pt — ~41.6 ~7680 ~74.0 ~80B ~115.0 ~44-69130! ~30-51
BaF,
ce’t — ~45.3 ~60-772 ~73.0 ~80] ~113.5 ~31-561! ~26-40
pt — ~37.5 ~768% ~68.3 ~80B ~110.2 ~44-69130! ~30-47

“Multiplet structure was not considered when estimating the 4f (RE*") = 54 (RE**) transition energies, that is why the lowest values are a little
underestimated.

(454
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current paper are more sensible to the variation of interionic separations in
CaF,, and then this sensibility decreases when going to crystals with larger
lattice parameter.

CONCLUSIONS

As a result of systematic ab initio microscopic analysis, the functional depen-
dencies of 10Dq and energies of several types of CT and interconfigurational
transitions on the chemical bond length were obtained for the [REFg]>~
(RE = Ce, Pr, Nd) units in CaF,, SrF,, and BaF, crystals. No empirical or
fitting parameters were used in the calculations. Because all calculations are
entirely based on the MO concept, not only Coulomb interaction (which
itself is not sufficient to reproduce the experimental results properly) but
also covalent effects and configuration interaction have been taken into
account. A simple point charge approximation describes dependence of
10Dg on distance as 1 /R5 , whereas the more elaborated approach in the
current study shows n > 5 for all considered systems. Calculated values of
10Dg decrease with increasing RE®" atomic number in each considered
crystal. Increase of the crystal lattice constant in the series
CaF, < SrF, < BaF, is accompanied by decrease of 10Dq. For all crystals,
the values of n follow the trend: n(Ce>*") > n(Pr’™) > n(Nd>™).

Dependence of the energies of considered CT and interconfigurational
transitions on R is linear for all considered crystals; all these energies
decrease when R increases. Functional dependencies found in the current
work can be used for analysis of the pressure dependence of absorption
spectra of fluoride crystals doped with light lanthanides. Estimated energies
of the 2p (F~) — 4f (RE®T) and 4f (RE*")—65 (RE*T) agree with experimen-
tal data. Comparison of the calculated and previously reported?®**! energies
of the 2p (F7) — 6s (RE*") CT transitions together with analysis of the
relative positions of the calculated MO suggests that the values reported by
Loh were underestimated by about 20,000—35,000 cm™ !

In general, the DVME method is a reliable tool for the microscopic
analysis of the spectroscopic parameters of RE ions in crystals. Computational
technique can be applied in a straightforward way to other systems with di-
and trivalent lanthanides.
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