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High-resolution Auger electron spectra of La, gsSrp ;5CuO, and La,; gsBag sCuO,4 have been measured.
The experimental Auger line shapes of the oxygen KLL and copper L, ; V'V transitions are compared
with those generated from local-density-approximation linear-muffin-tin-orbital band-structure calcula-
tions. An analysis based on this comparison is used to determine the Coulomb parameters U, and U, of
the oxygen and copper atoms, respectively. For this purpose, an extended version of Cini and
Sawatzky’s expression for the theoretical Auger line shape is used, taking into account the multiplet
structure of the Auger final states and the point symmetry of the oxygen sites. We find U, of approxi-
mately 5 and 7 eV for the planar and apical oxygen sites, respectively, and U, of 7-8 eV for copper. An
estimate of the effect of electron correlations on the band structure suggests a decrease of the anisotropy

found in U,.

I. INTRODUCTION

One of the basic problems in high-T, superconductivi-
ty is the role of electron correlations. Their importance
is, roughly, determined by the ratio between the relevant
intra-atomic Coulomb integral U and the bandwidth. Al-
ready early in 1987, theoretical works on high-T, cu-
prates have been split between the large-U theories! of
highly correlated electrons, and small-U-limit works
where the local-density approximation (LDA) has been
applied to calculate the electronic structure.”

There exists a variety of experimental and theoretical
results®* supporting the important role of electron corre-
lations, and quite large values of U have been evaluated
on the basis of first-principles calculations.>® There has
been a controversy concerning the reliability of LDA
band-structure results in these materials. Photoemission
measurements on low-temperature cleaved single crystals
of high-T, cuprates’ show that LDA calculations predict
the Fermi surface correctly, however, experimentally the
effective mass is found to be renormalized and the spectra
have an anomalous energy dependence, consistent with
rather opposing views based on correlated electrons?® (see
also Ref. 4). Also an anomalously strong background in
the photoemission spectra has been found, as well as d®
satellites at high binding energies.” In order to provide a
further test of the applicability of the LDA band-
structure calculation to this type of strongly correlated
material we present in this paper linear-muffin-tin-orbital
(LMTO) calculations in combination with theoretical ex-
pressions for the Auger line shape and compare these
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with Auger electron spectroscopy (AES) measurements of
the two-hole excitations in the valence band.

AES is unique as an experimental tool concerning esti-
mates of U since the Auger line shape reflects a two-hole
density of states (DOS).'° There are some reported
AES measurements!! for the La, ,Sr,CuO, and
La,_,Ba,CuO, (La-Cu-O group) compounds but no in-
formation about the Cu(3d) and O(2p) Coulomb parame-
ters is given. Such information has, however, been given
for YBa,Cu;0, (Y-Ba-Cu-0).'>!* In this work we report
the values of the Cu(3d) and the O(2p) Coulomb parame-
ters for the La-Cu-O group obtained from Auger electron
line-shape measurements of the oxygen KLL and copper
L, ;VV transitions. The Coulomb parameters are es-
timated using an extended version of Cini and Sawatzky’s
expression for the theoretical Auger line shape,'* taking
into account the multiplet structure of the Auger final
states and the point symmetry of the oxygen sites.

IT. COMPUTATIONS

The computational work involves LDA calculations of
the partial density of states (PDOS) by the LMTO band-
structure method.’> The virtual-lattice approximation
enabled us to take into account the Sr and Ba for nonin-
teger x. Within the framework of the LMTO method
this was done by taking a weighted average of the LMTO
potential parameters of the alloy constituents according
to their atomic percentage. The calculations were carried
out on the body-centered tetragonal phase (space group
14/mmm) of La, 4sSry 15Cu0O, and La, g;Ba; 15Cu0,. We
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used the low-temperature values of the lattice parameters
determined by Jorgensen et al.!® The exact structure of
the superconductors of the La-Cu-O type is orthorhom-
bic and contains two formula units per unit cell, but its
deviation from the tetragonal structure we used for the
calculations is very small.

Within the framework of the atomic sphere approxi-
mation to the LMTO method,!® the crystal volume is
covered by overlapping spheres centered at each atomic
site. The sum of their volumes equals the crystal volume,
and inside each of them the potential is spherically sym-
metric. The error introduced by such a space-violating
construction is largely compensated by the “combined
corrections.”!® In order to get an optimal space cover-
age, we have added in each unit cell two “‘empty spheres”
(ES), i.e., containing no nuclei. Their positions were fixed
according to the crystal symmetry at (4,0,1) and
(—+,0,—+). During the calculations, the radii of the
spheres were modified in order to fulfill two other condi-
tions: that the partial atomic pressures be close to zero,
for the experimental atomic positions, and that the total
charge within each sphere be close to zero. In this way,
an optimal convergence of the LMTO method is ob-
tained. The values of the converged sphere radii are
presented in Table I. Muffin-tin orbitals!® with angular
momenta [ <3 for the La site, ] <2 for the Cu site, and
I <1 for the O(1), O(2), and ES sites were used [O(1)
represents the oxygen atoms in the CuO, planes and O(2)
the apical oxygen atoms outside these planes].

The Auger line shape was calculated using two degrees
of sophistication. One approximation was to use the
Cini-Sawatzky expression'* for the two-hole local DOS in
a completely filled, nondegenerate tight-binding band:

, N(E) _,,
[1—UH(E)*+[7#UN(E)]*’

where N(E) is the self-convolution of the single-hole
PDOS and H(E) is the Hilbert transform of N(E). For
unfilled bands, the full-band expression can still be used
as an approximation,!” provided that the number of holes
per valence state is much smaller than 1 and that U is not
too large.

We will assume that this is still correct for the oxygen
atoms, as the O?™ ions have a closed-shell configuration.
The deviations from the p® configuration in the ground
state due to hybridization and hole doping are then treat-
ed by truncating the density of states obtained from the
LMTO calculations at Eg. The situation is different for
the Cu(3d) states, as the Cu?" ion has an open d shell
with 9 d electrons. This fact, together with the O(p)-
Culd) hybridization, is responsible for the presence of sa-
tellites in the valence and core-level photoelectron spec-
tra of the copper-related states. For the Auger spectra
this also results in a splitting of all spectral features in a
main line and satellites. In order to get an order of mag-
nitude estimate of U on the copper sites, we will never-
theless make a comparison between calculated spectra
based on the Cini-Sawatzky expression and the measured
spectra. As there is no physical reason why the spectral
features can be reproduced correctly with this simplified
approach, we do not attempt to treat the multiplet split-

A(E)=

~(1)
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TABLE 1. Atomic spheres radii, in units of A, used for
La, 4581 1sCuQ,4 and La; gsBag ;sCuO,. ES denotes empty

spheres.
La gsSrp 15Cu0, La, 3sBay 15Cu0,

R(La) 1.688 1.688

R(Sr) 1.688

R(Ba) 1.982
R(Cu) 1.107 1.107
R(O(2)) 0.905 0.905
R(O(1)) 1.227 1.104
R{ES) 1.479 1.479

ting of the Auger final states for the copper Auger spec-
trum. For pure copper oxides, Hartree-Fock cluster cal-
culations have been carried out by Eskes and co-
workers!® to obtain the core-level and Auger electron line
shapes.

A generalized version of the Cini-Sawatzky expression,
taking into account the point symmetry of the O{(2p) lev-
els and the full multiplet structure of the p* final states,
was used to calculate the Auger line shape of the oxygen
KL, ;L,; Auger line. This more complete analysis of
the line shape is required in order to determine the two
different values of U on the oxygen atoms O(1) and O(2).
A similar approach has been used to study the LVV
Auger spectra of transition-metal impurities.'® The im-
plementation of this formalism for the oxygen p shell on a
site with orthorhombic point symmetry is described in
the Appendix.

III. EXPERIMENTAL

The Auger electron high-resolution specira were mea-
sured using a computerized Perkin-Elmer, PHI model
590A scanning Auger spectrometer. The Auger spec-
trometer included a coaxial electron gun and a single-
pass cylindrical mirror analyzer operated with 0.3% reso-
lution. Typical base pressure in the UHV chamber was
5% 107! Torr. The single-phase polycrystalline pellets
studied here were prepared by a standard procedure of
melting high-purity binary oxide powders. The samples
were examined by using x-ray powder diffraction and T,
measurements. The samples were cleaned in situ by
scraping with a diamond grinder. The cleaning pro-
cedure was repeated periodically so that Auger signals of
the contaminants were kept below the AES detectability
limits.

High-energy-resolution Auger line shapes were record-
ed with a 3-keV, 0.5-p4A rastered primary electron beam
in the first derivative mode, using 1 eV modulation volt-
age. The calibration of the kinetic energy scale relative
to the vacuum level was performed by measuring the po-
sitions of the Auger electron peaks of the sputter-cleaned
Ag and Cu metals. The “true” Auger line shapes were
obtained after integration and appropriate background
subtraction.?’® The inelastic-scattering contribution was
removed by deconvoluting?! an electron backscatter spec-
trum taken at the same kinetic energy as the Auger tran-
sition under study. The spectra were measured for the
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transitions L, ; ¥V of copper and KVV of oxygen. For
the purpose of comparison and interpretation of the re-
sults, we have also carried out measurements on bulk Y-
Ba-Cu-O.

IV. RESULTS AND INTERPRETATION

The band-structure calculation converged using the
tetrahedral interpolation scheme'® with 45 k points in an
irreducible part of the Brillouin zone. For the final DOS
curves 273 k points were used. The error bars on the
band energies, due to the approximation involved in our
LMTO calculation (within the LDA) are estimated to be
around 40-50 mRy (0.5-0.7 eV). Estimates of the error
in the DOS due to the LDA are harder to make, and can
be deduced from comparison with experiment (see
below).

In Figs. 1 and 2 we present the energy band structure
obtained for La; 4581, sCuO, and La, gsBay ;5CuO, along
symmetry lines in the Brillouin zone. There have been
band-structure calculations*?2™26 of La,_, M,CuO,
(M =Sr or Ba) for 0<x <1. Most of the calculations
were done for x =0,1 or a supercell including a number
of formula units has been taken. In this work we have
treated arbitrary x values by the virtual-lattice approxi-
mation, as explained above.

In Figs. 3 and 4 we show the total DOS and the PDOS
for each atom in La; ¢Sr; ;sCuO, and La, gsBag ;CuOy,
respectively, in units of states/[eV X (unit cell)]. We must
note that for the copper and oxygen atoms these PDOS’s
represent to a good approximation the Cu(3d) band for
the copper and the O(2p) band for the oxygen. In gen-
eral we can see the same structure for the two com-
pounds. Above Ep there are the 54 and 4f bands of lan-
thanum. As in other LDA calculations for the cuprate
superconductors, the states near Er belong mainly to the
antibonding o band of the Cu( dxz_yz)-O(px,py) orbitals

(of the CuO, planes), but also the Cu(d ;) orbital contrib-
utes quite close to Ez. In our work the 5p states of lan-
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FIG. 1. Energy band structure for La; g;Srg 1sCuO,.
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FIG. 2. Energy band structure for La; gsBag ;sCuO,.
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thanum and the 2s states of oxygen were taken as core
states. In some other works® these states were included
in the variational calculations using another energy win-
dow.!’

Clearly there exists a difference between the structures
of the PDOS’s for the two oxygen sites O(1) and O(2); this
will be discussed when the Auger spectra are analyzed
below. In Table II, we present the values of the DOS at
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FIG. 3. Total and partial density of states for

La, ¢St ;5Cu0,. O(1) denotes the oxygen atoms in the CuO,
planes and O(2) denotes the oxygen atoms outside the planes.
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TABLE II. Density of states (DOS) in units of states/[Ry X (unit cell)] at the Fermi energy and the
number of valence electrons (NOS) in the muffin-tin spheres for La, gsSry sCuOy4 and La,; gsBag 15CuQ,.

ES denotes empty spheres.

Lay gsSrp,15Cu0y

La, gsBag ;sCu0y

DOS NOS DOS NOS
La s 0.04 0.34 0.04 0.37
P 0.09 0.53 0.11 0.58
d 0.31 2.08 0.40 2.04
f 0.28 111 0.39 1.07
Cu s 0.67 0.32 0.79 0.36
P 0.18 0.35 0.19 0.38
d 11.21 9.33 10.76 9.34
0(2) s 0.02 0.03 0.01 0.02
P 1.34 7.88 2.08 8.49
o(1) s 0.56 0.08 0.42 0.06
P 2.66 9.90 2.70 9.45
ES s 0.01 0.09 0.00 0.00
p 0.08 0.79 010 | 0.67

the Fermi level in units of states/[Ry X (unit cell)] and the
number of valence electrons in the atomic spheres for the
two compounds. By comparison with other works, we
find systematic differences in the bandwidth. In full-
potential linear augmented plane waves (FLAPW) calcu-
lations the bandwidth is around 8 eV,>?* while in the
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FIG. 4. Total and partial density of states for

La, gsBagy ;sCuQ,. O(1) denotes the oxygen atoms in the CuO,
planes and O(2) denotes the oxygen atoms outside the planes.

LMTO calculations the bandwidth is about 9.5 eV,?25
which is closer to our results.

Our DOS results can be compared with experimental
photoemission results.?”?® Such comparison reveals
shifts of 1-2 eV of the experimental peaks relative to
ones calculated by us and other groups, including the
FLAPW results.?* A similar discrepancy in Y-Ba-Cu-O-
type high-T, superconductors has been proven to be
largely a surface effect (due to the tendency of these com-
pounds to lose oxygen),” and by doing the measurements
on single crystals cleaved at T =20 K, good agreement
has been obtained between the experimental and theoreti-
cal peaks, except for a range of ~ 1 below Ez. We do not
know about similar measurements on superconductors of
the La~-Cu-O group.

In Fig. 5 we present the measured L, ; V'V spectra of
Cu in  La, gSry5Cu0,, La, gsBag ;sCu0,4, and
YBa,Cu;0;. These spectra consist of two lines corre-
sponding to the Ly V¥V and L, ¥V transitions. We cannot
see any significant differences between the spectra for the
three compounds. An asymmetry in the spectra can be
seen in the low-energy side at a distance of 5.5-7 eV from
the main line. This asymmetry is due to multiplet split-
ting in 1G, 3P, 1S, and 3F d® final states and additional
multiplets corresponding to the d’ final-state satellite
lines.!? Note that in the oxygen Auger it is not necessary
to consider satellites corresponding to a p> final-state
multiplet.

In Fig. 6 we present the Auger spectira of oxygen for
La; §sSrg 15CuQ,, La; 3sBag 5CuO,, and YBa,Cu30,. It
is possible to distinguish four lines corresponding to the
KL,L,, KL L;; (*P and *P), and KL, ;L, 5 transitions
in oxygen. There is a fifth line (which does not appear in
the YBa,Cu;0O,; spectrum) that corresponds to MNN
transition in lanthanum. This peak was subtracted.

In Table II1 we present the energy position of the
different transitions in the Auger specira using two ener-
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TABLE III. Experimental Auger energy peak positions (Ey;, is in the kinetic-energy scale relative to the Fermi energy, and E 4 is
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in the two-hole binding energy scale) and XPS core-level binding energies.
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La, 3s819,15Cu0, Laj gsBag, 15CuO, YBa,Cu;0,
E, V) E, (V) Ey, V) E, (V) E., (eV) E, (V)
CwW(L;VFV) 917.2 16.3 917.3 16.0 916.7 16.1
Cu(L,VV) 937.2 15.8 937.0 16.0 936.3 16.7
O(KL,;L,3) 513.5 - 15.0 514.4 14.1 513.6 153
O(KL,L,) 4772 51.7 477.6 51.3 478.0 50.9
Binding energies (eV)
Cu E(L,) 953.0° 953.0% 953,0°
Cu E(L,) 933.5¢ 933.3% 932.8°
0O E(K) 528.5° 528.5¢ 528.9°

2Liang et al., Ref. 27.
®Balzarotti et al., Ref. 13.
“Ntcker et al., Ref. 27.

gy scales, the kinetic energy scale and two-hole binding
energy scale. We also present here the relevant core-level
binding energies as measured by x-ray photoelectron
spectroscopy (XPS), which define the threshold energy of
the Auger spectra according to the rule
E i (Auger)=E_ (XPS)—E, where E is the excitation en-
ergy of two (correlated) holes that appears in Eq. (1), and
E_(XPS) is the initial-state energy of the Auger process.
There are several works where the Auger electron spectra
of the Y-Ba-Cu-O and La-Cu-O groups were mea-
sured,'®?® but most of them discussed the Auger lines of
copper. Comparison between these published results and
our results indicates a good agreement.
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2 xic) Lawv
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FIG. 5. Experimental Auger spectrum for copper in (a)
LatgsSl'()_\sC\lOA,; v Lal‘g5Ba{)_15CU04; (c) YB&QCU]O';. The ki-

netic energy is relative to the Fermi level.

The theoretical Auger electron line shape was calculat-
ed using Eq. (1) for the copper L, ; V'V Auger and expres-
sion (A4) of the Appendix for the oxygen KLL Auger.
N (E) in this expression represents the self-convolution of
the PDOS for each atom. Thus, for copper we used the
PDOS of the 3d band and for oxygen the PDOS of the 2p
band. A comparison between the calculated and experi-
mental Auger line shapes is used to get the value of U
that appears as a parameter in Eq. (1). The calculated
line shape was convoluted with a Gaussian in order to
take into account the instrumental broadening and the
broadening due to the lifetime of the holes during the
Auger transition. In Fig. 7 we present the calculated and

o] KL2‘3 Lz'g
(a)

O KLilz3
0 KLy,
0 ! 1 I
(b) OKLzszlz3

La MNN

INTENSITY (arb. units)

545

0
465

485 505 525
KINETIC ENERGY (eV)

FIG. 6. Experimental Auger spectrum for oxygen in (a)
Lal.,;sSro_IsCuO‘;; b) Lal~g5Bao_lscuO4; (%] YB212CU307. The ki-

netic energy is relative to the Fermi level.
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INTENSITY (arb. units)
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FIG. 7. Comparison between the experimental (solid) and
calculated (dashed) Auger line shapes of the L, ¥V} transition of
copper in La; 4sSrg 1sCuOy. E 4 is the two-hole binding energy.

experimental Awuger line shapes for copper in
La; gsSry sCuO,. Similar results were obtained for
copper in La; 3sBa, 1sCuQ,. The values of U, obtained
by the above comparison are 742 and 812 eV for the Sr-
and Ba-based La-Cu-O compounds, respectively. Bal-
zarotti et al.'®> have calculated by a similar method the
value of U, in YBa,Cu;0 using the calculated results of
Temmerman et al.”® and obtained Uy;~7 eV. No de-
tailed comparison of line shapes can be made, because the
multiplet structure and the satellite structure due to the
mixed valent (d%-d'°) state of the copper ion were not
considered.

A similar method is used for the oxygen atoms. As
was mentioned above, oxygen atoms occupy two ine-
quivalent crystallographic sites [O(1) and O(2)]. As a re-
sult there are differences in (1) the local density of states
of the 2p valence bands, (2) the energy positions of the
core states (chemical shifts), and (3) differences in the in-
teraction parameter U. The band calculation resulted in
two different PDOS’s for the O(1) and O(2) atoms. They
are to be related to the experimental Auger line shape,
composed of the contributions of both types of oxygen
atoms.

The numerical calculation of the Auger line shape con-
sists of several steps. First, the calculation of the line
shape using the expression (A4) for O(1) and O(2) was
performed. A correct treatment involves the convolution
of the p,, p,, and p, PDOS’s as explained in the Appen-
dix. In the second step the interaction terms have to be
included. The oxygen KL;L; spectra consist of three
components, one of which (the 3P) is a forbidden transi-
tion which has negligible weight. The other two are the
G and the S peaks, which have U’s of F°+0.04F? and
FO40.4F?, respectively.’® As it is well established that
the value of F?, determining the multiplet splitting, is al-
most unchanged upon inserting atoms into a solid,*! we
use here F2=6.2 eV, which is the value obtained from

R. BAR-DEROMA et al. 45

the 1G-1$ splitting observed with optical spectroscopy of
atomic oxygen.>? FP, on the other hand, depends strong-
ly on the screening properties in the solid and may even
be site dependent due to differences in local screening
properties.

We used two independent values of F° for the two ine-
quivalent oxygen sites in the fit to the experimental data.
We still have to incorporate the O(1s) core-level positions
of the two types of oxygen. Experimentally no, or only a
very small, difference in core-level binding energy has
been observed between the two types of oxygen after
clean sample surfaces were prepared.® On the other
hand, a recent LMTO band-structure calculation for
La,Cu0,,3® gives a rather large chemical shift of about
1.4 eV of the planar O(ls) state towards higher binding
energy relative to the apical oxygen. This is very close to

-the centroidal relative shift between the occupied O(2p)
levels.3* In order to account for the above ambiguity in
the relative positions of the core levels, we have repeated
the calculations under two different assumptions. In one
set of calculations we have put the O(ls) threshold of
both the apical and planar oxygen at 528 eV (correspond-
ing to experiment). In the other set of calculations we
have put the O(ls) threshold of the apical oxygen O(2) at
528 eV (as before), but shifted the threshold of the planar
oxygen O(1) to an energy which is higher by the cen-
troidal relative shift between the occupied O(2p) levels.
This way both the 2p and the core levels supposedly cor-
respond to the same calculation. In the last step we nor-
malize and add the spectra of the two inequivalent oxy-
gen atoms, and finally convolute the spectra with a
Gaussian, as explained before for the copper atoms. An
intrinsic lifetime broadening was taken into account by
including an imaginary part in the denominators of Eqgs.
(1) and (A4). The parameters used in our fits are present-
ed in Table IV.

In Fig. 8 we present the results of the fit together with
the experimental data for the Sr-doped La-Cu-O com-
pound [the same curve is obtained when the two above

1.5

10—

0.5

INTENSITY (arb. units)

~ .

500 510
KINETIC ENERGY (eV)

FIG. 8. Comparison between the experimental (dashed) and
calculated (solid) Auger line shapes of the KL, 3L, ; transition
of oxygen in La; 3sSrg 1sCuO,.
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TABLE IV. O(2p) centroids, and Coulomb parameters, in units of eV, used for fitting the oxygen
KLL Auger specira. Three different fits are presented here using (1) the present LMTO results for
La, g5Srg,15Cu0y (La-Sr-Cu-0); (2) the present LMTO results for La, gsBag 15;CuQ, (La-Ba-Cu-0); (3) the
centroids of the FLAPW results of Refs. 24 and 26 for La,CuQ,. The binding energy of the O(ls) core
level is either taken as 528 eV for both O(1) and O(2) (abbreviated by UC), or shifted for the O(1) atom
to a value higher by the splitting between the O(1) and O(2) centroids (abbreviated by SC), as explained
in the text. U('G) and U('S) are Slater integrals for the two multiplet components in the Auger spec-
tra. The relative intensity of the 'G peak is six times the S intensity. We used the atomic value F2=6.2
eV to calculate U(!G) and U(!S). Lifetime broadening of 2.5 eV and Gaussian broadening of 2.0 eV
are used.

Twmd o i uos)

Present ouxuC) —5.7 3.0 3.2 5.5
LMTO O(1)(SC) —5.7 5.0 5.2 7.5
La-Sr-Cu-0O o)UC) —3.1 7.0 7.2 9.5
Present ouQe) —5.3 2.5 2.7 5.0
LMTO O(1)8C) —5.3 45 4,7 7.0
La-Ba-Cu-O o@e)XUC) —3.2 6.5 6.7 9.0
Refs. 24 and 26 O(1XUC) —39 5.1 5.3 7.6
FLAPW O(1)(SC) -39 6.2 6.4 8.7
La-Cu-O 0Q)UuC)

—28 7.3 7.5 9.8
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T

assumptions for the position of the O(1) core level are
used]. Similar results were obtained for the Ba-doped
La-Cu-O compound. We see, that, although the line
shape close to the main peak is in reasonable agreement,
there is a significant discrepancy on the high-kinetic-
energy side of the spectrum. The calculations give a
much higher intensity here than the measured spectra.
The high intensity in the calculations results from mixing
of the quasiatomic two-hole bound state with the two-
hole continuum on the high-kinetic-energy side. The
latter continuum corresponds to having the holes on two
different sites, where they do not interact, as expressed by
the on-site interaction Hamiltonian leading to the Cini-
Sawatzky expression. In our present LMTO. calculations
the single-hole continuum extends up to 9.5 eV, hence the
two-hole continuum extends up to 19.0 eV. As a result
the quasiatomic state is located near the edge of the two-
hole continuum, resulting in strong mixing. Indeed, if
the LMTO band-structure results of Ref. 33, which have
narrower oxygen p bands, are used as our input, the cal-
culated Auger spectrum has considerably less weight on
the high-kinetic-energy side than the results shown in
Fig. 8.

In order to check how our fits for the oxygen Coulomb
parameters depend on the band-structure results that we
use as an input, we have repeated the fit by replacing our
centroidal relative shift between the occupied O(2p) levels
by those obtained in the FLAPW calculation of Pickett
et al.??® for La,CuQ, (the latter centroids were obtained
by digitizing the PDOS plots in Refs. 24 and 26, and have
error bars of 0.5 eV due to uncertainties in the digitizing
procedure). The result is presented together with our fits
in Table IV,

An important conclusion from the fits presented in
Table IV is that we need two different values of FC, with
the lower value corresponding to the planar oxygen O(1).
This result is rather insensitive to the details of the fit,
and is qualitatively the same for the two different band-

structure calculations that we used (and also for an esti-
mate based on Ref. 33), namely, it is unlikely to be due to
inaccuracies in the band-structure calculation. It basical-
ly reflects the fact that the Auger spectrum has a single
strong peak, whereas the centroids of the occupied
PDOS’s of the two oxygen sites differ by 1.1-2.6 eV, for
the different band-structure results used for the fits (this
difference is sufficient to split the peak in spite of the life-
time and Gaussian broadening used here). The splitting
in F° halves when core-level shifts identical to the cen-
troidal shifts are assumed, reflecting the fact that the
PDOS represents a one-hole spectrum, while the Auger
kinetic energy represents a two-hole spectrum. The shift
in the centroids of the two-hole spectrum has to be com-
pensated by a difference in U, in order to get coinciding
peak positions of the O(1) and O(2) coniributions. A
smaller value of U, for the planar oxygen could reflect
the fact that the screening in the CuO, planes is stronger.
This is consistent with the notion that the conduction
takes place in the planes.

On the basis of the different values of Coulomb param-
eters appearing in Table IV, we can conclude that U, is
approximately 5 and 7 eV on the O(1) and O(2) atoms, re-
spectively, with error bars of about 2 eV. The direction
of the splitting between them is, however, beyond the er-
ror bars, if our analysis is valid. AES evaluations of the
intrasite oxygen U, in Cu,O have been made by Tjeng
et al.,’* who determined a value of F9=5.4+0.5 eV.
McMahan, Annett, and Martin®*® find by constrained-
occupation LDA calculations on La,CuO, F% 3.6 eV on
O(1) and 3.0 eV on O(2). Thus they find smaller U,
values with an opposite anisotropy from ours.

V.DISCUSSION

It is rather surprising that, experimentally, a cancella-
tion is found of the anisotropy both in the O(ls) XPS

peak positions and the KL, 3L, ; Auger lines (at least
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within 0.5 eV of accuracy). It might, in principle,
represent a surface preparation problem. If the surface
structure is different from the bulk structure, and the ox-
ygen atoms there are more equivalent than in the bulk,
the splittings would tend to disappear. If this is the case,
one cannot draw conclusions on splitting in the Coulomb
parameter on the basis of the data observed here. How-
ever, many eleciron spectroscopy studies on different
high-T, cuprates prepared under proper experimental
conditions {e.g., in situ scraping, fracturing, annealing)
have shown that the main O(ls) core-level and Auger
peaks are single.>36

Alternatively one could suspect that the cancellation
results form the particular set of band-structure calcula-
tions presented in this paper. However, the fact that cal-
culations of three different groups (also of Ref. 33) give
this anisotropy points to the possibility that the
discrepancy is caused at a more profound level, e.g., due
to the application of the LDA to this type of correlated
electrons system. For such a system one expects self-
energy corrections to become important, while they are
treated only within a mean-field approximation in the
single-particle PDOS’s extracted from the LDA calcula-
tions.

A qualitative estimate of the effect of electron correla-
tions on the above cancellation problem can be obtained
on the basis of the approach of Zaanen, Sawatzky, and
Allen®” to the hybridization between oxygen bands and
copper states treated in the quasiatomic limit. In this ap-
proach one finds for the Cu(3d) states a set of d® final
states between 8 and 12 eV below Ej, and a d '© final state
at about 1 eV above Ej instead of a single band (such as
shown in Figs. 1-4). The effect of hybridization on the
oxygen DOS is quite different now: The copper d*® final
states push the oxygen spectral weight towards and
across Eg; the emptying of the states pushed across Eg
corresponds to adding positive charge to the states near
Ep, which in this case are mainly located at the planar
02~ ions, causing an increase of the core-level and 2p
binding energies. In the LDA band scheme this positive
charge has a considerably larger weight at the copper
sites due to the larger hybridization. Therefore, in com-
parison with the LDA band calculation, the quasiatomic
picture results in a shift of the O(2p) bands and core lev-
els of the planar oxygen atoms toward higher binding en-
ergies, thereby reducing the anisotropy in core level and
2p band shifts between the two types of oxygen atoms.
Thus the effect of electron correlations might reduce the
anisotropy in U, mentioned above.

VI. CONCLUSIONS

The on-site Coulomb parameters of the Cu(3d) and
O(2p) states in La; g5Srg ;sCu0O, and La, gsBag ;sCuO,
have been determined by comparing experimental Auger
electron spectra and theoretical spectra based on LMTO
band-structure calculations. We find O(2p) Coulomb pa-
rameters of approximately 5 and 7 eV for the planar and
apical oxygen sites, respectively, and a Cu(3d) Coulomb
parameter of 7—-8 eV. The effect of electron correlations
might reduce the anisotropy found in U,,.
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APPENDIX

There are two inequivalent oxygen sites in tetragonal
La,CuO,. One of them is the apical oxygen [O(2)], which
is at a site with C,, point-group symmetry having a bond
to a neighboring oxygen atom in the z direction on one
side only. The second type is the planar oxygen [O(1)]
which is at a site of D,, point-group symmetry. Note
that this symmetry is also lower than the tetragonal sym-
metry due to strong covalent bonding in one planar direc-
tion and no covalent bonding in the other planar direc-
tion. There are two O(1) atoms per unit cell, one has its
copper oxide bonds in the x direction, the other one in
the y direction. As we will consider the ligand field split-
ting of the 'D and the 'S multiplets belonging to the 2p*
configuration in full rotational symmetry, the five-
dimensional !D manifold (|'xy), |wz), |lzx),
(Txx Y — 1y M), (I'xx Y +|'yy ) +2|'2z ) )) splits up under
C,, into a two-dimensional manifold (I'yz), |'zx )) and
three  one-dimensional  manifolds, ie., [xp),
(Ixx )=y M), and (|'xx)+|'yy>-+2|'2z)). At the
O(1) sites the degeneracy between |'zx ) and |'yz ) is lift-
ed due to the absence of four-fold rotational symmetry.
The single-particle DOS’s are defined as

1 xO) s

E —H —io*

with similar expressions for p,(E) and p,(E). We adopt
here a notation where the 0 in }x0) indicates the index of
the site where the Auger process takes place. As for the
present symmetries, x, y, and z are “good” quantum
numbers and there are nc matrix elements mixing [x0),
|y0), and |z0). As a result the nonminteracting two-
particle Green’s functions are diagonal on the basis
Pxp), 1'z), ['zx), (I'xx), |'yy)), |'zz), where we
adopted the abbreviated notation |!xy ) for |'x0,y0), etc.
It also follows from this that there are finite matrix ele-
ments connecting the m;=0 states |'S°) and |'D?),
which are (|'xx)+[yy)—|"zz>) and (|xx)+
|'yy ) +2['zz ), respectively.

It is important to note that for the apical [O(2)] sites,
the p, PDOS and the p, PDOS are equal. On the other
hand, there is a large difference between these two
PDOS’s for the planar [O(1)] oxygen atoms, due to the
difference in bonding in these two directions.

We are now ready to evaluate the site-projected

px(E)=ﬂ'_1Im<x0 (A1)
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Green’s functions necessary for the calculation of the
Auger line proﬁ!e The Green’s functlons that we have to
calculate are G,2 G; , and GS s Here |'Di ) denotes
the set [(] xx)—l‘yy)) I xp), Iyz), |'ax),
(Ixx Y+ [y )+2|'2z))] and ['S)=(xx)+|yyp)
—|'zz)). In the following equations we summarize the
expressions for the unperturbed Green’s functions, i.e.,
without electron-electron interactions:

g5l =gieg)

glg% =gy®gz ’

gD =glogr,

g2 =Lgregi+glos)) , (A2)

DS—I
8ips—

g5 =(1/3V2)grogr+

+gr®gs g og)+4g70gr) ,
8,98y —28,;98;) ;
gxs— 3gr®g; tgjeg) +g/®g;) -

Here ® indicates a convolution of the PDOS’s. The site-
projected Green’s functions including interactions now
follow from inverting the following Dyson equations:

2369

GBi=g\2 +g:2U(DIGD (1=i<4),

Gi3=gi3+gSU(SG S +g:2°UCDIGE, , s

G153 =g 03 +¢D3U('D)G 25 +:5 U ('SIGD*

Ips~ €ips
1 1
GD=g 25 +¢:25U('D)G B3 +g 3 U ('$)G:2 .
The resulting expressions for the Green’s functions, in-

cluding electron-electron interactions at the site of the
Auger process, are

G2=gZ[1—g 2 U('D)]"" (15i<4),
G$=D"'[g:3—2: 25U ('D)g:S+:2°U('D)g:S, ]
G0 =D "[g.D] —g:SU('Sg D] +g15,U ('S)g:2%] .
(A4)
G5, =D"'g:5,
D=[1—g3U(®[1—g: 23U ('D)]

—g 125U ('D)g S UCS) .
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