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Theory of nuclear quadrupole interactions of ' Ba and ' La in YBa2Cu3Q6 and La&Cuo4
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The electric-field gradients at '"Ba in YBa2Cu306 and "La in La2Cu04 have been investigated using
the first-principles Hartree-Fock cluster procedure. The calculated electric-field gradients at these nuclei
lead to nuclear quadrupole coupling constants in very good agreement with experiment. The
significance of this good agreement is discussed.

I. INTRODUCTION

The electronic structures of high-T, systems are of
great interest for a number of reasons. The first and most
important reason is that quantitative theories for the ori-
gin of superconductivity have to take account of the elec-
tron distributions associated with the electronic wave
functions for the systems. Second, one needs a
knowledge of the electronic structure to understand the
measured properties, especially spectroscopic, for the
normal and superconducting states of these systems.

The properties of interest in the present investigation
are those associated with hyperfine interactions in the
copper-oxide superconducting systems which have been
studied by a number of different techniques, among them
magnetic resonance, Mossbauer effect, perturbed angular
correlation, and muon spin rotation. The hyperfine prop-
erties provide particularly useful probes of the electron
distribution because they involve the inner regions of the
ions involved, namely, the vicinity of the nuclei where the
hyperfine interactions occur, as well as the surrounding
environment which leads to the charge and spin distribu-
tions that are responsible for the observed nuclear quad-
rupole and magnetic hyperfine interactions. The pro-
cedure for using these probes to investigate electron dis-
tributions is to use the latter, calculated by first-principles
procedures, to study hyperfine properties quantitatively
and compare with observed data to test the accuracy of
the theoretically obtained electronic structures.

In our program of investigations on the hyperfine prop-
erties of these systems, we have been utilizing the
Hartree-Fock (HF) cluster procedure' using as large a
representative cluster as is possible, with the influence of
the rest of the lattice ions included by treating them as
point charges and incorporating their Coulomb potentials
in the HF Hamiltonian. ' We have so far studied the
nuclear quadrupole interactions of Cu and ' 0 nuclei in
the YBa2Cu, 06, YBa2Cu307, and La2Cu04 systems and
the hyperfine field at the Cu nucleus in the antiferro-
magnetic state of the latter system. These earlier HF
cluster results have provided satisfactory explanations
of the trends in experimental properties. However, they
have led to overestimates in the magnitudes of the quad-

rupole coupling constants e qg, by as much as 40% in
the case of 1:2:3 compounds ' and somewhat lower,
about 25%, for the lanthanum system. For the hyperfine
field at the Cu site in the latter case, the calculated re-
sult is also about 25% larger in magnitude than experi-
ment. While the cause for these differences in the nature
of agreement between theory and experiment for the two
systems is not totally understood, it is possible that they
could be attributed to the difference in the nature of
many-body effect that are related to the origin of the su-
perconductivity in LazCu04 and YBa2Cu307.

Since the superconductivity seems to be associated
with the copper and its neighboring oxygen atoms, it is
interesting to explore the hyperfine properties of nuclei
outside the "range" around the copper-oxygen systems
that seem to be important for the superconductivity.
This has been our motivation for studying the ' La and

Ba nuclear quadrupole interactions, which is the topic
of the present paper. If, indeed, the range of influence of
the superconducting mechanism does not extend as far as
the lanthanum and barium ions, one would expect that
many-body effects related to these mechanisms would not
be important for the ' La and ' Ba nuclear sites and one
should have better agreement with experiment as com-
pared to hyperfine effects for the Cu and ' 0 nuclei.

Section II presents briefly the procedure used for calcu-
lation of electronic structures and the associated e qQ
and asymmetry parameter g. Section III presents the re-
sults and discussion.

II. PROCEDURE

The HF cluster procedure employed in this work has
been used recently by our group for investigation of the
nuclear quadrupole interactions of Cu and ' 0 nuclei in
yttrium —barium —copper-oxide systems ' and Cu in the
lanthanum copper-oxide system as well as the magnetic
hyperfine interaction in the latter case. In addition to
these high-T, systems, it has been applied successfully for
the study of magnetic and nuclear quadrupole hyperfine
interactions in a number of other systems including im-
purity atoms in semiconductors and a number of ionic
crystal systems. As in all these other investigations,
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Gaussian basis functions were used, with the oxygen basis
functions being obtained using for the 0 ions a Watson
sphere model to include the influence, on these very
diffuse negative ions, of the potential due to the neighbor-
ing positive ions. For the La + ion we have used the
available Gaussian-type functions (GTF) contracted to
6s (432222), 4p (4222), and 3d (411) basis functions. For
the Ba + ions, the corresponding basis functions consist-
ed of 6s (432222), 4p (4222), and 2d (42). For the oxygen
negative ions, we have used a basis set' consisting of 8s
and 4p GTF contracted to 2s (44) and lp (4) basis func-
tions. All computations were carried out utilizing the
GAUSSIAN88 program.

The ' Ba nuclear quadrupole interaction has been in-
vestigated in the present work in the YBa2Cu306 system
because experimental data' are available for this system.
The geometrical parameters used for our investigation
were taken from the available' crystal structure data.
From the structure shown in Fig. 1 it can be seen that the
immediate neighbors of Ba (denoted by A ) consist of four
oxygen ions of the type 0(4) denoted by B, C, D, F. in the
figure, leading to a Ba +(0 )4 as the appropriate cluster
to choose for our calculations. It can be seen from Fig. 1

that the next larger cluster would have to involve an ad-
ditional eight copper ions, four of them of the Cu(1) type
and four of the Cu(2) type. This would be a rather large
cluster and involve substantially larger computational
effort. Our earlier investigation on NQI for Cu in the
La2Cu04 system, where a corresponding larger cluster
was investigated in addition to the basic Cu (0 )6 one,
suggests that the influence of the additional copper neigh-
bors in the present calculations would not be too
significant. However, the influence of the ions in the rest
of the lattice outside the chosen cluster was incorporated

as in our earlier investigations by augmenting' the
Hartree-Fock potential with the Coulomb potential due
to these external ions. The charges on the copper, oxy-
gen, barium, and yttrium ions were taken to be the for-
mal charges of 1+ [Cu(1)], 2+ [Cu(2)], 2 —,2+, and
3+, respectively. For the copper and oxygen ions we
have also used the charges obtained from our earlier clus-
ter calculations concerned with Cu hyperfine proper-
ties. The influence of using these latter charges as com-
pared to the formal charges was found to be not very im-
portant. This process of including environmental effects
could be considered as essentially allowing one to deal
with the infinite lattice in studying the hyperfine proper-
ties of a particular nucleus, in this case, the ' Ba at the
center of the chosen cluster. For the ' La nucleus in La
copper oxide, the appropriate cluster, as can be seen from
the crystal structure' in Fig. 2, is a La +(0 )~ one in-

volving the La ion A and the oxygen ions B, C, D, E, and
F.

Once the electronic structure is obtained, one can
determine the components V; of the electric-field-
gradient (EFG) tensor including contributions from the
electrons and nuclear charges within the cluster and the
ionic charges outside, using the procedure described in
our earlier work on high-T, systems. The EFG tensor
can be diagonalized to obtain the principal components
Vzz +yy and V«, the labeling of principal axes being
done in keeping with the convention commonly used in
the literature, ' namely,

~ V„~ &
~
V

~
&

~ V„~. The EFG
parameter q

= V„and the asymmetry parameter
g=( V „—V~~ )/V„are ones that are derived from exper-
iment and have to be compared with theory. Since the
present calculations are all electron in nature including
the core electrons, Sternheimer antishielding effects on

Cu(2) 0(5) 0o ,
' ()c

'0 (E)

Cu(1 )

La

~ Cu

0o

FIG. 1. Crystal structure of YBa2Cu&06. The ions included
in the cluster Ba04 used the present HF calculation are indicat-
ed in the figure as A, B, C, D, and E.

FIG. 2. Crystal structure of La&Cu04 in the tetragonal phase
which is similar to the orthorhombic structure used in this
work. The relation between the two phases is explained in Ref.
14. The ions included in the cluster LaO, used in the present in-

vestigation are indicated in the figure as 3, B, C, D, E, and F.
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the components of the EFG tensor are automatically in-

cluded.

III. RESULTS AND DISCUSSION

As in the case of our earlier investigations on Cu
and ' 0 nuclear quadrupole interactions, we shall present
our results for the EFG tensor components in terms of
the electronic contributions from within the cluster, the
nuclear charge contribution from within the cluster, and
external contributions from the charges outside the clus-
ter. For the ' Ba nucleus, there is axial symmetry about
the c axis. For the total EFG tensors, one has therefore
only to present the largest component q of the EFG ten-
sor in the principal axis system which is along the c axis,
the other two components perpendicular to the c axis be-
ing —q/2 each. The electronic, nuclear charge, and
external contributions to q are found, in atomic units
eao, to be

q, &

= 1.4581, q„„,= —Q. 2Q5Q, q,„,= —0.Q299,

adding up to a total value of q of

q =1.2232 . (2)

The external contribution q,„, is quite small but, in fact,
it is subjected to a sizable antishielding effect which is al-
ready included in q„ through the incorporation of the po-
tential due to these ions on the electrons in the cluster as
explained in Sec. II. There are a number of different
values of Q(' Ba) available' in the literature which have
significant differences from each other. An approximate
mean' ' of these values is 0.18 b with an uncertainty of
about 10%. Using this mean value of Q(' Ba) and our
calculated value of q in Eq. (2), one gets a net quadrupole
coupling constant of 51.7 MHz. This is to be compared
with the experimental magnitude' from nuclear quadru-
pole resonance of 54 MHz. Thus, our value is in satisfac-
tory agreement with the experimental value within the
range of uncertainty of Q(' Ba). The value of q has also
been obtained through a recent band-structure calcula-
tion by the linearized augmented-plane-wave (LAPW)
procedure. Using the same value of Q(' Ba) as we have
used, the band-structure value' of q leads to an e qQ of
47.9 MHz, somewhat smaller than our results. But, con-
sidering the fact that the two calculations involve rather
different methods, ours involving the HF cluster ap-
proach while the band-structure result involves the
LAPW procedure using the local-density approximation
to the Hartree-Fock exchange potential, the nature of
agreement between the two theoretical results is quite sa-
tisfactory.

For the ' La nucleus in La2CuO4, because of the slight
orthorhombic distortion from tetragonal symmetry, ' the
V „and V components of the EFG tensor are not equal.
This leads to an asymmetry parameter

g=(V„—V~~)/V determined from our calculation to
be 0.02, which is small as expected, and in good agree-
ment with the experimental value' of 0.024. The contri-
butions to the net q= V„broken down in the same
manner as in Eq. (1) for ' Ba are

qe]
= 2.4849$ q/gc =0.2898$ qegt =0.0508

leading to a net q of —2. 1443ea o . The value of
Q(' La) from the literature obtained through collinear
fast-beam laser spectroscopy is Q.20 b with an uncer-
tainty of 5%. This value using our net calculated q leads
to e qQ= —100.8 MHz, in good agreement, within the
uncertainty in Q, with the experimental' value of 89.4
MHz. As far as we are aware, there is no other result in
the literature from electronic structure calculations to
compare with ours.

There is a point-ion model result for ' La available '

in the literature, where the Sternheimer antishielding fac-
tor of —76 has been used and all the ions surrounding
the La + ion under study have been handled as point
charges corresponding to their formal charges. This
point-ion value for e qQ is —81.1 MHz, which is some-
what smaller than our calculated result. We have also
made a point-ion calculation of the EFG for ' Ba in the
YBa2Cu306 system, which, when combined with the
value of y„=—76.2 for Ba + available in the litera-
ture, leads to e qQ =69.7 MHz. This value, in contrast
to the case of ' La in La2Cu04, on the other hand, is
somewhat larger than that obtained from our present
electronic structure calculation by the HF cluster pro-
cedure. There can be a number of reasons for the
difference between the point-ion results and those from
detailed electronic structure calculations. One of these
reasons is the occurrence of some local contribution aris-
ing from the departure from spherical symmetry of the
electron distribution on the Ba + and La + ions due to
the small but significant covalent bonding between the
metal and oxygen ions as manifested by the departures of
the calculated charges of 1.94 and 2.98 from the formal
charges of 2 and 3. This local contribution is not includ-
ed in the point-ion model. The other reason is that con-
cerned with the uncertainty of the Sternheimer an-
tishielding factors to be associated with the contributions
to the EFG from the oxygen ions next to the metal ion
due to the distributed nature of the overlapping electron
densities on the former and the latter, as has been dis-
cussed in an earlier work on Fe203 concerned with this
question.

In concluding, it is important to point out that there is
more satisfactory agreement between the results for ' Ba
and ' La from our theoretical work using the HF cluster
procedure as compared to the situation for Cu and
' 0 nuclei. This would be considered as suggestive of the
fact that many-body effects which could inhuence the cal-
culated EFG and which could be related to the mecha-
nisrns for the origin of superconductivity in the copper-
oxide superconductors are more important at the copper
and its neighboring oxygen sites than at the barium and
lanthanum sites which are more distant from the copper
ions.
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