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Intersite interactions in Cu L-edge XPS, XAS, and XES of doped and undoped Cu compounds
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The effect of interaction between different Cu atoms is studied by calculations on clusters with more
Cu atoms for various kinds of spectroscopy, using a multiband Hubbard Hamiltonian. It is found that
the inclusion of more Cu sites often leads to Snal states lower in energy than those that would have been
found if the calculations were restricted to the Anderson-impurity limit. These effects are studied for
both undoped and doped systems. These interactions are not only important for systems involving a
core hole but can also be induced by the Udd Coulomb interaction. Furthermore, we show that the wide
shape of the main line of the Cu 2p XPS spectrum is not incompatible with a narrow 2p XES spectrum
within a one-step model.

I. INTRODUCTION

Up to a few years ago high-energy spectroscopy on
strongly correlated systems was usually interpreted with
model systems that had as a starting point the
Anderson-impurity limit. ' The strong dependence of
the physical properties of the high-temperature supercon-
ductors on the number of holes (electrons) in the CuOz
planes (and also more recent similar strong doping depen-
dences of the alkali-doped C60 system) led to immense
theoretical research on systems containing more sites.
Usually this work was done on systems thought to de-
scribe the low-energy physics, like the t-J model and the
single- and triple-band Hubbard models. These systems
provided a very satisfactory explanation ' for the strong
transfer of spectral weight from the upper Hubbard band
to low-energy states observed in x-ray absorption (XAS)'
and electron-energy-loss spectroscopy (EELS)" spectra
as a function of hole doping. But quite often the
simplifications that were necessary in order to tackle sys-
tems with many sites disabled these models for interpret-
ing spectroscopic data. For example, to explain the total
valence-band structure of CuO or the high-T, com-
pounds it is essential to consider all 3d orbitals. The in-
clusion of all valence orbitals strongly increases the size
of the problem and in that respect it is not surprising that
little work has been done so far in the study of intersite
effects and doping dependencies for most high-energy
spectroscopies. ' Furthermore, usually only valence-
band spectroscopies were considered. To fill this gap we
have done a study on the effects of including more transi-
tion metal atoms on several high-energy spectroscopies,
hereby mainly concentrating on core-level spectroscopies.

Recently we have shown' ' that the restriction to a
single metal atom can lead to an inadequate description.
As an example we considered the 2p XPS spectra of some
late transition-metal compounds, which are in the
charge-transfer regime of the Zaanen, Sawatzky, and Al-
len diagram. ' In the usual interpretation in the
Anderson-impurity limit the lowest 2p XPS final state has
mainly c3d" 'L character (where c and L stand for a
core hole and a ligand hole, respectively). As a result of

the strong Coulomb interaction between the core hole
and the valence hole, the energy of this state becomes
comparable to the energy of a configuration where a
charge transfer between two metal oxygen units has tak-
en place. This leads to a c3d"+' configuration for the
site with the core hole and a mainly 3d "L configuration
for a neighboring transition metal-oxygen unit
(throughout the paper we will denote this in a convenient
shorthand notation as c3d"+';3d"L, where the sem-
icolon separates the two metal oxygen units from each
other).

These intersite screening effects explain the wide asym-
metric shape of the main line in CuO and the high-T,
compounds' (this result will be briefly recapitulated in
this paper), the disappearance of this width for NaCu02,
the double peaked main line of the Ni 2p XPS spectrum
of NiO, and some of the changes in the spectrum as a re-
sult of different environments of the Ni atom. ' We pre-
dicted' that these effects are also important for various
other kinds of high-energy spectroscopy. Most obvious
are the ones that deal with states similar to the final state
of 2p XPS, i.e., including a core hole, like x-ray-
absorption XAS and x-ray emission spectroscopy (XES).
In this paper we will study these spectroscopies for CuO
and the high-T, compounds.

The paper is divided as follows. Section II will give a
description of the Hamiltonian that we have used for the
calculation of the spectra. The various clusters will be
described throughout the rest of the text. Section III will

briefly review the results for Cu 2p XPS. We will also
discuss the effects of electron and hole doping. In Secs.
IV and V the effects of intersite interactions on XAS and
XES, respectively, are considered. In Sec. V we will also
show that the interaction between different Cu sites is not
necessarily caused by a core hole —valence hole Coulomb
repulsion, but can also result from the dd-Coulomb in-
teraction.

II. DESCRIPTION OF THE MODEL

For the calculation we have used a number of different
clusters. This variety depended on the phenomenon we
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where H ' indicates whether, for the core hole part, the
multiplet effects of the 2p-3d Coulomb interaction and
the 2p spin-orbit coupling are included (HM) or that the
effect of the core hole is described by a core hole potential
(H ). Ho describes the one-particle part of the Hamil-
tonian (all equations will be in hole notation):

0 X add& i» i
+ X E2pcl~yci y+ y ~ (")P Nj

l,P J V

+ g [t d(ip, jv)d, ; ~, +H.c. ]
lP, JV

+ g [t~~(j vj'v')p ~ .+H..c.],
JV)J V

where the summations i and j go over the different metal
and ligand atoms, respectively. The greek indices label
the orbital and spin quantum numbers for the 3d (p, ) and
2p (y) orbitals of the transition-metal site and v for the
various oxygen 2p orbitals. We can divide the orbitals
into two sets. First, there are the x —y (local
symmetry:b& ) and 3z r(a& ) or—bitals with the 0 bond-
ing 0 2p orbitals and second, the xy (b2) and yz, zx (e)
orbitals that have a m bonding to oxygen. In order to
reduce the size of the calculations, the latter set will only
be included for the metal oxygen cluster with the core
hole (this can still lead to matrix dimensions of a few
thousand). The m.-bonding oxygen orbitals are included
in the appropriate symmetry around the metal site, e.g.,
~p„~) =[~p») —

~p 4)+ ~p„z)
—

~p„, )]/2 or, for the apex
part ofp, ~p,'„~'"I= [~p„5)—~p„6) ]/&2 (for the conven-
tion of the orbitals see Fig. 1). Although there are a large
number of different hybridization matrix elements they
can all be expressed in three nearest-neighbor overlap in-
tegrals (given in Slater-Koster integrals' ): (@do ) and
(pd m ) for transition metal-oxygen hybridization and
[(ppn )-(ppo )] for oxygen-oxygen hopping. The values of
these matrix elements are well established by band-
structure calculations. ' ' The relations between the
different matrix elements follow from symmetry. We
have also used Harrison's relations' to correct the values
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FIG. 1. The Cu207(l l) cluster used in the calculations. The 0
sites are numbered from 1 to 11.

wanted to describe (e.g., inclusion of apex oxygens) or
was a result of restrictions imposed on the size of the
clusters due to calculational effort. These clusters are all
described by a similar Hamiltonian. When using a par-
ticular cluster parts of the Hamiltonian, involving orbit-
als not present in the cluster, will simply become zero.
The total Hamiltonian is given by

HM J'=H~ J'+Z. =H +H +HM ~+Z.
tot 0 1 c

For the clusters with the reduced basis set of x —y and
o.-bonding oxygen 2p orbitals, an oxygen Coulomb in-
teraction U is also included. Comparisons between cal-
culations with and without oxygen Coulomb interaction
showed that its effect is small.

To describe the effects of the core hole we have used
two different kinds of core Hamiltonians. H is given for
the site with the core hole as (site indices have been
dropped)

II, = g g &y~l s~y')ctc,

+ g U,d(I, y I
' y')d„'d„c',c, ,

I r V' X'

which includes the 2p spin-orbit interaction and the pd
Coulomb interaction with the complete multiplet struc-
ture. The values for the U~d Coulomb parameters are the
same as those used by Okada and Kotani. ' The radial
parts given by F d, G'd, and G d have been calculated
within the Hartree-Fock limit and were scaled down to
85% to account for atomic screening. The value used for
the 2p spin-orbit coupling was 13.6, whereas the 3d spin-
orbit coupling has been neglected. In other cases we will
describe the effect of the core hole by a simple core hole
potential (i.e., including only the monopole part of the
pd-Coulomb interaction)

TABLE I. Parameter values used for the different clusters.
The values for the Slater-Koster integrals refer to the in-planar
matrix elements. All energies are in eV.

Ep Cd

pd 0'

pd 7T

pp~
pp 7T

A

B
C

FP

F~
Gl
G3

Cu30ip

3.5
1.5

—1.0
0.3
6.5
0.15
0.58
6.0
7.7

Cu40)3

3.5
1.32

—0.93
0.28
7.36
0.15
0.58
6.0
7.7

Cu20v(i i)

3.5
1.5

—0&7
—1.0

0.3
6.5
0.15
0.58

8.0
7.47
5.62
3.20

13.6

of the transfer integrals for the larger distance between
the apex oxygen and the metal site compared to that dis-
tance in the plane. The overlap integrals scale to the
power —3.5 and —2 for the pd and pp matrix elements,
respectively. For the distances we have taken the values
of La2Cu04, i.e., d „„,=1.89 and d, ,„=2.41. More de-
tails on how to obtain the various matrix elements can be
found in Ref. 20. The parameters used in the calculations
are given in Table I.

The on-site dd Coulomb interaction is described by H „
dd(I l&P2&P3&P4)dii&&dip&dii&3~(i&& '

l ~P1~PP~P3, I 4
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where ( n, ) =0 is no core hole is present. This procedure
simplifies the calculation since it is no longer necessary to
treat the core hole explicitly. The last part of the Hamil-
tonian

T= g Ekgk gk
k, cr

describes the kinetic energy of an outgoing photoelec-
tron.

Spectra have been calculated using the Lanczos
method, except for the intermediate state of the XES
spectrum, where an exact diagonalization is necessary to
obtain the complete set of eigenvectors.

III. Cu 2p XPS

We will start with a brief recapitulation of some of the
results described in our previous papers' ' on 2p XPS,
since the aspects found for 2p XPS will return in the
remainder of the paper. The 2p XPS spectrum has a

large satellite structure. It is well known that this is a
result of the nonzero overlap of the ground with a core
electron removed and the satellite wave function which
has mainly 3d character. Some aspects, however,
remained unclear. First, there was the wide shape of the
main line which was diScult to explain within the
Anderson-impurity limit. The effect of the oxygen band-
width is canceled out by the effect that the core hole
tends to skew the spectral weight towards the top of the
oxygen band. ' Second, when using Cu 2p XPS as a
means of estimating valence-band parameters this often
led to low values of the charge-transfer energy. In a pre-
vious paper we showed that these problems can be
resolved by including more Cu atoms. '

The Cu 2p XPS spectrum will be described using a
Cu30, O cluster [see the inset of Fig. 2(a), including only
the 3d 2 2 and cr-bonding 0 2p orbitals]. Since the

Z —y
number of valence holes is unchanged in 2p XPS, this re-
duced basis set gives an adequate description'~ (neglect-
ing the multiplet effects for the moment). The spectral
intensity of the outgoing photoelectrons with energy Ek
using an excitation radiation cg,„is calculated from

I(E„)—Im Eo(N) V ~ ) V Eo(N))
1

Eo(N ) +co,„Ek H —i o—t—
with V describing the emission of a Cu 2p electron,

V= g akct,
k, y

where ak creates an outgoing photoelectron with energy
Ek and the same spin as the core electron.

The spectra will be displayed on a binding energy scale
as is common practice for photoelectron spectroscopy.
The spectra for the Cu30, 0 cluster with three holes is
shown in Fig. 2(a). The nonlocal contribution appears at
the low binding energy side of the main line. The Cu04
unit with the core hole has predominantly a c3d'
configuration. The hole is in the lowest final state on a
neighboring CuO~ unit. This two hole state is in a local
'A, symmetry (D4& space group) also known as the
Zhang Rice singlet. The enhanced hybridization be-
tween d L and d' L compared to d and d' L as a re-
sult of symmetry leads to a large stabilization energy of
the two-hole state. At the high binding energy side of the
main line we find the state with a cd' L character for the
Cu04 unit with the core hole, which would be the lowest
final state for an Anderson-impurity calculation. This
calculation also yields a reasonable satellite to main in-
tensity ratio of 0.40 when using well established valence-
band parameters. ' ' '

For completeness we also reproduce the hole doped
spectrum. ' For the Cu30, 0 cluster with four holes (33%
hole doping) we find a broadening of the main line which
is also found experimentally. Furthermore, there is only
a slight change in satellite to main intensity ratio, indicat-
ing that conclusions from the I, /I intensity ratio with

respect to the d 2 2 hole density are not straightfor-
Z

ward.
We also studied the effects of electron doping of the Cu

2p XPS spectrum [see Fig. 2(c)]. In this calculation the
Cu 4s band has been neglected, since symmetry effects
cause it to be small. The calculation has been done for a
Cu040, 3 cluster [see the inset of Fig. 2(c) with three
holes, i.e., 25% electron doping]. The core hole is creat-
ed on one of the middle Cu atoms. We used a somewhat
modified parameter set, which we think is more appropri-
ate for comparing the calculation with the Cu 2p XPS
spectra of the Nd-Ce-Cu-0 series, considering the larger
copper-oxygen distance and the smaller Madelung ener-
gy. (Although it should be noted that the changes for
the different parameter sets are relatively small. ) In ad-
justing the transfer integrals we have made use of
Harrison's relations. '

In Fig. 2(c) we observe a pole with a large spectral
weight at the low binding energy side of the spectrum.
Investigations of the hole density show this state to have
mainly 3d' characters on the Cu04 unit with the core
hole, whereas the other Cu04 unit with the core hole,
whereas the other Cu04 units contain one hole. Thus, in
the lowest Snal state, the screening is mainly accom-
plished by the "doped" electron. The remainder of the
spectrum we propose to have a similar peak assignment
as the undoped spectrum of Fig. 2(a), except in this case
the cluster contains an extra electron that is not partici-
pating in the screening process. An important aspect of
the spectrum is the large intensity of the low binding en-

ergy feature, which has ahnost 50% of total intensity of
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the spectrum, whereas the doping is only 25/o. The
satellite to main intensity ratio is only 0.25. Therefore it
should be noted that the Cu 2p XPS spectrum of
Nd2 Ce„Cu04 cannot be simply interpreted ' as a
linear superposition with electron doping of the Cu 2p
XPS spectra of CuO and Cu20, since this would give an
intensity of the low binding energy feature (interpreted in
that case as a "Cu'+" site) of only 25%. Furthermore
this calculation leads to the conclusion that the relatively
small low binding energy feature of the Cu 2p XPS spec-
tra of the Nd-Ce-Cu-0 series ' seems to indicate that
the actual electron doping in these compounds is lower
than would be expected from the amount of cerium dop-
ing. This idea is supported by other papers using chemi-
cal analysis ' ' and transport measurements that show
that the cerium doping could very well lead to an excess
of oxygen. Another explanation for the relatively small
change between spectra of undoped and doped com-
pounds of the Nd-series is that the extra electrons are
bound to impurities preventing them from participating

I i I I I I i I l I I ( I I I I ) I

0 0 0

0—Cu—0—Cu—0—Cu—0

0 0 0

0—C~—0—Cu—0—Cu—

I I I I I I I I I I I I I I I I I I

9~:0 930
Binding Energy eV

FIG. 2. Calculations of the Cu 2p XPS spectrum as a func-
tion of doping. (a) Cu 2p XPS for the Cu30&0 cluster, see inset,
with three holes (undoped). (b) Cu 2p XPS for the Cu3010 clus-
ter with four holes (33% hole doping). (c) Cu 2p XPS for the

Cu40», see inset, cluster with three holes (25% electron dop-
ing).

I I I ~ I I ~ I ~ I I i i I \ I ~ I I ~ ~ I ~

960 950 940
Binding Energy [eV]

930

FIG. 3. Calculation for the Cu20& cluster including multiplet
effects and 2p spin-orbit coupling.

IV. CU2p XAS

During recent years a large number of papers have ap-
peared studying the Cu 2p XAS spectrum of the high-T,
superconductors. For convenience we have repro-
duced in Fig. 4 the data from Chen et al. The samples
were thin films of La2 „Sr,Cu04 with the CuOz planes
tilted with respect to the substrate. This enabled Chen
et al. to obtain complete polarization along the c axis at

in the screening of the core hole.
In the remainder of the paper we will mainly use the

Cu207(]]) cluster [see Fig. (1)]. This cluster includes the
—y and the 3z —p orbitals and all t,he o' bonding 0

2p orbitals. The 31 orbitals with b2 and e symmetry and
their related m. bonding 0 2p states are only included on
the copper-oxygen cluster where the core hole is created.
The cluster also enables us to study the difference be-
tween a cluster with apex oxygen (CuzO») and without
apex oxygen (Cu207). Figure 3 shows the calculation of
the Cu 2p XPS spectrum with two holes for the Cu207
cluster using H instead of H . We find the well-known
division into 2p and 2p', which shows the difference
in intensity as a result of the difference in multiplicity of
the j=—,

' and j=—,
' core levels. We note that the multi-

plet effect has little effect on the satellite to main intensity
ratio [cf. also Fig. 7(a) for the calculation for the Cuz07
cluster without multiplet structure]. Differences in the
main line with the Cu30&0 cluster are caused by the
smaller effective hybridization between the cd';ZR and
cd' I.; $ states, where ZR stands for a Zhang Rice singlet
and 1 for a Cu04 unit with one hole (we stress here that
with these notations we only indicate the major character
of these states. The real eigenstates are, of course, a very
complex mixture of the more than 3000 different corn-
ponents of the final-state basis set for two valence holes
and one core hole). The effect of the core hole is mainly
found in the shape of the satellite. The satellite for 2p
has a broad shape whereas that of the 2p' part of the
spectrum is much narrower. (Introduction of a small
crystal field or some minor changes in the parameter
set ' could increase the agreement of the satellite shape
with experiment, but since other papers ' have concen-
trated on the satellite structure, we would like to concen-
trate here on the intersite efFects and have therefore
maintained a consistent set of parameters. )
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FIG. 4. L-edge fluorescence
yield photoabsorption spectra,
reproduced from Chen et al.
(Ref. 34). (a) L3-edge of
La2 „Sr Cu04 for various
values of x. (b) L3-edge of
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nongrazing angles. Most papers concentrated on two as-
pects of the spectrum. The first was the polarization
dependence of the spectrum to determine the amount of
3z rchar—acter of the holes in the planes [see Fig. 4(a)].
From Chen's data it can be deduced that the 3z —r hole
density is small. However, other measurements quite
often showed a larger amount of 3z —r character
(5—10%). Second, the efFects caused by hole doping were
studied. Hole doping generally leads to a broadening of
the white lines, indicated by L3 in Fig. 4(b). This effect
was usually interpreted ' in terms of a statistical super-
position of "Cu +" and "Cu +" sites. The broadening is

I

then a result of the d' L final states of the Cu + sites.
However, the Cu 2p XAS final state of a hole doped sys-
tem is very similar to the Cu 2p XPS final state of an un-

doped compound. Above (see also Refs. 13 and 14) we
have shown that the XPS final state is inadequately de-
scribed within the Anderson-impurity approximation. In
the next paragraph we will show that the intersite effects
are also important for understanding the 2p XAS spec-
trum of hole doping high-T, compounds.

For the calculation of the Cu L-edge XAS spectrum we
have used the Cu207(») cluster. The XAS intensity at an
absorption energy of co,„is proportional to

I( )-mIm +IEp(N } P ~ + P Ep(N()
1

Eo(N )+co,„H i 0+— —

where P is the dipole operator for light with polariza-
tion a,

P = gM (ju, y)d„cr .
wr

The one-particle dipole matrix elements were evaluated
using standard techniques.

The spectrum for the undoped Cu207 cluster, i.e., for
two holes in the ground state, is shown in Fig. 5(a). The
spectrum shows two peaks corresponding to the L3 and
L2 edges. The peaks are a result of a 3d 2 2~~2p tran-—x —y
sition (where 2p. stand for a core hole with j=—,

' or —,').
The L3 and L2 edges have the well-known branching ra-
tio of 2:1 as a result of the different multiplicity of the
j=—,'and —,

' core levels, respectively. The satellites have
little spectral weight as a result of the fact that the
screening is already accomplished by the excited electron.
The effect of the neighboring copper site is negligible, in-

I

dicating the strongly local excitonic nature of the core
hole and the excited electron. The spectrum for the un-

doped Cu20» cluster is equal to that of the Cu207 within
the plotting accuracy.

The XAS spectra for the Cu207(») clusters with three
holes are shown in Figs. 5(b) and 5(c), respectively. Al-
though a hole doping of 50% is higher than that common
for most high-T, compounds, we believe the physical
effects to be very similar though somewhat less pro-
nounced. Both spectra show as a result of hole doping
extra intensity on the high-energy side of the white lines.
As a result of the strong Coulomb interaction and the
large stabilization energy of the Zhang Rice singlet, the
character of the lowest final state is mainly c3d', ZR
(comparable to the lowest 2p XPS final of CuO). In 2p
XPS the total valence-band spin remains the same as the
ground state (i.e., b,S„,&,„„=0)(neglecting the effects of
3d spin-orbit coupling). Therefore, of the final states with
two valence holes, only the one with S„,&,„„=0will have
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(c)
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FIG. 5. Calculation of the Cu 2p XAS as a function of dop-
ing. (a) Cu 2p XAS for Cu207 cluster with two holes (undoped).
(b) Cu 2p XAS for Cu&O& cluster with three holes. (c) Cu 2p
XAS for Cu20&~ (apex oxygen) with three holes. (d) Cu 2p XAS
for Cu04 with two holes.

spectral weight. For 2p XAS however, the selection rules
are ES„,=O, so the final states with the two remaining
valence holes will be either in an S„,~,„„=O or an

S„„,„„=1 state, yielding to an S„,= 1/2 state including
the core hole, thereby leaving the total spin unchanged
from the ground state.

The shoulder at high binding energy can be shown to
be of triplet character. Investigations of the hole densi-
ties show this state to have a large amount of
c 3d ' L 2 2', 1' character. This state mixes with a—x —y

'
c 3d '; 2 hole( 8, ) configuration. Since the two-hole state
with a 8& local symmetry is at an higher energy com-
pared to the two-hole ' A

&
state, the Zhang Rice singlet,

the intersite effects for the triplet states are much smaller
compared to the lowest final state. Note that the 8,
state also has a considerable amount of 3z —r charac-
ter. In the ground state the 3z —r hole density is very
small. Thus the excitation of a 2p electron into a 3d 2x
hole leads to 3z —r hole density on a neighboring
Cu04~6j unit for these final states. We also note that the
lowest singlet state with a character corresponding to the
1owest final state within the Anderson-impurity limit, i.e.,
c3d' L ~ ~', 1 (thus without involving neighboring sites)x
has almost no spectral weight.

Upon adding apex oxygen to the cluster we observe
that the broadening becomes smaller lsee Figs. 5(b) and
5(c)]. This is a consequence of the fact that the two-hole
8, state is stabilized compared to the two-hole 'A&

state as a result of the apex oxygen. Note that this

would not happen if one disregarded nonlocal effects. In
that case the high-energy final state would have mainly
3d' L, 2, 1' character and the effect of apex oxygen—x —y

'

would be very small.
For formally trivalent copper compounds, like

NaCu02, nonlocal screening effects are expected to be
small, as we have demonstrated before for the Cu 2p XPS
spectrum. ' The reason for this is that an intersite charge
transfer would lead to a three-hole state on a Cu04&6~
unit, which is high in energy. This is especially so since
the three-hole state also has to involve orbitals other than
x —y that have less benefit from the hybridization with
oxygen (the lowest electron removal state has A, char-
acter ). Similar arguments also explain the existence of
the insulating gap. Therefore a calculation for a Cu04
cluster is expected to provide an adequate description, see
Fig. 5(d). We observe that the spectrum is very similar to
the spectrum of the formally divalent Cu compound of
Fig. 5(a), except for a shift to higher energy (N.ote that
we have maintained the same parameter set throughout
and that we have made no special attempts to adjust the
parameters for NaCu02). The white lines occur at an en-

ergy EF(%+1;c)—Eo(N). This energy difference be-
tween divalent and trivalent copper is mainly a result of
the final-state energies. For the divalent Cu these have
mainly c 3d ' character, whereas for the formally
trivalent Cu compound, the character is mainly c3d' I..
That the energy splitting is lower than the charge-
transfer energy stems from the fact that the latter state
benefits from hybridization with the c3d configuration.
Finally, with regard to doping, we note that for electron
doping the spectra, as a function of doping, would remain
similar to that of the undoped spectrum of Fig. 5(a), so no
broadening is to be expected.

In contrast to a large number of experiments, we do
not find a significant intensity for z-polarized light. The
contribution to the intensity of the white line is 1.1 and
2.7% for the clusters without and with apex oxygen, re-
spectively. To relate this to the hole densities one has to
realize that the matrix elements are related to each other
by

This is a result of the low 3z —r hole density in the
ground state (and, of course, also the low hole density in
the yz and zx orbitals) that contributes to the spectrum
using only P, . The higher 3z —r hole density for the
Cu30» cluster comes from the fact that the presence of
apex oxygen stabilizes a hole in a 3z —r orbital with
respect to a hole in a x —y orbital. The latter value,
with apex oxygen, is in good correspondence with the low
value of 2+0.5% reported by Chen et aI. Since devia-
tions in linear polarization, or misalignments of the crys-
tal, and imperfections in the sample preparation only lead
to higher intensities for z-polarized light, this value seems
to be the most reliable. Another aspect in favor of
Chen's experiments is the use of samples where the Cu02
planes are tilted with respect to the substrate, thereby
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achieving complete polarization along the c axis at
non grazing angles. Since the same final states are
reached as for planar polarization, no shift of the peaks is
observed, which is in agreement with Chen s data of Fig.
4(a), but in contrast to some other experiments.

V. C82p XES

In a previous paper' we proposed that nonlocal
screening effects should also be included in model calcu-
lations for x-ray emission (XES), considering the fact that
the XES intermediate state is equal to the 2p XPS final
state (for energies far away from threshold). During the
years there has been a lot of controversy on how to deal
formally with XES, especially in the treatment of the in-
termediate state. One can distinguish between two ap-
proaches: the one-step and the two-step models. In the
latter model one assumes that the emission takes place on
a fully relaxed intermediate state. In the limit of zero in-
teraction between the core hole and the valence electrons,
this state is equivalent to the initial ground state (except
for the presence of the core hole). For simple metals the
effect of correlations has been treated in various ways.
One approach is to include the core hole in the intermedi-
ate state and use the lowest energy state with the core
hole present as a new ground state for the emission pro-
cess. Another way of including the effect of the core hole
is by multiplying the matrix elements by power-law fac-
tors to account for the x-ray singularity. ' In a one-
step model, on the other hand, all the intermediate states
are explicitly taken into account. Earlier Tanaka, Okada,
and Kotani treated the XES spectrum for CuO and the
high-T, compounds, using methods similar to ours.

Their calculations, however, were done within the
Anderson-impurity limit which gives an inadequate
description of the intermediate state.

The XES spectrum for CuO and the high-T, com-

pounds consists predominantly of a single peak at —930
eV with a width of 2 —3 eV. The data by Nordgren and
Wassdahl have been reproduced in the inset of Fig. 6(a).
The spectra were obtained using synchrotron radiation
with an excitation energy of 970 eV. The data obtained
with the use of synchrotron radiation should be expected
to give better results as they suffer less from
satellites caused by multiply ionized states. The fact that
the width of the main line of the Cu 2p XPS spectrum is
broader has usually been taken as a justification of the
two-step model. However, band-structure calculations
have shown little success in explaining the spectrum.
This is not surprising since correlation effects are now
quite generally thought to be of importance for the
description of the high-T, compounds. Especially for the
insulating compounds (and also for CuO), the relaxation
time of the valence holes is expected to be long compared
to the lifetime of the core hole. In that case a one-step
description of the XES process is necessary. In the
remainder of this section we will show that the presence
of a broad main line of the Cu 2p XPS spectrum is not in-

compatible in the one-step model with a narrow XES
spectrum.

Following a similar derivation as Gunnarsson and
Schonhammer in their theory on dynamical Auger
theory (where the term "dynamical" refers to the fact
that the dynamic screening of the core hole by valence
electrons is taken into account), the outgoing x-ray pho-
ton current at an energy co is, in the one step model, given
as

I(zz) X(Ez(6() V -z P6(zz zl ,Eg g)P z
— V E (6())zp g 1

a zo Htot /r zo +tot+ir

with zo=EO(N)+co, „, and V and P are the 2p photo-
emission and the dipole operator, respectively, as used in
the previous sections. The broadening term ir causes a
mixing of the various intermediate states, as a result of
the coupling of these states via multiple Auger processes.
To deal with this properly one has to describe this by a
complex many-body operator. Unfortunately, as a result
of the large final-state basis set, we had to neglect all in-

terferences effects between the different intermediate
states leading to the same final state, i.e., the limit I ~0.
However, since the most significant intermediate states
have a reasonably large energy spacing compared to I,
the interference effects are not expected to essentially al-
ter the spectrum.

The calculation has been done for the Cuz07 cluster
with two holes in the ground state. For the intermediate
state the Hamiltonian with the core hole potential H has
been used. The total XES spectrum is shown in Fig. 6(a).
Note that it has a similar single peaked structure as is
found experimentally. The width of the peak is also

smaller than that of the 2p XPS spectrum. The maximum
energy of the peak is at a somewhat higher value com-
pared to the experimental value when assuming that the
2p XPS maximum is at 933 eV [see Fig. 7(a)]. To clarify
the different contributions to the spectrum a division into
spectra belonging to a specific outgoing photoelectron
has been made. One could denote these spectra as x-ray
emission photoelectron coincidence spectra (XEPECS}.
The spectra shown have intermediate states with as main
character cd';ZR [Fig. 6(b)] and cd' L; l [Fig. 6(c)] for
the main line [poles M l and M2 of the intermediate state
spectrum shown in Fig. 7(a)], and cd; t [Fig. 6(d}] for the
satellite [pole S in Fig. 7(a)].

All the spectra have the same final states, correspond-
ing to the final states that can be reached by photoemis-
sion. Figure 7(b) shows the 3d-electron removal spec-
trum for the Cu207 cluster with two holes in the ground
state, comparable to a photoemission experiment done at
high photon energies where the 0 2p cross section is low.
Some small differences with previously published spectra
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by Eskes and Sawatzky' are a result of the somewhat
simplified cluster and the neglect of the Coulomb interac-
tion on oxygen. The states between 0 and 7 eV have a
large amount of oxygen character, resulting from the fact
that CuO and the high-T, compounds are in the charge-
transfer regime of the Zaanen, Sawatzky, and Allen dia-

gram. ' The satellite is a result of final states with mainly
d character that appear at higher energies as a result of
the dd Coulomb interaction. The position of the Fermi
level with respect to the final states is also indicated in

the XEPECS spectra (although for this optical process
the position of the Fermi level has little meaning. Note

I

also that plotting the XES data on a binding energy scale
to compare it with photoemission, as is often done, is also
somewhat misleading, since it is hard to define an abso-
lute binding energy scale considering the contributions
from the different intermediate states to the total XES
spectrum). The strong difference between the photoemis-
sion experiment and XES is caused by the spectral
weights. For photoemission the weight for a certain final

state is given by ~ ( E„(N—1 ); Ek ~ Vpzs ~
Eo(N ) ) whereas

for XEPECS for a particular intermediate state, this
weight is proportional to

l (EF(N 1);Ek—I&.IEI(N —1);Ek & «1(N —1);Ek I
VIEo(N) ) I'

One remarkable aspect is that these spectral weights
strongly depend on the intermediate state on which the
emission takes place. These weights have their major
contribution in a relatively small part of the final states.
The energy of these final states is comparable to the ener-

gy of the intermediate states. This leads to the peaked

appearance of the XES spectrum since co=El —EF will

be more or less constant. The simplest way of looking at
it is that the eigenstates of both initial and final states
have similar phase relations except that the valence hole
replaces the core hole. The 2p XPS satellite, which has
mainly cd; 1 character, goes to d; t after the emission
process. More interesting is that the main peak of the
EF(N —1) states can also be divided into two parts like

the 2p XPS spectrum.
We see that the low binding energy feature of the Cu

2p XPS main line after emission predominantly ends up
in the region of the final states closest to the "Fermi lev-

el." The high-energy part mainly leads to higher final-

state energies. Since these latter intermediate states have
mainly c 3d' L; 1 character, these final states have largely

l I

M1

(b) M1

(d) S

I

920
I g ~ I i I

C)Q

Energy [eV]
FIG. 6. Calculation of the Cu 2p XES spectrum. (a) total

XES spectrum using the Cu207 cluster using two holes (un-

doped). The inset shows the experimental data as obtained by
Nordgren and Wassdahl (Ref. 44). (b) XEPECS spectrum,
kinetic energy corresponds to pole M1 of the intermediate spec-

trum, see Fig. 7(a). (c) The same for pole M2. (d) The same for
the satellite (S). The arrows denote the position of the Fermi
level with respect to the final states in the photoemission spec-
trum of Fig. 7(b).

I i I

—10
Binding Energy [eV]

FIG. 7. Intermediate and final states of XES for the Cu207
cluster. (a) Intermediate states of Cu 2p XES, equivalent to Cu

2p XPS. M1, M2, and S denote the intermediate states used in

the XEPECS calculation of Figs. 6(b), 6{c),and 6(d). (b) The 3d

electron removal spectral function. The upper and lower bind-

ing energy scales belong to the Cu 2p XPS and valence-band

spectrum, respectively.
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two-hole (I ); 1 character. I" stands here for the various
final states that can be reached from an intermediate state
with predominantly local b& symmetry. The symmetries
for which the fractional parentage (b,

&
m

~ J I ) is finite

are 'A, (m=b, i), B,(a, ), 'B,(a, i), Az(b2 ),

'Az(bid), E(e ), and 'E(ei). On the other hand, the
final states that are reached from the lowest intermediate
state with mainly c3d ';ZR character, are y; ZR, with lo-
cal symmetry y = 8 &, A &, 82, and E. Thus the
creation of a hole by a photoemission process can lead to
a final state with a Zhang-Rice singlet on a neighboring
Cu04 unit.

One could relate this effect to the kinetic effect found
in Hubbard systems. ' ' For hole doped Hubbard sys-
tems there are two ways of ending up in the lower Hub-
bard band for the electron addition spectral function.
[This problem is closely related to the strong transfer of
spectral weight observed in XAS (Ref. 10} and EELS
(Ref. 11) experiments on doped high-T, compounds. ]
First, there is the counting principle which states that for
every removed electron the low-energy phase space in-
creases by twice as much. The second effect, which fur-
ther enhances the spectral weight transfer, comes from
the finite transfer integral between the sites. The simplest
way of looking at this effect is in lowest-order perturba-
tion theory. In an ionic system the addition of an elec-
tron to an already occupied site would correspond to
reaching a final state in the upper Hubbard band. How-
ever, after switching on the hybridization, the electron
can also hop to a neighboring site which might be unoc-
cupied, thereby contributing to the lower Hubbard band.
The increase in low-energy spectral weight ' is to
lowest order proportional to t(c,t c )/U. For more
complicated systems this kinetic effect is thus also possi-
ble for undoped systems.

Tanaka, Okada, and Kotani found a similar explana-
tion for the single peaked structure, also using a one-step
approach, and confirm our statement that the two-step
approach provides an inadequate description of the x-ray
emission process. Their calculations, however, were re-
stricted to the Anderson-impurity limit and could not
satisfactorily explain the difference in widths between the
Cu 2p XPS and XES data.

VI. CONCLUSION

In this paper we have shown that the presence of more
Cu atoms often leads to final states lower in energy than
those that would have been found if the calculations were

restricted to the Anderson-impurity limit. For Cu 2p
XPS they lead to the wide asymmetric main line (and also
offer a transparent explanation' for the disappearance of
this width for NaCu02}. For hole doping we find similar
effects as observed experimentally. It is important to
note that an interpretation based on independent "Cu +"
and "Cu +" sites gives a different and, in our view, in-

correct insight into the physics involved. This also ap-
plied to Cu 2p XAS where for the broadening due to hole
doping it is important whether the absorption process
leads to a situation where the spin is parallel or antiparal-
lel to the neighboring sites —an effect that could not have
been found within the Anderson-impurity framework,
since in that approach the neighboring transition metal
sites are assumed to be of no importance.

For XES we find that the wide shape of the main line
of the Cu 2p XPS spectrum is not incompatible with a
narrower XES spectrum when using a one-step model.
This presents evidence against the claim that these two
effects validate the two-step model, where the emission
takes place on a new "ground state" including a core
hole. We also believe that for transition-metal com-
pounds, like the ones described here, the one-step model
is more appropriate since strong correlation effects will
lead to long relaxation times for the intermediate state.
Unfortunately, this will also severely complicate the in-

terpretation of XES data since in the emission spectra
emission from different intermediate states will be super-
imposed on each other.

Furthermore we have found that the inclusion of more
Cu atoms is also important for the interpretation of the
valence-band photoemission spectrum. Intersite effects
cause a transfer of spectral weight to lower energy. The
large stabilization energy of the Zhang-Rice singlet can
lead to a significant spectral weight of final states with a
Zhang-Rice singlet on a Cu04 unit neighboring the Cu
atom where the 3d electron was removed. These effects
are also thought to be of importance for other models,
like the degenerate Hubbard system that was proposed
to describe the low-energy physics in C60.
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