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The electric-field gradients (EFG's) of YBa&Cu307, YBa2Cu&06 &, and YBa&Cu306 are calculated
on a first-principles basis using the full-potential linear augmented-plane-wave {LAPW) method in

which exchange and correlation effects are treated by the local-density approximation (LDA).
Good agreement with experimental EFG's and their anisotropies is found for the Cu(1) position in

all three compounds. For YBa2Cu&O, the same is true for all oxygen positions, while at Cu(2) the
direction of the EFG is predicted correctly, but a transfer of 0.07 electrons from d» to d 2 sym-

x —y 2

metry would be needed to bring the theoretical EFG into agreement with the experimental value.
The EFG calculations on YBa2Cu306 and YBa2Cu306, [assuming an ordered structure in which

Cu(l) is threefold coordinated by oxygens] confirm the experimental assignment and strengthen the

confidence in our results. The origin of the EFG is discussed and the relation to the anisotropy of
the electronic charge distribution is illustrated in connection with symmetry-decomposed partial
charges and difference-electron-density maps. It is shown that the LDA calculations yield reliable

charge distributions to which the EFG is so sensitive.

I. INTRODUCTION

YBa2Cu30~ is one of the most prominent members of
the new class of ceramic high-temperature superconduc-
tors. There is strong evidence that superconductivity
occurs mainly in the CuOz layers, while the Cu-0 chains
with varying oxygen content control the charge transfer
into this plane. When too many oxygen defects are
present, superconductivity is lost and the compound be-
comes antiferromagnetic and insulating. Another crucial
quantity is the hole concentration which depends on the
filling of certain Cu 3d and 0 2p states. Before one can
investigate the electron dynamics on a small energy scale
appropriate for a fundamental understanding of super-
conductivity, it is important to know where the holes are
and how the charge is distributed between Cu and O.

The electric-field gradient (EFG) is a ground-state
property of a solid and depends sensitively on the asym-
metry of the electronic charge in a crystal. In such com-
plex materials a detailed charge distribution cannot be
obtained from x-ray diffraction data, however, the EFG
is ideally suited for that purpose. Experimentally, the su-
perconductor YBa2Cu307 and the insulator YBa2Cu306
have been investigated by nuclear magnetic resonance
(NMR) and nuclear quadrupole resonance (NQR) spec-
troscopy. ' For YBa2Cu307, all the NQR measure-
ments agree in the position of the two resonance lines
which were observed at 22 and 31.5 MHz. In early 1988
the assignment of these two lines to the two Cu positions
was a controversial issue. At that time, no theoretical ex-
planation was available, which could have helped to clari-
fy the interpretation. Additional experiments on single
crystals lead to the generally agreed assignment, that
the 22-MHz resonance originates from the Cu(l) position
(in the chains) and the other from Cu(2) in the plane, thus
the principal components of the EFG for both Cu posi-

tions in YBa2Cu307 were known. Lutgemeier presented
NMR and NQR data for samples of varying oxygen com-
position. Recently, ' 0 NMR data became available, first
only for some oxygen positions, but then the EFG's and
their asymmetry at all four oxygen positions were de-
rived. '

The electronic structure of these systems has been ob-
tained by various band-structure calculations (reviewed

by Pickett' ), which are based on the density-functional
theory (DFT) in combination with the local-density ap-
proximation (LDA). Since the results of such calcula-
tions showed discrepancies to experimental spectra, and
failed to reproduce the insulating and antiferromagnetic
ground state in YBa2Cu306, it has been argued that LDA
calculations are not able to describe these systems.
Therefore, it is important to investigate to which extent
one can rely on LDA band structures. The study of
EFG's for such compounds is particularly important, be-
cause EFG's depend sensitively on the charge distribu-
tion and thus provide information on the ground state,
the only result which is given rigorously by DFT calcula-
tions. Many spectroscopies involve excited states and,
consequently, any attempt to understand spectra on the
basis of ground-state calculations relies on the assump-
tion (which holds at best approximately), that energy ei-
genvalues can be interpreted as excitation energies.

In 1985 Blaha et al." developed a first-principles
method to compute EFG's from an all electron band-
structure calculation. They have used the full-potential
linear augmented-plane-wave (LAPW) method and have
calculated the EFG directly from the self-consistent
charge density by solving Poisson s equation without fur-
ther approximations such as the use of Sternheimer an-
tishielding factors. This method was successfully applied
to the superionic conductor Li3N, " to all hcp metals up
to Cd, ' '' and to Cu20 (cuprite). ' In all these cases the

42 2051 1990 The American Physical Society



2052 SCHWARZ, AMBROSCH-DRAXL, AND BLAHA 42

new method can explain the origin of the EFG both qual-
itatively and quantitatively, so that the study of the new
class of ceramic superconductors is well founded.

Previously, we have performed such calculations for
YBa2Cu306 and YBa2Cu307 in order to study the EFG's
and have published first results in two short papers. ' '
Recently, we became aware of a work by Park, ' who did
LAPW calculations for these two compounds and com-
puted the EFG's by the method of Blaha et al." His re-
sults differ significantly from ours, probably due to a
coarser k mesh and smaller matrix size used. In the
present paper we include new calculations on
YBa2Cu306 5 and provide a detailed analysis of the vari-
ous EFG contributions and relate them to anisotropies in
the charge densities. From a fundamental point of view
we use EFG's as sensitive quantities in order to check the
validity of the LDA.

II. STRUCTURES

~ Cu

0 o(i)

S o(4)

o vacancy

FIG. 2. In YBa2Cu30, , half of the O(1) atoms (see Fig. 1) are
missing. Here an ordered defect structure is assumed in which
Cu(1) is threefold coordinated and the oxygen vacancies alter-
nate in neighboring Cu(1)-O(1) chains in a certain pattern. In
addition, the O(4) atoms above and below the Cu(1) —O(1) plane
are shown. The other atoms [Cu(2), O(2), O(3), Y, and Ba] have
the corresponding positions as in YBa2Cu307 (see Sec. II).

YBa2Cu307 varies from a superconducting phase for
x =0 (YBa2Cu30~) to an antiferromagnetic insulator for
x =1 (YBa2Cu306). Removing all O(1) atoms from the
YBazCu307 structure (Fig. 1) leads to the tetragonal
YBa2Cu306. Near x =0.5 superconductivity disappears
and there are several ways in which the oxygen defects
can be arranged. The most stable structure of
YBa2Cu306 s turns out to be the double-cell phase' '
with parallel Cu-0 chains running through every second
Cu(l) (as in YBazCu307) while the chain in between has
lost all the O(1) atoms as in YBa2Cu30&. These two types
of copper atoms have coordination numbers of four and
two, respectively. Since there is also evidence for three-
fold coordination, ' we try to simulate this situation by
assuming another arrangement in which the O(1) atoms
and oxygen vacancies alternate in every Cu(1)-O(1) chain
and neighboring chains are shifted by one lattice spacing
as shown in Fig. 2; here both the a and b parameters are

FIG. 1. Unit cell of YBa,Cu30, with standard labeling of the
atoms.

doubled with respect to YBa2Cu306. The oxygen posi-
tion O(3) is split into the two new positions O(3) and
O(3'), where the former has an O(1) neighbor and the
latter an oxygen vacancy along the c direction.

YBa2Cu307 and YBa2Cu3065 (as in Fig. 2) are ortho-
rhombic with space groups Pmmm and Cmmm, respec-
tively; YBa2Cu306 is tetragonal with space group
P4/mmm. The structural parameters of YBa,Cu30, are
taken from Beno et al. ' and of YBa2Cu, 06 from Hewat
et al. (using the data at 100'C). For the assumed struc-
ture of YBazCu306 5 the following lattice parameters are
used: a =b =14.6132 a.u. , c =22.4541 a.u. , and all the
fractional coordinates remain identical to YBa2Cu306.

III. COMPUTATIONAL DETAILS

We utilize the well known full-potential LAP W
method in which no shape approximation on either the
potential or the electronic charge density is made and use
the BIEN code. ' The computational details are now
summarized.

The following atomic sphere radii are used in the
YBa2Cu307 calculation: 2.74, 2.9, 1.9, and 1.55 a.u. for
Y, Ba, Cu, and O, respectively. In YBa2Cu3065 and
YBa2Cu30& the Cu(1) radius was reduced to 1.80 a.u. ; a
limit of 1000 plane waves for YBa2Cu307 and YBa2Cu306
and 1500 for YBa2Cu306» and a maximum of l =12 in
the wave functions is used. The potential (and charge
density) is expanded inside the atomic spheres in crystal
harmonics up to L =4 with the exception of
YBa2Cu306 5, where the expansion is limited by I. =3 in-
side the atomic spheres of Ba, Cu(2), O(2), and O(4). In
the interstitial region a Fourier series with 999, 1147, and
674 K stars is used for YBa2Cu307, YBa2Cu3065, and
YBa2Cu306, respectively.

The Y 4s, Y 4p, Ba 5s, and Cu 3p states lie between —5
and —1 Ry and their charges are not completely confined
inside the respective atomic spheres (see, for example, the
Cu 3p wave functions in Fig. 6). They are treated as
semicore states in an additional band calculation using
9 k points in the irreducible wedge of the Brillouin zone
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(IBZ). For the valence states, 50 k points are used in the
IBZ for YHa2Cu~07. In the tetragonal YBa2Cu~06 the
equivalent mesh consists of 30 k points for the valence
and 6 for the semicore states, while in YBa2Cu306 5 a
mesh of 24(4) k points for the valence (semicore) states is
used. All three compounds, YBa2Cu307, YBa2Cu306 &,

and YBa2Cu306 are studied by non-spin-polarized calcu-
lations, most of which were performed on an Apollo
Workstation DN-10000.

IV. THE ELECTRIC-FIELD GRADIENT

A. Method of computation

All nuclei with a nuclear-spin quantum number I ~ 1

have a nonspherical nuclear charge distribution and an
electric quadrupole moment Q. The nuclear quadrupole
(NQ) interaction between this Q and the electric-field gra-
dient determines the NQ coupling constant eQV„/h,
where e is the electric charge, h is Planck's constant, and
V„represents the principal component of the EFG. The
EFG is defined as the second derivative of the electrostat-
ic potential written as a traceless tensor. " When this po-
tential, which can be obtained directly from all the elec-
tronic and nuclear charges, is expanded in an LM repre-
sentation, only L =2 terms contribute to the second
derivative and thus to the EFG.

The general expression for the principal component of
the EFG arising from a charge density p(r) is defined as

2PI(cos8)V„= p r dr,
r

where P2 is the second-order Legendre polynomial.
Blaha et al. have developed a new method for comput-

ing the EFG by a first-principles method. " ' ' This
scheme is based on a full-potential LAPW calculation in
which the unit cell is divided into nonoverlapping atomic
spheres (with radii R, ) and in an interstitial region: In-
side the spheres the charge density (and, analogously, the
potential) is written as a radial function pi M(r) times the
symmetrized spherical harmonics YIM(r) (crystal har-
monics) and in the interstitial region as a Fourier series:

~~M(r) analogous to Eq. (2). For the EFG calculation,
only the I. =2 terms near the nucleus are needed; in the
limit r ~0 the asymptotic form of the potential
r VI M YL~ can be used and this procedure yields

V2M
—

C2M I P2M(r)/r dr
0

+C2M P2~ «/R /r dr
0

+5C~M/R g V(K)j 2(KR)YIM(K)
K

(4)

Vaa 2 V20 + V22

Vbb p V20 22

V„=V20 .

(5)

In most of the present cases the off-diagonal elements of
the EFG tensor vanish due to symmetry, but in

YBR2Cu106 5 nondiagonal V,b terms exist for Ba, Cu(2),
O(2), and O(4) and thus require diagonalization of the
EFG tensor. By ordering the components (in the simple
case V„,Vbb, and V„)according to their magnitudes we
define

The EFG tensor is characterized by the largest com-
ponent V„(inshort EFG) and the anisotropy parameter

g is defined as

with C20=2(4Ir/5)', C21 =(3/4)' C20, and the spheri-
cal Bessel function jz. In Eq. (4) we use signs opposite to
a previous publication ' in order to match the experimen-
tal sign convention for the electron density. The first
term (called Ualence EFG) corresponds to the integral of
Eq. (1), but taken only over the atomic sphere, where in-
tegration over 8 and cp changes the factor from 1/r in

Eq. (1) to 1/r in the radial integral. The second and third
terms (called lattice EFG) arise from the boundary value
problem and from charge contributions outside the con-
sidered sphere. With these definitions the diagonal terms
of the traceless EFG tensor with respect to the crystallo-
graphic axis a, b, and c are

p(r)= '

g pI M {r) YI M {r ) inside sphere
L, M

g p(K)e' ' interstitial . (2)

II=( V„„—V )/V„,
where ri varies between 0 (axial symlnetry) and 1

( V„„=O).

The charge-density coefficients pLM(r) can be obtained
from the wave functions by (in a shorthand notation)

pLM(r)= g g g R( (r)R( (r)GI((, (3)
F„k(EF I, m I', m'

where GL(( are Gaunt numbers and R( (r)
= A( u((r)+8( u((r) denote the LAPW radial wave
fllllctlofls (of stRte E„~)II1 tile standard IlotR'tloll.

For a given charge density, the Coulomb potential is
obtained numerically by solving Poisson's equation in the
form of a boundary value problem using a method pro-
posed by Weinert. This yields the potential coefficients

B. Results

Band structures and densities of states of YBa2Cu306
and YBa2Cu307 have been published several times, ' thus
there is no need to show them again. Small differences
between the results of various groups exist' ' ' with
ours being in the same range. In a system as complicated
as YBa2Cu307 it is difficult to reach convergence in the
band calculations which can be regarded as the LDA lim-
it. The accuracy of our LAPW results depends on the
number of k points in the BZ, on the I.M combinations
and Fourier coefficients in the expansion of the potential
and charge density, and on the number of plane waves in
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TABLE I. Theoretical and experimental electric-field gradients (in 10 ' Vm ') and asymmetry parameters for YBa Cu30/,
YBa2Cu306 5, and YBa,Cu306. The sign of the EFG is not known experimentally. The experimental data on copper in YBa2Cu307
are taken from Pennington et al. (Ref. 5) and for oxygen from Takigawa et al. (Ref. 8). The Cu(1) values in YBa,Cu306, and
YBa2Cu306 are from Lutgemeier (Ref. 4) and the Cu(2) data in YBa2Cu, 06 from Yasuoka et al. (Ref. 34).

YBa2Cu307
Theory Expt.

YBa2Cu306 ~

Theory Expt.
YBa&Cu306

Theory Expt.

Ba

Cu(1)

CU(2)

0(1)

O(2)

O(3)

0(3')

0(4)

EFG

EFG
7l

EFG
7l

EFG
'9

EFG
7l

EFG

EFG

EFG
7l

EFG
rl

3.4
0.9
7.3
0.8
7.4
0.8

—5.6
0.1

18.3
0.3

11.8
0.2

11.9
0.2

11.9
0.2

11.7
0.2

7.5
1.0

12.3
0.0

17.3
0.4

10.5
0.2

10.2
0.2

10.2
0.2

11.6
0.3

3.8
0.0
8.0
0.3

—9.5
0.9

—2.9
0.1

23.3
0.2

11.3
0.2

11.4
0.2

11.3
0.2
7.8
0.2

8.4
1.0

3.6
0.0

11.0
0.0

—10.9
0.0

—3.6
0.0

10.7
0.2

10.7
0.2

10.7
0.2
6.7
0.0

11.8
0.0
9.0
0.0

the LAPW basis. We have increased all these limits to
the values specified in Sec. III and found good conver-
gence. Thus we are sufficiently confident that our EFG
results are reliable to about 10% and the asymmetry pa-
rameter to about 0.1, so that we are able to test the validi-
ty of the present form of the LDA.

In Table I our calculated EFG's and their asymmetry

parameters g are compared with available experimental
data. In the conversion from NQR frequencies to EFG's,
we use the recent nuclear quadrupole moment

g = —0.211b for Cu by Sternheimer and the usual
value Q = —0.026b for ' O. The Y values cannot be
measured, since there is no isotope with a nuclear quad-
rupole moment, and we are not aware of any Ba data.

(See note added in proof. ) Most experiments obtained
only the magnitude of the EFG and the asymmetry pa-
rameter, ' ' ' however, for YBazCu307, Pennington
et al. have measured on single crystals and thus could
also determine the orientation of the EFG's. Good agree-
ment is found between our first-principles calculations
and the experimental values for all copper and oxygen
positions except for Cu(2), where theory predicts only
half the experimental value. An analysis of this situation
will be given in Sec. VI. The EFG components for
YBazCu307 are shown in Table II and are compared to
single-crystal data and aligned powder data. Note that
the orientation of the EFG tensor agrees for all positions.

TABLE II. Electric-field-gradient components (in 10 ' V m ') for YBa2Cu30&. The experimental
data for copper are taken from Pennington et al. (Ref. 5) and for the oxygen from Takigawa et al. (Ref.
8).

Position

Y
Ba
CU(1)

Cu(2)

O(1)

O(2)

O(3)

O(4)

Theory
Theory
Theory
Expt.
Theory
Expt.
Theory
Expt.
Theory
Expt.
Theory
Expt.
Theory
Expt.

V„
—0.2
—6.7
—6.7
+ 7.4

3.0
+6.2
—6.1

+ 5. 1

11.8
+10.5
—7.0
+ 6.3
—4.7
+4.0

Vbb

—3.2
—0.6

7.4
+7.5

2.6
+6.2
18.3

+17.3
—7.0
+ 6.3
11.9

+10.2
—7.0
+-7.6

V„
3.4
7.3

—0.7
+0.0
—5.6

-+ 12.3
—12.2
-+ 12.1
—4.8
+4.1
—4.9
+ 3.9
11.7

+ 11.6

0.9
0.8
0.8
1.0
0.1

0.0
0.3
04
0.2
0.2
0.2
0.2
0.2
0.3
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V. CHARGE DISTRIBUTION

The EFG is rather sensitive to the charge distribution
and thus small changes or differences could have
significant effects. In the LAPW formalism the electronic
charge inside one unit cell falls either in the interstitial
region or in one of the atomic spheres in which a symme-
try decomposition according to lm can be made. Note
that this partitioning causes these values to depend on
the choice of sphere radii (specified in Sec. III). Such par-
tial charges are summarized for the valence states in
Table III and for the semicore states in Table IV. Since
the charge in the interstitial region is represented as a
Fourier series [according to Eq. (1)] it cannot be separat-
ed into atomic or angular-projected contributions.

A. Valence states

The following atomic notation characterizes the
valence states of the constituent atoms in the YBa2Cu30„
systems: Y (5s, 5p, 4d), Ba (6s, 5p, 5d), Cu (4s, 4p, 3d), and
0 (2s, 2p). The corresponding partial charges are given in
Table III and show that Y and Ba have certainly lost
some of their valence electrons, although one should keep
in mind that —especially for s and p states —a large frac-
tion of the charge lies outside the atomic sphere. Since in

YBa,Cu, O~ the same radius is used for both copper
spheres, a direct comparison between the two copper
sites is meaningful and yields a smaller charge for Cu(1)
with respect to Cu(2) [in YBa2Cu3065 and YBazCu306
the Cu(1) radius is 1.8 a.u. , while it is 1.9 a.u. for Cu(2)].

For the Cu 3d charges, which are dominated by the Cu
on-site component (i.e., a 3d wave function centered on
copper), a simple frontier orbital picture is useful. Cu has
an almost filled d shell and thus interaction with oxygen
leads to bonding and antibonding orbitals most of which
are essentially filled. If they are not completely occupied,
it is the antibonding part which remains empty and this
situation leads to smaller charges and favors shorter dis-
tances, e.g. , for Cu(1) and O(4). For both, Cu(1) and
Cu(2), the d 2 and the d» states are not completely
filled and therefore their charge is smaller than that of
the other three d symmetries, namely d„,d„„andd,
which are nearly filled leading to a charge of about 1.86e
inside the copper sphere. For Cu(2) there is more charge
in the d 2 orbital than in d & 2 since the former has

Z x —y
weak interactions with p orbitals on O(4) leading to nar-
row bands which are almost filled. The latter interacts
strongly with p orbitals on O(2) and O(3), yielding broad
bands whose antibonding part is partly unoccupied and,
therefore, the distances to O(2) and O(3) are shorter than

TABLE III. Partial charges (in electrons) of the valence states and their symmetry decomposition, where the Cartesian coordi-
nates are assumed to be parallel to the crystallographic axes: x ~~a, y ~~b, z ~~c. In Yaa2Cu, 06 the O(2) and O(3) positions are crystallo-
graphically equivalent but di6er in their orientation with respect to x and y.

Y
Ba
Cu(1)
CU(2)
O(1)
O(2)
O(3)
O(4)

0.18
0.06
0.23
0.20
1.55
1.54
1.54
1.54

0.26
5.57
0.20
0.17
3.34
3.40
3.39
3.36

0.87
0.29
8.60
8.69
0.01
0.01
0.01
0.01

0.13
0.07
0.02
0.02
0.00
0.00
0.00
0.00

0.09
1.86
0.03
0.07
1.18
1.01
1.21
1.18

Py

YBa2Cu30,
0.08 0.09
1.86 1.85
0.07 0.10
0.07 0.03
0.91 1.25
1.21 1.18
1.00 1.18
1.19 0.99

d. 2

0.09
0.06
1.41
1.76

.2-y2

0.23
0.04
1.65
1.44

XP

0.08
0.09
1.84
1.85

XZ

0.25
0.06
1.84
1.82

0.22
0.04
1.86
1.82

Y
Ba
CU(1)
CU(2)
O(1)
O(2)
O(3)
O(3')
O(4)

0.17
0.05
0.21
0.20
1.57
1.54
1.54
1.54
1.55

0.25
5.56
0.15
0.17
3.25
3.36
3.37
3.36
3.34

0.83
0.26
8.51
8.70
0.01
0.01
0.01
0.01
0.01

0.12
0.06
0.01
0.01
0.00
0.00
0.00
0.00
0.00

0.08
1.86
0.02
0.07
1.18
1.00
1.20
1.19
1.16

YBa2Cu306. 5

0.08 0.09
1.86 1.84
0.04 0.09
0.07 0.03
0.80 1.27
1.19 1.17
1.00 1.17
1.00 1.17
1.15 1.03

0.08
0.05
1.47
1.77

0.22
0.03
1.68
1.47

0.07
0.09
1.77
1.84

0.23
0.05
1.79
1.81

0.23
0.04
1.80
1.81

Y
Ba
CU(1)
CU(2)
O(2)
O(3)
O(4)

0.17
0.06
0.22
0.20
1.54
1.54
1.54

0.25
5.56
0.13
0.17
3.37
3.37
3.36

0.87
0.28
8.58
8.71
0.01
0.01
0.01

0.13
0.07
0.01
0.02
0.00
0.00
0.00

0.08
1.86
0.02
0.07
1.01
1.19
1.15

YBa2CU306
0.08 0.09
1.86 1.84
0.02 0.09
0.07 0.03
1.19 1.17
1.01 1.17
1.15 1.06

0.09
0.05
1.48
1.77

0.22
0.04
1.75
1.46

0.08
0.09
1.75
1.84

0.24
0.05
1.80
1.82

0.24
0.05
1.80
1.82
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TABLE IV. Partial charges (in electrons) of the Y 4s and Y 4p, Ba 5s, and Cu 3p semicore states (for
orientation see Table III).

Y
Ba
Cu(l)
CU(2)

1.99
1.93
0.00
0.00

5.58
0.00
5.97
5.97

YBazCu &07
1.859
0.000
1.991
1.991

Py

1.869
0.000
1.991
1.991

1.852
0.000
1.991
1.991

Y
Ba
CU(1)
Cu(2)

1.99
1.94
0.00
0.00

5.58
0.00
5.95
5.97

YBaqCu306 ~

1.864
0.000
1.984
1.990

1.864
0.000
1.984
1.990

1.850
0.000
1.983
1.990

Y
Ba
Cu(1)
CU(2)

1.99
1.94
0.00
0.00

5.60
0.00
5.95
5.97

YBa,Cu30,
1.869
0.000
1.985
1.991

1.869
0.000
1.985
1.991

1.856
0.000
1.984
1.991

to O(4) and the d, & charge is smaller than that of d &.

For YBazCu307 (YBazCu306 5) an analysis of the par-
tial charges on Cu(1) is better carried out in a different
coordinate system in which the x and z axis are inter-
changed, i.e., z~~a. With this choice of coordinates the
occupation of the d & orbital is 1.74 (1.70)e and is large as

a consequence of weak interactions, however, that ofd» is small, namely 1.32 (1.45)e (different than inx —y
Table III which refers to the standard coordinate system).
The latter value is small, since the antibonding part of the
broad band arising from strong interactions remains
unoccupied leading to short Cu(1)-O(4) distances.

For the oxygen sites, the symmetry-decomposed p-like
partial charges show the most interesting effects: two of
the partial charges are around 1.2e, while the third one is
around 1.0e. For the O(2) sphere (the one labeled in Fig.
1), for example, the p~ and p, orbitals are involved in
weak interactions and thus their bands are narrow and
mostly occupied (with charges around 1.2e), while the p,
orbital has a strong interaction with the Cu(2) d, , or-

X

bital and the Fermi energy falls in the antibonding part of
that band leading to only partial occupation (with a
charge around 1.0e). An analogous situation occurs for
O(3) only that x and y are interchanged. Similarly, the
strong interactions of Cu(l) with O(1) and O(4) lead to
smaller occupation numbers in the corresponding sym-
metries, where the p charge on O(1) is the smallest of all

oxygen p-like charges.
The charges corresponding to the Cu-4p states are rela-

tively small, but they play an important role in the under-
standing of the EFG. The Cu-4p are not "real" (on-site)
Cu-4p states, which lie at much higher energies, but
represent the partial wave expansion inside the copper
sphere (Fig. 6) of wave functions centered on neighboring
sites (off site). They originate mainly from the surround-
ing oxygen 2p wave functions and their respective
charges correlate with the distances to the oxygen neigh-
bors (Fig. 1) but in the opposite direction to the (on site)

Cu d components discussed earlier. In YBazCu307 the
distance Cu(1) —O(4) is smaller than Cu(l) —O(1), thus the
charge of 4p, is larger than that of 4p; the smallest com-
ponent is 4p„since the oxygen neighbors are missing in
the a direction. In YBazCu306, where no O(1) sites are
present, the charges for 4p and 4p„are small and must
be equal due to the tetragonal symmetry.

B. Semicore states

The charge of semicore states is (by definition) not
completely confined inside the respective atomic sphere
in contrast to true core states. Therefore, we have treat-
ed them as bandlike states in a separate band calculation
using a different energy window. This procedure is rou-
tinely used in many of our calculations, but when the
EFG's are studied, it is important to allow for core polar-
ization, since small anisotropies in the semicore charge
distribution could have significant effects. Sorantin ' was
the first, who found such a situation when he studied
TiOz in the rutile structure.

The partial charges of the semicore states are presented
in Table IV, where the small charges inside the oxygen
spheres are omitted. The latter originate from the tails of
the wave functions of the neighboring atoms. Since for
O(1) and O(4) less than 0.001e is found inside their
spheres, the sernicore states of neither Cu nor Ba contrib-
ute, although they are neighbors (Fig. 1). For O(2) and
O(3), however, an s-like charge of 0.04e, 0.002e of p, and
0.003e of p or p symmetry is found for all three com-
pounds. Since these values depend only on the orienta-
tion where the next Y atoms are, these charges originate
from the tails of the Y-4p states. This observation is con-
sistent with p-like partial charges on Y which are
different for x, y, and z, while they agree to within 0.001e
for copper. Whenever a semicore charge extends into the
neighboring sphere, it is likely that polarization effects
play a role for the central atom.
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FIG. 3. Difference electron density taken between the crys-
talline (LAPW) and the superposed ionic densities assuming the
ions Y, Ba +, Cu'+, and O' . A contour plot is shown in a
plane parallel to the b and c axis through the Cu(1) —O(1) chains
cutting the atoms O(4), Cu(2), and O(3) (see Fig. 1), maxima and

o 3
minima are labeled in units of e/A; contour lines start with
+0. 1 and differ by a factor &2 for positive (solid) and negative
(dashed) values.

The charge distribution of YBazCu30~ as obtained in

the present LAPW calculation is shown in Fig. 3 as
difference electron density bp in the yz plane, i.e., ~~b and

~~c (see Fig. 1). hp is taken between the (LAPW) crystal-
line and the superposed ionic densities of the free ions
Y +, Ba +, Cu+ (with 3d '

), and oxygen with an ionicity
of ——", (in order to keep electroneutrality). When anoth-
er set of ionicities (e.g. , a combination with Cu + and
0 ) is used, details change but the overall picture in the
form of the anisotropies remains. As mentioned before,
the antibonding band, involving Cu(2) d ~ 2 and O(3) p~x —y
orbitals in the Cu02 plane, is only partly occupied (Table
III). This can be clearly seen from bp shown in Fig. 3
(showing a section perpendicular to this plane), where the
corresponding states show up as negative contour lines
along the b axis. The hole states have been investigated
by several spectroscopies which try to analyze their char-
acter and symmetry. ' We clearly do not find "out-of-
plane vr holes" in agreement with electron-energy-loss
spectra, ' but we can also rule out "in-plane vr holes, " a
result which is not evident from bp in the yz plane (Fig.
3) but follows from the corresponding partial charges
(Table III). While experiment cannot distinguish be-
tween "in-plane o" and "in-plane m" holes, our calcula-
tion yields the former. Anisotropies in the charge distri-
bution occur for all copper and oxygen atoms near the

respective nucleus and originate from the (often anti-
bonding) bonds involved. The relation between bands,
bonds, and charge densities has already been given, ' '

the connection to the EFG will be discussed in Sec. VI.

VI. ORIGIN OF THE KFG AND RELATION
TO THE CHARGE DISTRIBUTION

In Sec. IV A the formalism for the computation of the
EFG has been described, whose components are ex-
pressed in terms of the potential parameters VLM accord-
ing to Eq. (5). The latter, defined in Eq. (4), consist of
three terms, an integral taken over the atomic sphere
(valence EFG) and two more terms called lattice EFG.
In all three YBa2Cu30„calculations the lattice EFG con-
tributes at most 8% for the oxygen positions and less
than 1% to the total EFG for the copper positions, a situ-
ation similar to that found for hcp metals' or for Cu20. '

Consequently, for an understanding of the origin of the
EFG we can focus on the main component, the ualence
EFG. The ingredients for its calculation are the density
coefficients pzM defined in Eq. (3), which originate from
two radial wave functions with I and I'. The only non-
vanishing combinations are of p-p, d-d, or s-d symmetry,
where the last turned out to be very small; therefore, they
will be omitted in the following analysis.

A. The Cn(1) position

The EFG and g on the Cu(1) position (Fig. 1) agree
well between our theory and experiment for all three
cases of YBa,Cu,O„YBa,Cu, 06,, and YBa,Cu306
(Table I). The c component V„in YBazCu307 (Table II)
is very small, while V„and V&& have similar values with

opposite signs leading to an asymmetry parameter g of
about 1. Therefore, it is difficult to determine the sign of
the EFG unambiguously. In YBa~Cu306, we find V» as
a principal component which is comparable in magnitude
but opposite in sign to V„.In YBa2Cu306 g is 0 due to
the tetragonal symmetry, and the EFG is negative and
points in the c direction. We properly describe the in-
crease of the EFG by about 50% from YBa2Cu307 to
YBa2Cu306, but YBazCu306 5 cannot be obtained by a
simple linear interpolation, since the sign changes from
positive to negative from YBa2Cu307 to YBa2Cu306 5 for
Vgg and from YBa2Cu306 ~ to YBa~Cu306 for V„.The
present results on YBa2Cu306 ~ based on the assumed
structure shown in Fig. 2 confirm the interpretation by
Liitgemeier, who assigned the observed NMR frequency
to a threefold coordinated Cu(1) in oxygen deficient
YBa2Cu30

Figure 4 shows the radial dependence of three types of
functions which are needed in the computation of the
valence EFG for M =0 and 2. These are described in the
following.

(i) The nonspherical charge-density component
r pzM(r), which is enhanced for large r, shows "wiggles"
coming from the p and d densities originating from the
nodal structure of the wave functions (Fig. 6).

(ii) Division by r of the function mentioned in (i)

yields the integrand of the first term in Eq. (4) and has
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FIG. 4. Inside the Cu(l) sphere the following quantities are shown as function of radius: The nonspherical charge density com-
ponent r pLM(r); the EFG integrand pLM(I')/r [first term in Eq. (4)] and the integral up to r; the valence EFG contribution from

VLM(r) for I. =2 and M =0 (top row) and M =2 (bottom row).

strongly enhanced the oscillations at very short distances.
The first sharp peak is caused by the anisotropy of the 4p
functions inside the first node, but then the 3d contribu-
tion with opposite sign dominates, while even stronger
anisotropies at large r are damped by the r factor.

(iii) The corresponding integral over the second func-
tion (multiplied by —C2~) is taken up to a radius r and is
labeled V2br(r). The large negative p contribution for
M =0 is partly cancelled by the positive d contribution
leading to a small total value for V2p,

' a similar cancella-
tion (with opposite signs for p and d) is found for V22.
The fact that both integrals stay rather constant well be-
fore the sphere radius is reached, indicates that the
valence EFG is determined primarily by contributions
relatively close to the nucleus while the lattice contribu-
tion is extremely small. Since V22 is negative and much
larger than V2p the largest EFG component according to
Eq. (5) is Vbb

10
valence p-p

8

CV

0

cu(2j

total

while contributions from lower-lying semicore states are
very small (enlarged 50 times in Fig. 5). The asymmetry
of the 4p (the p-p term to p2~) and 3d valence electrons
(the d dterm) con-tribute with 9.6 and —14.9X10
V m, respectively, yielding a total EFG of —5.6X 10
V m . The p-p part contributes up to a radius of about
the first radial node in the 3p or 4p radial function (Fig.
6), but the 1-d part extends up to about 1 a.u. (Fig. 5)
since the 3d function is nodeless.

B. The Cu(2) position w" -10-
Ieaicore x 50

In YBa2Cu307 we find qualitative agreement with the
experimental data, namely that the EFG points into the c
direction while V„and V&& are similar, leading to an g of
about 0 (Table II). While the symmetry agrees well, the
magnitude of the theoretical EFG is less than half the ex-
perimental value for both YBa2Cu30& and YBa2Cu306
(Table I). Since this seems to be a severe discrepancy, we
present a detailed analysis for YBa2Cu307. Figure 5

shows that the EFG at the Cu(2) site originates from the
anisotropy of the valence-electron charge distribution,

-20

valence d-d

1
r (o.u. )

FIG. 5. The EFG contribution V„ofCu(2} is shown as a
function of radius. A decomposition of the total component
into contributions from the Cu 3p semicore states (enlarged 50
times) and the valence p-p and 1-d parts is displayed.
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FIG. 6. The radial wave functions (in arbitrary units) of
Cu(2) is shown for the 3d and 4p valence states and the 3p
semicore states inside the Cu(2) sphere (the energy is taken at
the center of the corresponding occupied state).

The partial charges (Table III), grouped with prefactors
and signs according to Eq. (8), contribute with n to the
asymmetry count hn. These values of n, the correspond-
ing valence EFG contribution, and the ratio MI = V,', /n
are listed in Table V. We have shown' that this ratio
gives a constant Mz and Md for the p and d symmetries,
respectively. These factors are proportional to the corre-
sponding ( 1 lr ) expectation value as was demonstrated
for Cu20. ' Therefore, the EFG can be obtained directly
from the partial charges, provided they are properly
grouped and weighted according to Eq. (8) and multiplied
by M or M„.

This analysis shows the sensitivity of the EFG with
respect to charge distributions. Considering that the
LDA may not fully account for exchange-correlation
effects for rather localized states, such as the Cu 3d, it is
sensible to make the following rough estimates.

(i) It is sufficient to transfer only 0.07 electrons from
the d 2 & into the d & orbital to reproduce the experi-x —y Z

The EFG can be related to the symmetry-decomposed
partial charges which were discussed in Secs. VA and
V B (Tables III and IV). In the special case of the Cu(2)
position, where V&2 is very small, one can split the EFG
into contributions from two groups of p and three groups
of d functions according to the point-group symmetry.
In this context it is useful to define an anisotropy
count' ' in terms of partial charges (labeled by their
symmetry}

bn~= —,'(p„+p )
—p, ,

And=(d, ~+d ~ ~)
—

—,'(d„,+d~, ) —d ~ .

mental EFG. This would lead to 1.83e in d & and 1.37e
in d 2 &, so that the former is practically fully occupied,x —y

'

since its charge is comparable to the other d symmetries
(Table III). By assuming that about 1.85e correspond to
full occupation for Cu d states, we can renormalize the
d 2 2 charge to 1.48e, so that about half a hole is foundx —

y
to reside in the Cu(2) orbital with that symmetry, while
part of the holes in the CuOz plane belong to O(2) and
O(3) in p„and p symmetry, respectively, as can be seen
from the corresponding partial charges (Table III}. Even
without this hypothetical charge transfer the character of
this o. hole state can be clearly seen as negative hp in Fig.
3.

(ii) The extreme cases, assumed by some many-body
models, namely localized Cu 3d electrons with integer oc-
cupation numbers (with 3d or 3d ), can be ruled out
since already one missing d electron of x —

y symmetry
produces an EFG which is about 5 times the experimen-
tal value. "

C. The oxygen positions

The contributions to the valence EFG are illustrated in
Fig. 7 for O(4) as a typical example. Here the M=0
terms are significantly larger than the M =2 terms lead-
ing to a small asymmetry parameter g', consequently, the
EFG points in the c direction. The radial convergence of
the sphere contribution VzM(r) is comparable to Cu
(Figs. 4 and 5), although the anion oxygen has diffuse 2p
wave functions but the cation Cu has tightly bound 3d
functions. This similar radial behavior is consistent with
the observed anisotropies which appear in the difference
densities (Fig. 3) with maxima and minima found at
about the same distance from oxygen or copper, respec-
tively. Since, for oxygen, essentially only the p-p terms
contribute to the EFG, the interpretation is easy: The
EFG originates from the anisotropic charge distribution
which is shown in the difference density bp (Fig. 3),
where the symmetric density has been subtracted. For all
oxygen atoms there is a large negative b,p in one direction
and a smaller positive perpendicular to it. The factor
1/r enhances this feature and brings it closer to the nu-
cleus. This function is multiplied by a negative constant
according to Eq. (4) and subsequent integration yields the
EFG, whose principal component points in the direction
of the largest anisotropy, since there is no qualitative
change (besides the change of sign) between bp and the
final integrand. From this simple argument it is apparent
that the main EFG component is positive for all oxygens
in YBa2Cu307 and points in the c direction for O(4), but
in the b direction for O(l) and O(3). The largest anisotro-

TABLE V. EFG analysis for Cu(2) in YBa,Cu307. Part of the asymmetry count n (in electrons), the
corresponding Ualence EFG contribution in 10 ' V m ', and the ratio M& = V,', /n for I = 1,2 (p and d).

n
yl

MI

Ex~By

0.072
18.1

251

Pz

—0.034
—8.5
250

xyx —y

3.293
154.2
47

—1.763
—83.0

47

dxz ~ dyz

—1.818
—86.1

47
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FIG. 7. Inside the O(4) sphere the following quantities are shown as function of radius: The nonspherical charge-density corn-

ponent r plM(r); the EFG integrand pL~(r)/r and the valence EFG contribution from VL„(r)for L =2 and M =0 (solid line) and

M =2 (dashed line).

py in b,p is found for O(1) yielding the largest EFG
among the oxygens. For copper such a simple analysis is
not possible, since there is a compensation between p-p
and d-d contributions.

D. The Y position

semicore

CD

total

0 L I I I I I I I I I

\

valence

r (a.U. )

FIG. 8. The EFG contribution V„ofY is shown as a func-

tion of radius: a decomposition of the total component (solid

line) into contributions from the Y 4p semicore (dotted line) and
the valence (dashed line) states is displayed.

Although on Y the EFG cannot be measured, its
analysis is of fundamental interest, because in this case
the Y 4p semicore states dominate over the contributions
from the Y 5p (and Y 4d) valence states as shown in Fig.
8. Consequently, the total EFG requires a proper treat-
ment of the semicore polarization effects, without which
neither the signs nor the orientation would be given
correctly. Note that in contrast to the situation for Cu
(Figs. 4 and 5), or oxygen (Fig. 7), the EFG of Y is con-
verged when the integration over the anisotropic density
is taken up to about the first node in the radial p func-
tions at only a few tenths of an atomic unit, which is far
inside the Y sphere radius of 2.74 a.u. (an expanded radi-
al mesh is used in Fig. 8).

VII. DISCUSSION

The traditional interpretation of the principal com-
ponent of the EFG uses the formula

V (1 ~ )Vext+(1 g)Vlocal

which comes about by the following arguments. One
starts with an atom or ion in a field of external point
charges in a lattice. These external (point) charges gen-

erate the field V,',"' which must be corrected by a
Sternheimer antishielding factor y„(the latter is often
between —10 and —80 and accounts for the perturbing
inhuence of the external potential on the electronic wave

functions). This perturbation of the charge distribution
creates an additional field at the nucleus. In the case of
an asymmetric charge distribution near the nucleus, a lo-
cal field V,',""arises which is affected by a Sternheimer
shielding factor R (in the range —0.2 ~ 8 0.2) referring
to atomic shielding of the EFG. In this model (core) po-
larization effects in terms of perturbations and (anti)
shielding effects are key quantities for an understanding
of the origin of the EFG.

The new approach by Blaha et al. &i —&6, zs used in the
present paper, is a method which allows the computation
of EFG's from a given density on a first-principles basis
without the need for any Sternheimer factors. All the po-
larization effects are properly taken care of in the self-
consistent band calculation provided the density-
functional theory in its LDA form can give a good quali-
ty charge density. In this representation the EFG origi-
nates from the asymmetry in the charge distribution
caused by chemical bonding.

In addition to the LDA, which we want to check, and
the convergence of the LAPW calculation, which we
have monitored (discussed in Sec. III), small changes in
structural parameters could affect the EFG, as was found
for examp1e in hcp Be when the c/a ratio of the lattice
parameters is changed. ' In YBa2Cu307 this sensitivity
to structural data could be the fractional c coordinate of
the O(4) site (see Fig. 1) or the lattice constants a and b.
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We have varied these parameters by +3%%uo but did not ob-

serve dramatic effects on the total EFG's. Although the

p and d contributions were modified, their changes cancel
each other to a large extent; similar to the situation de-
scribed in Secs. VA and VB in combination with the
Figs. 4 and 5.

Our LAPW calculations are non —spin polarized and,
thus, for YBa2Cu306, a comparison with experiment is
justified only for the Cu(1) position where no magnetic
moment is observed, but not for the Cu(2) position which
carries a moment. One can argue that even in supercon-
ducting YBa2Cu307, magnetic interactions (fluctuations)
at the Cu(2) position are present which are omitted in the
present calculation and thus could cause the observed
discrepancy between our results and experimental EFG's.

It was questioned whether or not the present LDA ver-
sion can properly describe these highly-correlated sys-
tems. A first success of LDA calculations was reported
by Cohen et al. who studied the equilibrium lattice pa-
rameters and the rather delicate phonon frequencies.
The present analysis has shown that within the LDA the
charge distribution and the electric-field gradients are ob-
tained in close agreement with experimental data. The
small change in occupation numbers of 0.07e between

two symmetries of the Cu(2) d states, which would be
needed to make the agreement perfect, indicates that the
LDA is rather good, but some intraatomic angular corre-
lations might be underestimated presumably by the impli-
citely assumed spherical averaging over the exchange-
correlation hole. In conclusion, we confirm the picture of
the chemical bond in this class of compounds with strong
covalent interactions rather than fully localized Cu d
states.

Note added in proof. At the International Winter-
school on Electronic Properties of High Temperature Su-
perconductors, Liitgemeier presented NQR measure-
ments on YBa2Cu306 and YBa2Cu307 from which he
determined the EFG's at the Ba sites and found good
agreement with the values predicted in the present paper.
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