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Electric-field gradients in YBazcu307: Discrepancy between experimental
and local-density-approximation charge distributions
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Local-density-approximation (LDA) -based calculations of electric-field gradients (EFG's) for
YBa2Cu307 using an extended linearized-augmented-plane-wave method are reported. This extended
method controls errors that might arise from extended core states on the Y ions or linearization of the
narrow 3p states. The calculated EFG's agree well with experiment except for the plane Cu site. For
this site a large discrepancy is found, which is attributed to an inadequate description of anisotropic
effects within the LDA.

INTRODUCTION

Since the discovery of the cuprate high critical temper-
ature (T, ) superconductors by Bednorz and Muller, '

there has been an ongoing debate regarding to what ex-
tent the electronic structure of these materials can be de-
scribed by conventional local-density-approximation
(LDA) calculations. A variety of experimental probes
have demonstrated that the metallic materials have Fer-
mi surfaces in reasonable agreement with predictions of
LDA-based calculations. LDA-based total-energy cal-
culations have yielded structural parameters, phonon fre-
quencies, and instabilities in good agreement with experi-
ment. ' Measured positron wave-function effects are
also in good agreement with calculations based on LDA
electronic structures. These results demonstrate at a
minimum that the LDA provides a reasonable descrip-
tion of charge densities and density responses. These and
other successes have made the LDA an important tool in
achieving an understanding of the complex high-T, su-

perconductors.
On the other hand, many of the high-T, superconduc-

tors have antiferromagnetic (AF) insulating sister corn-
pounds (often referred to as undoped materials), and
these materials are not well described by local-spin-
density approximation (LSDA) calculations. For exam-
ple, pure La2Cu04 is predicted by LSDA calculations to
be a paramagnetic metal even though the material is an
AF insulator in reality. It is perhaps initially surprising
therefore that LDA calculations for this material yield
structural parameters and phonon frequencies in good
agreement with experiment. This can be understood by
considering the effect of corrections to the LSDA, which
are needed to describe the insulating materials. Recently,
Svane and co-workers and Anisimov, Zaanen, and An-
derson have performed calculations incorporating
different orbital-dependent corrections, both of which
correctly predict insulating AF behavior for undoped
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high-T, materials. An important effect of these orbital-
dependent terms is to alter the occupations of the indivi-
dual Cu d orbitals, favoring more anisotropic solutions.
However, the largest contribution to the phonon frequen-
cies in these materials is due to ionic interactions, which
depend on spherical averages of the density. ' Positrons,
which sample the interstitial preferentially, are also most
sensitive to the spherical component of the charge densi-
ty in these materials.

Electric-field gradients (EFG's) at the nuclei can be
measured using a variety of experimental techniques and
provide a very sensitive probe of the anisotropies of
charge densities. They may be expected to be a particu-
larly good probe of the occupations of the difFerent Cu d
orbitals in the high-T, cuprates because the spherically
symmetric component of the charge density does not con-
tribute to the EFG and because the largest contributions
usually come from the charge distribution in the interior
of an ion. It is, however, difficult to obtain reliable pre-
dictions of EFG's with which to compare because they
can be very sensitive to small changes in the charge dis-
tribution, especially near the nucleus, and accordingly
highly accurate calculations are needed.

Blaha, Schwarz, and Herzig used the full potential
linearized-augmented-plane-wave (LAP W) method for
this purpose demonstrating the feasibility of obtaining re-
liable EFG s in solids from first-principles LDA-based
calculations. " More recently, two independent LDA-
based calculations of EFG's for the high-T, superconduc-
tor, YBa2Cu307 have been performed using this ap-
proach. These calculations yielded similar results except
for the Y site, which is not experimentally accessible. ' '
Calculations have also been reported for YBazCu408,
which is a related high-T, superconductor. '

In all the cases the calculated EFG's are found to be in
good agreement with experimental measurements' ' ex-
cept for the plane-Cu [Cu(2)] site. For the plane-Cu site
of YBa2Cu307, the principal component of the experi-
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mental EFG is more than twice the calculated value. For
YBa2Cu408 the discrepancy is even larger with the exper-
imental value being more than three times the calculated
value. It is most reniarkable that the EFG for the plane-
Cu(2) site disagrees so strongly with experiment, even
while results for the chain-Cu(1) site, which is treated ex-
actly as the Cu(2) sit~:, are in good agreement with experi-
ment. Schwarz and I:o-workers' note that in YBa2Cu307
transferring 0.07 electrons from the d 2 2 into the d 2X 2

orbital would incr:ase the anisotropy sufficiently to
reproduce the experimental value, and they suggest that
the discrepancy ma~~ well be an LDA error consistent
with the known deficiencies of the LSDA in describing
the AF sister phases. Yu et al. ,

' however, note that the
Sternheimer antishie. lding factor (the contribution arising
from polarization of the upper core states) for the Cu 3p
states is quite differe~it for the chain and plane Cu. Thus
it is possible that a ti eatment of the Cu 3p core state that
is adequate for the chain Cu EFG may not be adequate
for the plane Cu. EIased on this, they suggest that the
discrepancy could result from an inaccurate treatment of
the response of the l"u 3p shell. Presumably, if there is
such an inadequacy .in the treatment of the Cu 3p states,
it is a computational problem and not an LDA error,
since LDA errors, if significant, would be in the direction
of overly extended and polarizable core states yielding a
discrepancy opposite, to that found. ' Yu et al. suggest
the neglect of spin orbit for the 3p states in their calcula-
tion and that of Schwarz and co-workers, and/or prob-
lems with the linearization of this narrow band as possi-
ble sources of the discrepancy.

A recent EFG calculation for Ti02 by Blaha et al. '

suggests yet another explanation. Full-potential LAPW
calculations in which the high-lying core states were
treated in a separate energy window (as in the calcula-
tions for YBa2Cu307) yielded a very poor EFG on the Ti
site, which was found to depend strongly on computa-
tional parameters affecting the treatment of Ti p states,
and the source of this problem was traced to the extended
(so-called semicore) Ti 3p state. This is reminiscent of the
situation in YBa2Cu307, where the Y ion has an extended

4p state, which could not be treated fully satisfactorily in
the LAP W EFG calculations. In fact, qualitatively
different results are found for the Y EFG in the calcula-
tions of Schwarz and co-workers' and those of Yu
et al. ' However, since there is no Y isotope with an
electric quadrupole, the EFG on the Y site has not been
measured, and so LDA predictions of it are of limited
value. What makes the treatment of the Y 4p state of in-

terest is the fact that in Ti02 the standard treatment of
the Ti semicore state was found to result in substantial er-
rors in the 0 EFG. In YBa2Cu307 the Y ions are
sandwiched between the two copper-oxygen planes and
so errors in the plane-0 and plane-Cu EFG's arising from
the treatment of the Y semicore state cannot be ruled out
a priori.

A11 known cuprate high-T, superconductors have
doped copper-oxygen planes. Thus it is particularly im-

portant to know how accurately the LDA describes the
electronic structure of these planes. As discussed above

the LSDA does not provide a good description of the spin
density of the AF insulating materials. This result, how-
ever, does not necessarily mean that there are corre-
sponding errors in the metallic (and superconducting)
materials. If the discrepancy between calculated and ex-
perimental EFG's for the Cu(2) site is due to a LDA er-
ror (as opposed to a computational artifact arising from
the treatment of Y and/or Cu semicore states) then this
would be evidence for a qualitatively similar, though
smaller, error in the LDA charge density for the metallic
phases. Here well-converged EFG calculations are re-
ported for YBazCu307 in which ambiguities present in
the LAPW treatment of extended semicore states are re-
moved using a local orbital extension of the basis. ' Be-
sides removing ambiguities due to extended core tails,
this approach is more accurate than the standard LAPW
method for narrow bands because the local orbitals make
the method quadratic rather than linear. This technique
has been tested in EFG calculations for TiOz, and found
to yield reliable results. '

METHOD

The calculations reported below were performed using
a local orbital extension' of the general potential LAPW
method. Local orbitals were used to treat the Y 4s and

4p, Ba Ss and 5p, Cu 3p and 0 2s states with the valence
states in a single energy window. These and the valence
states were treated in a scalar relativistic approximation
with the exception of one calculation (see below). Spin
orbit was included for all lower-lying core states, which
were treated in a spherical approximation. Additional lo-
cal orbitals were used to relax the linearization of the Cu
3d bands (relaxing the linearization of both the 3p and 3d
states could be important if the small 3p-3d hybridization
affects the EFG as could be the case under the scenario of
Yu et al. ' ). Highly converged basis sets corresponding
to LAPW's up to a plane-wave cutoff of 17.6 Ry were
used. ' This choice of cutoff yields approximately 1525
basis functions (the exact number is k dependent). The
Brillouin-zone sampling in the self-consistent calculations
was performed using 72 special k points in the irreduc-
ible wedge of the orthorhombic zone. Calculations with
a smaller number of k points (16) yielded similar results
[see Tables I and II for Cu(2) EFG's with the two sam-

plings]. Two additional calculations using the smaller set
of k points were used to test the corjecture of Yu et al.
that spin-orbit effects on the Cu 3p state could modify the
Cu(1) EFG and to verify that the contribution from the
Cu 3s state is indeed negligible. The first of these calcu-
lations was performed as above but with spin-orbit effects
included self-consistently in a second variational step.
The second of these tests was performed as above
(without spin orbit) but including the Cu 3s states in the
valence window through the local orbital extension,
thereby allowing a contribution from the polarization of
these states as well. All calculations were performed us-

ing the LDA exchange correlation functional of Hedin
and Lundqvist as in previous studies. The structural
parameters are as in the earlier LDA calculation of
Krakauer, Pickett, and Cohen. 2~
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RESULTS AND DISCUSSION

TABLE I. EFG's for YBa2Cu307 in units of 10 V/m . Ex-
perimental results (denoted Expt. ) are from Refs. 15, 16, and 26
for the Cu, 0, and Ba sites, respectively. The overall sign can-
not be experimentally determined and has been assumed to
agree with the calculations. Previous theoretical results are
those of Schwarz and co-workers (Ref. 12) and Yu et al. (Ref.
13). LAPW+ LO denotes the present calculations using 72 spe-
cial k points.

Site

Ba

Cu(1)

CU(2)

0(1)

Q(2)

O(3)

O(4)

LAPW+ LO
Schwarz
Yu
Expt.
LAP%+ LO
Schwarz
Yu
Expt.
LAPW+ LO
Schwarz
Yu
Expt.
LAPW+ LO
Schwarz
Yu
Expt.
LAPW+ LO
Schwarz
Yu
Expt.
LAPW+ LO
Schwarz
Yu
Expt.
LAPW+ LQ
Schwarz
Yu
Expt.
LAPW+ LQ
Schwarz
Yu
Expt.

V„,

—0.02
—0.02
—0.06

—0.86
—0.67
—0.56
—0.835
—0.54
—0.67
—0.55
—0.74

0.25
0.30
0.29
0.62

—0.60
—0.61
—0.68
—0.51

1.26
1.18
1.35
1.05

—0.76
—0.70
—0.83
—0.63
—0.49
—0.47
—0.54
—0.40

0.21
—0.32

0.20

—0.06
—0.06
—0.06
—0.035

0.69
0.74
0.61
0.75
0.23
0.26
0.28
0.62
1.87
1.83
1.84
1.73

—0.77
—0.70
—0.83
—0.63

1.26
1.19
1.38
1.02

—0.71
—0.70
—0.73
—0.76

V„
—0.20

0.34
—0.14

0.92
0.73
0.62
0.87

—0.14
—0.07
—0.06

0.00
—0.49
—0.56
—0.57
—1.23
—1.27
—1.22
—1.17
—1.21
—0.49
—0.48
—0.53
—0.41
—0.51
—0.49
—0.55
—0.39

1.20
1.17
1.27
1.16

The calculated EFG's are given in Table I along with
the results of previous calculations and experimental
values. They are in good agreement with previous calcu-
lations with the exception of the Y and Ba ions, which
have extended semicore states. The differences for these
ions are no doubt due to the improved treatment of these
semicore states in the present calculation. For the Ba site
we obtain essentially the same anisotropy parameter, g,
as for earlier calculation ions but somewhat larger
EFG's. These larger EFG's are in very good agreement
with recent experiments. ' As expected the differences
for the Y ions are largest, although these cannot be rnea-
sured.

In spite of the changes in the calculated EFG on the Y
site, and in contrast to the situation for the 0 site in
Ti02, the calculated EFG on the Cu(2) site is similar to

TABLE II. Calculated EFG for the Cu(2) site in YBa2Cu307
as in Table I but with 16 special k points (denoted I), including
spin orbit (denoted s.o.) and including the Cu 3s states in the
valence window (denoted 3s).

Calculation

s.o.
3$

V

0.28
0.29
0.29

0.20
0.21
0.21

—0.48
—0.50
—0.49

the values obtained in earlier LAPW studies. This means
that the discrepancy between the EFG calculated within
the LDA and experiment cannot be explained as being
due to errors resulting from linearization of the Cu 3p
"bands" or the treatment of extended semicore states.
The additional calculations (see above) including spin or-
bit and including the Cu 3s state with the valence states
yield essentially the same result (see Table II) demonstrat-
ing that these are not responsible for the discrepancy ei-
ther. Both these effects lead to small increases in the
EFG's, but these increases are much smaller than the
discrepancy between the calculated LDA and experimen-
tal EFG's. This confirms the suggestion of Schwarz and
co-workers' that the discrepancy represents a real LDA
error and is not due to a computational artifact. We em-
phasize that the EFG's are just second derivatives of the
Coulomb potential, and thus are well-defined ground-
state properties determined uniquely by the charge densi-
ty.

CONCLUSIONS
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We have performed highly converged LDA calcula-
tions of the EFG's for YBazCu307 using a local orbital
extension of the general potential LAPW method. This
method removes ambiguities in the standard LAPW
method, which arise from extended core states. It is
found that there is a substantial discrepancy between the
LDA and experimental EFG's for the plane-Cu site. Cal-
culations including spin orbit and the lower-lying Cu 3s
state show that these do not account for the discrepancy.
Thus we conclude that the LDA yields too little anisotro-
py around the plane-Cu site in metallic superconducting
YBa2Cu307 and speculate that corrections to the LDA
such as those used by Anisimov, Zaanen and Andersen
may be needed to accurately describe the occupations of
the plane-Cu d orbitals in the metallic materials as well as
in the undoped AF sister phases. On the other hand,
good agreement with experiment is found for the chain-
Cu site.
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