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A first-principles unrestricted Hartree-Fock cluster investigation has been carried out on the elec-
tronic structure of the YBa,Cu;0, system. The results of this investigation provide satisfactory ex-
planations of *Cu and '"O nuclear-quadrupole-interaction data. The electron distributions ob-
tained rule out the presence of Cu" ions and are supportive of the presence of Cu**. Cu*, 0?7,
and O~ ions with actual charges departing significantly from the formal charges, indicating the im-

portance of covalency effects.

I. INTRODUCTION

A wealth of data has recently become available! ~® on
the hyperfine properties, especially nuclear quadrupole
interactions (NQI’s), of the copper oxide high-T, systems
by a variety of experimental techniques, including nu-
clear magnetic and nuclear quadrupole resonance,' ?
Mossbauer effect,*> and perturbed angular correlation.
These data provide an opportunity to obtain valuable in-
formation on the electron distributions that can be help-
ful in the understanding of the origin of the superconduc-
tivity in these systems. The first comprehensive at-
tempts”® at the theoretical understanding of the NQI
data have utilized a point-ion model for evaluation of the
electric field gradient (efg) at the nuclear sites. From
these analyses, information can be derived’ about the ex-
tent of covalency from comparison of the theoretical and
experimental values of the efg. The next step in the un-
derstanding of the origin of the NQI data is to study the
electronic structures of the high-T,. systems by ab initio
procedures and use the calculated electronic structures to
explain observed experimental data. In the present work,
we have carried out first-principles unrestricted Hartree-
Fock (UHF) cluster investigations® on the YBa,Cu,0,
system and evaluated the *Cu and "0 NQI parameters
for all the sites where experimental data are available.! ™
Our investigation provides both a satisfactory explana-
tion of the available NQI data as well as information on
the charge states of the different copper and oxygen ions.
We are also able through our investigations to make a
comparison between available x-ray photoemission spec-
troscopy (XPS) data'® and theoretical predictions.

Section II presents the procedure used in the present
work, including the clusters chosen for study of the NQI
for $Cu and 'O nuclei. Section III presents the results
of our investigation and discussion. The conclusions
from this work are presented in Sec. IV.

II. PROCEDURE

For our electronic-structure investigation, we have
made use of the UHF cluster procedure,9 which has been
found to yield satisfactory agreement with experiment for
the magnetic hyperfine properties of a number of systems
involving impurity atoms in semiconductors'' and NQI
tensors in a number of ionic crystal systems'?™ ! includ-
ing ®Cu in cuprous oxide!® and 'O in corundum."
Gaussian basis functions'® were used for these investiga-
tions, the oxygen ion basis functions being obtained!%!3
by employing the Watson sphere model'’ to include the
influence of the potential of the environment of this rath-
er diffuse ion. For the copper ion we have used extensive
basis functions'® consisting of 10s, 7p, and 5d primitive
Gaussian-type functions (GTF) contracted to 4s (6,2,1,1),
4p (4,1,1,1), and 2d (4,1) basis functions. For the oxygen
negative ions, we have used a basis set consisting of 8s
and 7p GTF contracted to 2s (4,4) and 1p (4) basis func-
tions.

The geometrical parameters for the clusters employed
in our investigations were taken from the available crys-
tal structure data'® in YBa,Cu;0,. A unit cell of this
crystal is shown in Fig. 1. The Cu;0,, cluster used in our
investigation of the efg at the 8cu(1), $Cu(2), and 0@4)
nuclei involves the atoms A to O in Fig. 1. These include
the chain copper ion [Cu(1)] 4, two planar copper ions
[Cu(2)] F and K, two bridging O(4) ions B and D and oth-
er nearest oxygen neighbors C, E, G -J, and L -0 of O(1),
0O(2), and O(3) categories of the three copper ions in the
cluster. With this choice, the Cu(1), Cu(2), and O(4) ions
each have all their nearest neighbors included in the clus-
ter. For studying the efg at the 'O nuclei at O(2) site
[which is expected to have an electronic environment
very similar to O(3)], for which experimental data are
also available, it was necessary to use the O,Cu, cluster
consisting of atoms F-J and P-S in Fig. 1, with J
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FIG. 1. Unit cell of YBa,Cu;0, (Ref. 18). The ions 4 -0 are
included in the Cu;0,, cluster and F-J and P-S are included in
the O,Cu, cluster used in the present work.

representing an O(2) ion at the center. This cluster thus
includes a central O(2) ion with its two nearest planar
Cu(2) ions and all their oxygen nearest neighbors on the
plane. Clusters larger than the ones described, including
all the additional neighbors needed to keep the symmetry
intact, would have been impracticable to use from a com-
putational point of view. The influence of the other ions,
outside the finite clusters we have chosen, on the elec-
tronic structure was incorporated by augmenting® 2™
the Hartree-Fock potential experienced by the electrons
in the cluster with the potential due to the ions in the rest
of the lattice, treating the latter as point charges. The
charges on the yttrium and barium ions were taken as
their formal charges of 3+ and 2+, respectively. For
the copper and oxygen ions outside the cluster, the
charges used were those obtained self-consistently for the
ions within the cluster. A finite number of point ions
were used to simulate the Madelung potential produced
by the infinite number of ions of the crystal. The charges
on the outermost shells of ions used were adjusted'? !> to
provide the proper Madelung potentials at all the sites of
the ions in the cluster and net charge neutrality of the lat-
tice.

The components of the efg tensor at the nucleus of in-
terest can be obtained from the calculated electronic
wavgfunctions for the pertinent clusters using the expres-
sion

Vi=VYi+vi+ve, M

where V,ﬂv and V; represent the contributions to the ij

(i,j =x,y,z) component of the EFG tensor from the nu-

clear charges and electrons in the cluster while V™
represents the contribution from the ionic charges out-

side the cluster. These contributions are given by
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In Eq. (2), {y refers to the charge on the nucleus N
within the cluster, x;y the ith component of the position
vector ry of the nucleus N with respect to the site of the
nucleus at which the EFG is being calculated. In Eq. (3)
the summation over p is carried out over all the molecu-
lar orbitals, n, =0 or 1 being the occupancy of the orbit-
al. Since we are using the UHF procedure, orbitals with
different spin are treated separately, so the maximum oc-
cupancy of any orbital can only be 1. The x; in Eq. (3)
represents the ith component of the radius vector r of an
electron with respect to the nuclear site at which the
EFG is being studied. In Eq. (4), §{; represents the charge
on the lattice ion I, r; being the position vector of ion I
with respect to the nucleus of interest, and x; is its ith
component. The components of the EFG tensor in the
principal axis system are obtained by the usual diagonali-
zation procedure, the experimental parameters ¢ and 7
being, respectively, ! the largest principal component V,,
and the ratio (V,, —V,,)/V,,, the convention for choos-
ing the axis being such that |V, | < |V, [ <|V,,].

The core electrons are included in our UHF cluster
calculation and are thus allowed to be polarized by the
charges both inside and outside the cluster. Consequent-
ly, Sternheimer antishielding effects®® associated with the
efg from the electrons and nuclear charges within the
cluster and outside ionic charges are explicitly incor-
porated. To obtain an assessment of the importance of
covalent bonding on the EFG, we have evaluated for
comparison, the EFG at the %*Cu(1), ®*Cu(2), '0(2), and
70(4) arising from a point-ion model?! with the charges
on the lattice ions being the formal charges. The an-
tishielding factors?® were taken from recent literature.®

V=3 ¢e 4)
1

III. RESULTS AND DISCUSSION

We shall consider first the effective charges { on the
various atoms in the Cu;0,, cluster. There is no precise
procedure available to relate the effective charges to the
calculated electronic orbitals. A commonly used approx-
imation for this purpose is the Mulliken population
analysis?? procedure employed here. This leads to the
effective charges

Scun=1.49, fcu2=1.86, {o)=—1.87,
§0(2)=_1.94, §0(3)=_1.95, §0(4)=_1-28 .
While the charges in Eq. (5) qualitatively support the as-
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signment of formal charges of 1, 2, 2—, 2—, 2—, and
1—, respectively, on these ions, they also indicate that
there is substantial delocalization of the charge distribu-
tion especially between the chain copper ion Cu(1) and its
neighboring oxygen ions, primarily the two O(4). This is
a result of very significant covalent bonding between
Cu(1) and its neighbors, which was also clearly indicated
by our electronic wave functions, the covalency associat-
ed with Cu(2) being significantly smaller. The relatively
small observed bond distance!® between Cu(1) and O(4) of
1.843 A is also supportive of the strong covalent bonding
between these ions and the consequent departure of the
charges on these ions from the extreme ionic
configurations of Cu?* and O*~.

Another important result of our investigations was
that even when we started the iterations involved in the
UHF cluster procedure with formal charges of 3+ and
2— on the Cu(l) and O(4) ions (instead of 2+ and 1—)
outside the cluster, the results for the effective charges on
the various ions within the cluster converged to those in
Eq. (5). Our investigation therefore clearly supports the
absence of Cu®' and the presence of charge
configurations for Cu(1) and O(4) reasonably close to 1+
and 1—, respectively, in keeping with current ideas in the
literature.?> The quantitative departures of Cu(l) and
O(4) charges from the values of 1+ and 1— is a result of
the covalent bonding between these ions indicating that
the nonstoichiometric hole?}in YBa,Cu;0,, considering
Cu?* and O? as reference states, is distributed over Cu(1)
and O(4). The magnitudes 967 and 551 eV of the one-
electron eigenvalues for the Cu(1) 2p-like and O(4) 1s-like
molecular orbitals obtained in this calculation are reason-
ably close to the two observed ionization energies 933
and 533 eV from XPS measurements.'® This could be
considered as providing qualitative support for the elec-
tron distributions and effective charges on the atoms ob-
tained in the present work. A more quantitative compar-
ison between experimental and theoretical ionization en-
ergies would require one to perform the more complex
and time-consuming calculation involving the energy
difference between the cluster used here and ones in
which electrons have been ionized from Cu(1) 2p-like and
O(4) 1s-like molecular orbitals.

Turning next to the NQI in YBa,Cu;0,, experimental
data on the coupling constant e2gQ and 7 are now avail-
able! 73 for both the chain and planar *Cu nuclei and the
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70 nuclei of the oxygen neighbors O(4) and O(2) of the
chain and planar copper atoms, respectively. These are
presented in Table I, along with our theoretical results
from the UHF cluster model and those from the point-
ion model.?! The important features of the **Cu experi-
mental data are the larger e2gQ for the planar *Cu(2) nu-
clei compared to the chain ®*Cu(1) nuclei, the near-axial
symmetry of the *Cu(2) efg tensor, and the strong depar-
ture of the %3 Cu(1) tensor from axial symmetry. For the
170 nuclei, the e2gQ for the nuclei of O(4) are larger than
that for O(2), the symmetry of the efg tensor being nearly
axial for the former, while for the latter there seems to be
some evidence of departure of # from zero. Our results
for the principal components of the efg tensors were ob-
tained from the electron distributions determined
through UHF cluster calculations by the usual procedure
employed in the literature!>!3 as described in Sec. II. In
relating the principal components g for the efg tensors for
the various nuclei to the corresponding
e?qQ, we have used for the quadrupole moments,
Q("0)=—0.02578 b** and Q(*Cu)=—0.18 b.!5 The
latter value is chosen!> to be 15% smaller than the value
of —0.211 b available in the literature®> to account for
relativistic and many-body effects on the efg in Cu atoms.
These effects were not incorporated in the earlier calcula-
tion? of the efg in Cu atom used to extract Q (®*Cu) from
the measured e2gQ in this atom.

Our results for the e?¢qQ and 7 for %*Cu(1), $Cu(2),
170(2), and '70(4) nuclei from UHF cluster investigations
are listed in the fourth and fifth columns in Table I. The
contributions to the efg tensors at these nuclei from the
ions outside the clusters were calculated using the
charges in Eq. (5). Because of the relatively small sizes of
these contributions (about 1%) as compared to the intra-
cluster contributions, the use of formal charges discussed
earlier would not have affected the net efg tensor
significantly. Also listed for comparison, in the second
and third columns of Table I are the values of e2qQ and 7
for the point-ion model, the appropriate charges on the
ions one has to use in this case being the formal charges
1,2,2—2,2—, 2—, and 1— for the Cu(l), Cu(2), O(1),
0(2), O(3), and O(4), which are supported by the results
of our UHF cluster calculations. The formal charges on
yttrium and barium ions were taken as 3+ and 2+ as in
the UHF cluster work. For the point-ion calculation, one
needs to use the antishielding factors y ,, for the ions in-

TABLE I. ®*Cu and '"O nuclear-quadrupole-interaction parameters from present work compared
with experimental data and results from point-ion model.

Point-ion model® Present work Experiment
Nucleus eqQ (MHz) i e2qQ (MHz) n le?qQ| (MHz) n
8Cu(l) —123.0 0.99 57.3 0.30 38.4° 1.00°
83Cu(2) —84.5 0.12 96.7 0.04 62.9° 0.02°
70(2) —6.2 0.03 —8.0 0.27 5-6° 0.0-0.2¢
70(4) 1.6 0.28 —10.4 0.20 7.7 0.0°
Based on ionic configurations Y>*, Ba?*, Cu(1)*, Cu(2)?*, O(1)>~, O(2)>~, O(3)>7, and O(4)~ in the
lattice.
®From Ref. 2.

‘From Ref. 3.
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volved. For Cu?*, Cu'", and O?~, the values of ¥, of
—25.0, —17.0, and — 13.8, respectively, available in the
literature2®2’” were used. For the O~ ion, an estimated
value of —9.7 was used for y, which is about 30%
smaller than that for the more deformable O?~ ion.
From Table I, strong differences are observed between
the point-ion values and the results of our UHF cluster
calculation and experimental results for the e’gQ of both
8Cu(1) and ®Cu(2) nuclei as well as the '7O(4) nucleus.
This testifies to the importance of including covalency
effects in a first-principles manner. Similar quantitative
disagreement between the predictions of the point-ion
model and experimental values of e’qQ have also been
found in a number of other ionic crystals.> 1271

Our results for e2gQ for the **Cu and 'O nuclei ob-
tained from first-principles electronic structure investiga-
tions for Cu(1), Cu(2), O(2), and O(4) ions are seen from
Table I to be in good agreement with experiment.?* The
e2gQ for #Cu(2) is found to be substantially larger than
for %3Cu(l) in agreement with the trend from experi-
ment,? the experimental results for both nuclei being
about 30% smaller than theory. For the 'O nuclei, the
experimental trend in e?¢gQ from O(2) to O(1) is again in
agreement with that from our theoretical results. Addi-
tionally, the experimental ratio® of 1.28 of the e’qQ for
O(4) and O(2) is in excellent agreement with the theoreti-
cal value of 1.30, the corresponding values? for Cu(1) and
Cu(2) being 1.63 and 1.69, respectively. As in the case of
the %Cu nuclei, there is again about a 30% difference in
magnitudes between the experimental and theoretical
values of e?qQ. The electronic environment around the
8Cu(2) nucleus comes out as nearly axially symmetric
from the results of our investigation, as seen from the
small value of about 0.04 for 7 in Table I, which is in
good agreement with the experimental result’ of 0.02.
The electronic environment around the ®*Cu(l) nucleus
however departs substantially from axial symmetry as in-
dicated by our result for 7 of about 0.3, which is however
smaller than the experimental result? close to unity. For
70(4), our calculated asymmetry parameter of 0.20 is
small, but indicates some asymmetry in the electronic en-
vironment, while the experimental value® of 7 is close to
zero. For '"0(2), while the asymmetry is not as pro-
nounced as for *Cu(1), the calculated value of 7=0.27 is
significant in size, in keeping with expectations from ex-
periment which suggests® an upper limit of 0.2 for 7.

Thus there is good agreement between the experimen-
tal NQI data®® and the results of our first-principles
electronic-structure investigations. Theory is able to ex-
plain all the important observed trends®® including the
substantially larger ®*Cu(2) coupling constant as com-
pared to ®3Cu(1), the larger '’O(4) coupling constant com-
pared to that for 'O(2), the axial symmetry of NQI ten-
sor for *Cu(2), the presence of significant asymmetry for
8Cu(1), and the tendency towards asymmetry in the elec-
tronic environment of '70O(2). There is also satisfactory
agreement between theory and experiment from a quanti-
tative point of view for both sets of 1’0 and %*Cu nuclei
for which experimental data are available, the significant
difference being mainly in the value of 7 for $3Cu(1). It is
hoped that the direct incorporation of the actual charge

distributions of the Ba’* and Y>* neighbors by including
their electrons in the cluster investigations, (especially the
Ba’" ions, since the Y>* ions are believed to be rather
ionic), would resolve the remaining quantitative
differences between theory and experiment. Such calcula-
tions will be rather time consuming, but would be desir-
able to perform in the future. It would also be important
to carry out investigations in the future on the role of
many-body effects,?®?° which are expected to be equally
extensive and time consuming. While many-body effects
have not been found to be particularly important for NQI
in atomic systems,’® they may be more important in
molecular and solid-state systems due to smaller energy
differences between the ground and excited states.

The NQI at a nucleus is a good probe for studying the
anisotropy of the charge distribution around the nucleus.
The anisotropy in ionic systems is of course strongly
dependent on the covalent bonding between neighbors.
The fact that satisfactory agreement has been obtained
for the NQI of a number of nuclei in YBa,Cu;0, through
our first-principles UHF cluster investigation lends sup-
port to our conclusions regarding the charge distribu-
tions in this system, particularly the effective charges on
the ions [Eq. (5)] and the strong covalent bonding be-
tween Cu(1) and its O(4) neighbors. In this connection, it
will be very useful to carry our similar investigations as in
the present work on hyperfine data for >’"Fe in the
YBa,Cu;04 system, which are available from Mossbauer
measurements.*> In addition to the NQI, isomer shift
and magnetic hyperfine data are also available in these
systems. These properties provide information on the
isotropic part of the charge densities as well as the isotro-
pic and anisotropic components of the difference in elec-
tronic densities associated with opposite spins, thus com-
plementing the information about the anisotropy of the
charge densities associated with the NQI, providing a
more complete test of the accuracy of calculated electron
densities.

The molecular orbitals associated with p states of the
oxygen ions correspond to the highest occupied energy
levels for the Cu;0,, cluster we have studied. This fact
along with the absence of any evidence for Cu®* ions,
and the presence of O, lends support to theories**? for
the origin of superconductivity requiring holes located on
oxygen ions. Further, the results of our electronic-
structure calculations show that there is strong localiza-
tion of the spin distribution on the two Cu(2) ions, each
one carrying an unpaired spin electron population of
0.95. This is in keeping with recent conclusions from the
analysis of ®*Cu spin-lattice relaxation data.®> Also the
strong covalency between the Cu(l) and its two O(4)
neighbors suggest that the unit O(4)—Cu(1)—0(4) could
provide the medium for a superexchange between local-
ized spins on the Cu(2) ions leading to the observed* an-
tiferromagnetism in YBa,Cu;04. This mechanism of su-
perexchange is also crucial for a recent hole-spin interac-
tion theory*? for superconductivity in the 1:2:3 systems.

IV. CONCLUSION

The first-principles UHF cluster investigations in this
work have yielded electron distributions over the copper
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and oxygen ions in the YBa,Cu;0, system that provide
satisfactory explanation of the available 3Cu and 'O nu-
clear quadrupole interaction data!™3 as well as XPS
data.!® This leads us to conclude that the present investi-
gations provide a reasonably accurate description of the
electron distributions in these systems, which while sup-
portive of the premises of recent theories®' ~*? based on
holes on oxygen ions and particularly one*? involving
hole-spin interactions, can also be of use in the analysis of

other theories for the origin of superconductivity in
high-T, systems.
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