This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 11:28

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Incorporating Nonlinear Optics

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl17

MO Calculations on Extended Clusters of
YBa,Cu30~

Edward A. Boudreaux ® & Eric Baxter 2

# Department of Chemistry, University of New Orleans, New Orleans,
) P e Louisiana, U.S.A.
Version of record first published: 22 Sep 2006.

To cite this article: Edward A. Boudreaux & Eric Baxter (1990): MO Calculations on Extended Clusters
of YBa,Cu;0; , Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics, 184:1, 349-357

To link to this article: http://dx.doi.org/10.1080/00268949008031785

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268949008031785
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 11:28 19 February 2013

Mol. Cryst. Lig. Cryst., 1990, vol. 184, pp. 349-357
Reprints available directly from the publisher
Photocopying permitted by license only

© 1990 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

MO CALCULATIONS ON EXTENDED CLUSTERS OF
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EDWARD A. BOUDREAUX AND ERIC BAXTER
Department of Chemistry, University of New Orleans
New Orleans, Louisiana, U.S.A.

Abstract Molecular orbital studies of the electronic structure and bonding
in Y Ba, CugOy6* and Ba,CugO,4 clusters of the high Tc superconductor,
YBa,Cus0,, have been carried out. The results show a distribution of
single electrons and pairs over all occupied M.O.s. The single electrons are
localized over O and Cu atoms in an approximate ratio of 19/4 respectively.
An antiferromagnetic coupling of all spins to produce an open shell singlet
state is anticipated.

INTRODUCTION

Molecular orbital calculations via the S.C.-M.EH.-M.O. method! have
previously been reported on the high Tc superconductor YBa,Cu305, in which one
Cu40,4 and one Cu,0;¢ cluster were taken to represent respectively a verticle stack
and a horizontal sheet within the unit cell structure of the orthorhombic crystal.® A
similar study of the YBa,CugO,s* cluster was also reported on in its initial phases of
completion.”

The two most essential features derived from these studies are: 1) there are
enough major differences between the calculated electronic structures of small vs
extended clusters, to render interpertation from small cluster calculations (ab initio
or otherwise) questionable; 2) there does not appear to be any rationale for
differentiating Cu(Il) and Cu(Ill) formal valence states. In fact, the calculated net
charges on all Cu atoms are relatively low (~0.3 to 0.6) and the total d orbital
populations are the order of 9.7 - 9.8 and 9.9 in small and extended clusters
respectively. This suggests that the formal Cu valence is close to (I), which is also
in agreement with ab initio calculations on a Ba,Cu,0;* cluster®. An analysis of
spin pairing energies in YBa,CugO,¢*, suggests that the magnetic spin states and the
probable superconducting mechanism arises from decoupling of single-electron,
antiferromagnetically coupled, M.O. levels.” This in complete agreement with
recent magnetic susceptibility data.10
In this report, the electronic structures of both Y BayCugOys™ and
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Ba,Cug0y, as indedpendent and coupled clusters, are presented.
METHOD OF CALCULATION

The development and applications of the S.C.-M.E.H.-M.O. procedure have
already been presented in detail elsewhere,5 hence only the salient features and
highlights of the method will be stated here.

The only resemblance that this method bears to the usual Extended Hiickel
(EH-MO) method is the general format of the one-electron hamiltonian. There are
no scaling parameters and all multicenter molecular integrals are approximated
systematically. Lbwdin orthogonalization is employed in calculating orbital
populations and charges. Either non-relativistic or quasi-relativistic atomic wave
functions and orbital energies are obtained from independent HF-SCF calculations,
with or without configuration interaction, as required. Calculated one-electron M.O.
eigenvalues are systematically adjusted for spin-pairing, spin-orbit and electrostatic
splitting effects. A stablizing potential buffer is applied to compensate for the
physically realistic charge neutralization present in the environment of ionized
molecules and ionic clusters. The calculations are carreid out iteratively with a
simultaneous three-fold convergence on population, charge and total energy. There
are, in principle, no restrictions as to types and numbers of atoms; however, in its
present format the program is limited to 50 atoms and 190 m, orbitals.

For calculations on the Y Ba, CugOt and BayCugO4 clusters the
following overlap-matched STO’s were employed: Cu 3d, 4s, 4p; O 2p; Ba 6s and Y
44, 5s. It was found from earlier calculations that the O 2s orbital contributes only a
very small amount (~2-3 per cent) to the total bonding.5 Orbital energy data were
derived from HF-SCF A.O. calculations on all feasible configurations of; Cu- thru
Cu?*; O thru O%; Ba® thru Ba?* and Y° thru Y3*.

Since there is only moderate spin orbit coupling in these systems, the
non-relativistic form of the average spin-pairing energy equation was used.!

— 2 2 —
Esp= 12 Cuv Duv [<Suv(suv +1)- Su(su +1)- Sv(sv +1)]

where C,, are the Lowdin coefficients of the u™ and v* AOs in each LCAO-MO,
D,, is the AO spin-pairing-parameter defined in terms of Slater-Condon repulsion
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parameters, S, and S, are the net electron spins in the u™ and v AOs, and

<Syuv (Suy + 1> is the effective average spin given by

P, (P, +2) 2, +1 ) P, Py, - 1)
4 T\ 2, +1 2

<Syy Sy + 1> =

where P, are the calculated Lowdin populations and 4, the orbital quantum
numbers of the u and v AOs.

X-ray structural data were taken from that reported by Torardi and
co-workers.!1  The specific structural features pertinent to the cluster calculations
are depicted in Figure 1. Cuy is in an axially contracted four-fold coordination site
of D,, symmetry, while Cuy is in an axially elongated five-fold coordination site of
disotorted C4, symmetry. The Y atom is in an eight-fold square antiprismatic
coordination, with an average Y-O bond distance of 2.39 A. Ba is effectively
ten-fold coordinated with five different Ba-O distances varying by +0.2A. The
average Ba-O bond distance is taken to be 2.90A. These same data were used for
both Y Ba,CuOy6* and Bay; CugOy¢™ clusters, hereafter referred to as C(I) and C(II)
respectively. In the coupled-cluster arrangement C(II) is stacked above C(I).

RESULTS AND DISCUSSION

Pertinent atomic charges and A.O. populations are presented in Table I for C(I) and
C(I) clusters. It is also interesting that Ba atoms have little higher positive charges
in C(II) than in C(I), in spite of the fact that C(II) has a net negative charge. Thus all
the increase in negative charge of C(II) over C(I) resides on the O atoms. The top
layer of C(I) bears a net charge of -1.187esu while the bottom layer of C(II) has a
-1.175esu charge. Both of these charges are counter-balanced by the +1.060 charge
on Y (see Fig. 1). Thus there is a small imbalance between the two charged regions,
so that a small flow of negative charge from C(II) to C(I) via the Y ion, would be
indicated. While it is not expected that this would be a major contributor to the
superconductivity mechanism, it still provides some small effect. In fact, it is well
known that the observed resistivity along the C axis of the Y Ba,Cu304 unit cell is
some 10° times greater than that in the directions of the a,b axes.
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Figure 1. Y BazCu307 local unit cell structure
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Table I. Populations and charges.

Cluster  Atom Charge
3d 4s 4p 2p 4d 5s 6s
Ch Cu«O 0311 9.854 0430 0405 -- - - -
CuL) 0296 9.868 0433 0405 -- - - -
(C)O(Ax-br.) -0.328 .- - - 4,328 - - -
(CYO(Eq-br.) -0.417 - -- - 4417 - - -
@)O(br.) -0.366 -- -- - 4360 - - -
Y 1.060 - - - - 1795 0.146 --
Ba(C) 1.900 -- - - - - - 0.100
Ba(L) 1.931 .- -- - - - - 0.069
ca  Cu©) 0.403 9.897 0.406 0.297 -- -- - -
Cu(L) 0.433 9903 0.38 0279 -- - -- -
(C)O(Ax-br.) -0.403 - - - 4404 -- - -
(C)O(Eq-br.) -0.501 -- -- - 4500 -- - -
@L)O(br) -0.372 - - - 4328 - - -
Ba(C) 1934 - - - - - - 0.066
Ba(L) 1944 - - - - - - 0.056

(C)" = chain; (L) = layer; (AX) = axial, (Eq) = equitorial; (br) = bridge

The pertinent electronic structural data calculated for C(I) and C(II) clusters
are presented in Tables II and III. The C(I) cluster has 198 electrons distributed over
116 M.O.s. The HOMO (116) has one electron and is primarily O, 2p characters
from the chains. The LUMO (117), only 0.03 eV higher, is also O, 2p but from both
and layers. M.O.s 115-56 are primarily O, 2p with £ 15% Cu character. These
orbitals contains 35 pairs and 25 single electrons. M.Q.s 55 and 47 each contain
one electron and are mainly O, 2p; but the former has ~ 11% Y, 44 and the latter ~
10% Y, 4d, 0.5% Y, 5s and 0.8% Ba, 6s character. M.O.s 54 - 48 and 46 - 41 are
doubly occupied and 41 is the LOMO of the O band. This orbital is 5.539 eV higher
than 40, the HOMO of the Cu, 3d band. M.O.s 40 - 1 contain 6 single electrons and
34 pairs.

The results for the C(IT) cluster are similar to those of C(), but naturally lack
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the features of the Y contributions. Also, the HOMO does not have as much Cu
character as does C(I), and the HOMO - LUMO separation is 3.5 times greater. Of
the 197 total electrons, the O,2p band contains 27 singles and 48 pairs while the
Cu,3d band contains 6 singles and 34 pairs.

The criterion for determining whether an M.O. is singularly or doubly
occupied, is based on the following procedure. The differences in energies (with

E , substracted out), AE,, between singularly occupied adjacent M.O.s are

sp

compared to the differences of their respective E o A E sp if AE; > A E sp the

lower orbital is assigned two spin-paired electrons, but if AE, < A E sp then only
one electron is assigned to the lower orbital. This procedure is continued
systematically until enough M.O.s to accomodate all available electrons have been
assigned either single electrons or pairs.

It then remains to be determined whether the singularly occupied orbitals
form a set of open shell singlets (anti-ferromagnetic coupling) or not (ferromagnetic
coupling). This is accomplished by comparing energy differences between these
successive one-electron levels, AE,, to the magnitude of the effective two-electron
coupling constant, J,. If AE;> ], the adjacent spins are paired; if not, they remain
unpaired. Recent magnetic susceptibility data!? suggests that J,;, ~ 10° cm'l. While
it is true that multidimensional magnetic coupling is possible in any multi electron
spin system, it is not unreasonable to assume, as a first approximatation, that these
molecular cluster systems can be reduced to systematic, pair-wise coupling.

Thus, the 12 single electrons in the Cu bands of C(I) and C(Il) can enter into
pair-wise coupling, Similarly, the 28 electrons in the O band of C(I) can be
involved in pair-wise coupling; however, the C(II) cluster provides 28 of the 29
electrons in the O band to partake of pair-wise coupling. The net result for the C(I) -
C(I) united cluster is that six coupled pairs are involved in the Cu bands and 28
coupled pairs in the O bands. Furthermore, it can be shown that the calculated Cu,
Jaq is one third the magnitude of O, J,,.1* Since the observed Jy, reflects the
averaged of all the couplings, the pair-wise couplings can be assigned; 250 cm'l/6,
Cu pairs = 42 cmY/Cu pair and 750 cm’Y/28, O pairs = 27 cmr'/O pair. When these
values are assigned to the electrons in the appropriate M.O.s, it is found that AE,; >
Jg/ pair for all the singularly occupied levels.  This results in 34
antiferromagnetically coupled, pairs plus uncoupled spin over both C(I) and C(II)
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clusters. The pair in the HOMO of C(II) will be readily decoupled under the
perturbation of the single spin in the HOMO of C(I), since Jg, < AE. Thus these
three spins are allowed to couple antiferromagnetic, so as to complete the coupling
mechanism between C(I) and C(II) clusters. Perhaps these are the electrons to be
initially decoupled at T > Tc, where the superconductor makes a transition from the
diamagnetic to the paramagnetic state.

Table II. Energies, electron distributions and A.O. Character in

C(D.
M.O. E Electrons Per cent A.O. Character”
(eV)
117 -20856 0 (C)Cu,3d,2=6.2,3d,5.,»
(LUMO) =18, 4P, =05; (L) Cu, 3d,2 =04,4p,=LL;

(©) O 2p=49.8; (.)O,2p = 39.0.

116  -20.886 1 single (C) Cu, (same as LUMOY; (L)

(HOMO) Cu, 4p, = L4 (C) O (Ax.), 2p = 49.3; (C) O (Eq)),
2p=35.3; (LY O(T), 2p=3.3.

115  -21.866 35 pairs Cu, 3d, 45, 4p 15; O, 2p 2 85.

! i +
56 25705  25singles
55 25830 1single Cu,3d = 1.24s = 1.3, 4p = 1.8; (OL) O(br), 2p = 27;
) l 7 pairs 0,2p=31.8,Y, 4d,5., =109
47 226689  1single Cu,3d=3.0;4p=4.7; 0,2p =81.4; Y, 4d,5 = 9.6, 55
=0.5; Ba, 6s =0.8.
46 -26.857 6 pairs Cu, 3d=1.5, 45=10.6, 4p=3.5; 83.8;
! ] ] Y, 55 =0.6. (#43-Y,4d,, =11.8)
41 -28.288 (L) Cu, 3d,, = 3.0; 45 = 17.7; LYOCbr), 2p =
59.7; (C)O(br); 2p = 12.7; Y, 4d,, = 6.9.
40 -33.827 6 singles (C) Cu,3d295;0,2p < 5.
! l ! (#39-35; (L) Cu, 3d)
35 -34318 +
34 -34.544 34 pairs (same as #40 - 35)
i }
1 -35.716

*(C)=chains; (L)=layers; (T) = terminal;
(br)=bridges; (Ax)=axial; Eq.=Equitorial.
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Table Il. Energies, electron distributions and A.O. Character in

C(Im).
MO. E Electrons Per cent A.O. Character”
V)
116  -17372 0 (C)Cu,3d,2 = 4.4, 4p, = 1.0; O, 2p
(LUMO) =94.6
115 -17.478 1 pair (C,L)Cu, 3do=3.1,4s = 1.2, O,
(HOMO) 2p=95.7
114 -18.191 29singles
! + Cu, 45 = 19.2 10 6.4; O, 2p = 80.8
42 -22.928 46 pairs t0 99.6
41 -22.962 1 pair (C,L)CU, 4s = 20.8; O, 2p =79.2.
40 -31.708  1single L)Cu,3do=99.4,0,2p=0.6
39 31724 Ssingles (C,L)Cu, 3d= 97; (C,L)O, 2p £ 3.
+
1 -32797 34 pairs

*(C) = chains; (L) = layers;
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