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photoemission study

A. Koitzsch and J. Fink
Institute for Solid State Research, IFW Dresden, P.O. Box 270016, D-01171 Dresden, Germany

M. S. Golden
Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65, NL-1018 XE Amsterdam, The Netherland

K. Karlsson
Institutionen fo¨r Naturvetenskap, Ho¨gskolan Sko¨vde, S-541 28 Sko¨vde, Sweden

O. Jepsen and O. Gunnarsson
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

L. L. Miller
Ames Laboratory, Iowa State University, Ames, Iowa 50011

H. Eisaki
Department of Applied Physics, Stanford University, Stanford, California 94305-4090

S. Uchida
Department of Superconductivity, The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

G. Yang and S. Abell
School of Metallurgy and Materials, The University of Birmingham, Birmingham, B15 2TT, United Kingdom

~Received 29 October 2001; published 25 July 2002!

We have studied the core level photoemission spectra of the two-dimensional cuprates Sr2CuO2Cl2 ,
Sr2CuO2Br2 , Ca2CuO2Cl2 , Bi2Sr2CaCu2O81d , and Nd2CuO4 , with particular focus on the screening re-
sponse to core-hole creation in the Cu-2p3/2 level. The influence of the apex positions on the shape of the
so-called main line is investigated, and found to be weak. Additionally, an Anderson impurity model was used
to fit the shape of the main lines, obtaining good agreement with the data from Nd2CuO4 . For the other
compounds, while the energy spread of the two screening channels~local and nonlocal! is well reproduced, the
theory underestimates the width of the nonlocally screened feature. The shapes of the main lines are discussed
in detail.
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I. INTRODUCTION

The investigation of core level photoemission spectra
provide valuable insight into the electronic structure of m
terials and especially of correlated systems such as the
prates. Although the core electrons are chemical inactive,
creation of a core hole causes a response of the valence
tron system which is visible in the core level spectra. Sin
the discovery of the high-temperature superconductivity
the cuprate systems in 1986,1 this technique has often bee
used to determine electronic parameters such as the ch
transfer energyD for various cuprate compounds.2–4

In divalent copper compounds such as the undoped pa
compounds of the high-temperature superconduc
~HTSC’s!, copper has the electronic configuration Cu21:
@Ar# 3d9. This means there is a single hole in the 3dx22y2

orbital per copper atom. The on-site Coulomb repulsion,
scribed by the Hubbard parameterU ~;8–9 eV!, causes lo-
calization of the holes and gives an insulating, and usu
antiferromagnetic ground state for the undoped tw
0163-1829/2002/66~2!/024519~13!/$20.00 66 0245
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dimensional cuprates. Creating a core hole in the Cu-2p or-
bital pulls the Cu-3d levels down in energy and enables
charge transfer from the surrounding ligand orbitals~in this
case the O-2p levels!. Thus, each spin-orbit component o
the Cu-2p core level line in photoemission of the divale
cuprates is split into a so-called satellite line with the fin
state configurationc213d9 and a so-called main line with a
configurationc213d10L21. Herec21 stands for the hole in
the core level andL21 for a ‘‘ligand’’ hole in the surrounding
O-2p levels. In the latter final state a charge transfer proc
has taken place from oxygen to copper as a screening
sponse to the core hole. This process is energetically fa
able due to the large Coulomb repulsionUdc between holes
in the Cu-2p and -3d levels, thus the main line appears som
8–9 eV below the satellite on a binding energy scale.

The intensity ratio between satellite and main line and
energy separation between them are, in cluster models
lated to the electronic parametersUdc , D, andTpd , the latter
being the total hybridization between the Cu-3d and the
O-2p orbitals.5,2,3D is defined byD5«d2«p , where«d and
©2002 The American Physical Society19-1
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A. KOITZSCH et al. PHYSICAL REVIEW B 66, 024519 ~2002!
«p are the energies of the Cu-3d and O-2p levels. Further
information can be gained from the spectra by investigat
the fine structure of the lines. The fine structure in the sa
lite is due to multiplets resulting from the interaction b
tween the angular momenta of the core hole and the 3d hole
in the final state. The main line shows no multiplet structu
because the 3d shell is essentially filled. However, the fin
structure of the main line is an issue of ongoing discuss
First measurements with moderate resolution carried ou
polycrystalline samples led to the observation of asymme
broad main lines,2,6 which was explained in terms of th
valence electronic structure,7 since the charge transfer is e
sentially the transfer of an electron from the valence ban
the copper 3d level. Later the notions of local and nonloc
screening channels were established.8,9 In this picture, the
local screening channel should be situated at the high b
ing energy side of the main line and is due to a charge tra
fer from the O-2p orbitals next to the core-ionized copp
atom—i.e., this screening response takes place on a s
CuO4 plaquette. The nonlocal screening channel is then
to further delocalization of the hole density to neighbori
plaquettes, where it forms a Zhang-Rice singlet, coupling
the spin of the intrinsic 3d hole at the non-core-ionized cop
per sites. Because of the total energy reduction due to
stable spin configuration this final state is situated at the
binding energy side of the main line. Recently Karlss
et al.10 showed that the broadening of the main line is not
se related to the formation of Zhang-Rice singlets but to
possibility of a nonlocal screening process involving a v
lence band of finite width. To explain the different widths
the main lines in Bi2Sr2CaCu2O81d and in Nd2CuO4 the
idea of a further screening channel involving the apex po
tions has been suggested.11

Subsequent high-resolution experiments12,13 revealed a
clear and systematic dimensionality dependence of the
structure in the main line. The ‘‘dimensionality’’ of th
copper-oxygen network here is defined in terms of the n
work formed by joining the paths with a strong supere
change interaction.12,13 If the Cu-O plaquettes are connecte
by their edges, as in Li2CuO2, the Cu-O-Cu interaction is via
an angle of 90° and is thus weak, giving what can be ca
a ‘‘zero-dimensional’’ network. If the CuO4 plaquettes are
connected via their corners to form a chain, as is the cas
Sr2CuO3, the Cu-O-Cu angle is 180°~Ref. 14! and the su-
perexchange interaction is strong and antiferromagne
Connecting the plaquettes via their corners in two orthogo
directions results in a two-dimensional network.

In experiment a narrow, single component main line w
observed for zero-dimensional cuprates such
Li2CuO2,13,15 while the main line of one-dimensional cu
prates was clearly comprised of two components.12 The
single component main line for zero-dimensional cuprate
due wholly to a locally screened channel: nonlocal screen
channels are impossible in this case due to the weak inte
tion between the Cu-O plaquettes. The two component
the main line of the one-dimensional cuprates are due
local and a nonlocal screening channel. Several theore
approaches have been able to describe satisfactorily the s
02451
g
l-

e

n.
n

c,

to

d-
s-

gle
e

o

is
w

r
e
-

i-

e

t-
-

d

in

c.
al

s
s

is
g
c-
in
a
al
ec-

tra of zero-dimensional and one-dimensional cuprates,
have failed to describe the data from the two-dimensio
cuprate Sr2CuO2Cl2 correctly.10,16,17 The main line of this
compound is comprised of two components, whereby
leading structure is very broad. The theories, however, p
dict this low-energy component to be rather narrow. Ho
ever, the Cu-2p data from the two-dimensional cupra
Ba2Cu3O4Cl2 ~which has a Cu3O4 plane built up of interpen-
etrating 2D CuAO2 and 0D CuB networks! could be de-
scribed correctly within the Anderson impurity mod
~AIM !.10,39 Encouraged by this we applied an AIM to fit th
spectra rather than a cluster model. Although cluster mod
are somewhat more ostensive in their description of
physical process they are limited to finite size structures w
relatively few atoms. They appear to have more problem
explaining the experimental results than the AIM.

The Cu-2p core level spectra of the two-dimensional c
prates with their special importance in the context of hig
temperature superconductivity are not fully understood a
further investigations are clearly needed.

To clarify whether Sr2CuO2Cl2 is a special case for the
divalent two-dimensional cuprates, we have investiga
single crystals of the structurally closely related compou
Ca2CuO2Cl2 . Furthermore, to evaluate a possible influen
of the apex positions on the shape of the spectra we have
studied single crystals of Sr2CuO2Br2 and Nd2CuO4. In the
former, the apex position is occupied by another atom~Br!
with respect to the case in Sr2CuO2Cl2 ~Cl!, and in theT8
crystal structure of Nd2CuO4 no apex atoms occur. To exam
ine the influence of doping the CuO2 plane with holes, and to
relate the previously mentioned measurements of undo
nonsuperconducting cuprates to the high-temperature su
conductors themselves, we also present data from si
crystals of Bi2Sr2CaCu2O81d . The amount of surface con
taminations was examined and found to be small, mak
any impact on the Cu-2p photoemission spectra and concl
sions drawn from them very unlikely. The experimental da
have been analyzed within the framework of an Anders
impurity model. The goal of this joint experimental and th
oretical investigation of two-dimensional cuprates is to d
termine and understand the typical situation for the tw
dimensional cuprates, as has been successfully carried o
the zero- and one-dimensional cases.10,12,17

The organization of the paper is as follows. In Sec. II w
describe the experimental details. In Sec. III some import
crystal properties of the measured compounds are collec
In Sec. IV our theoretical approach is described. Section V
devoted to the presentation of our experimental and theo
ical results, which are then discussed in Sec. VI. Section
is a summary.

II. EXPERIMENTAL

The x-ray-photoemission experiments were performed
ing a commercial XPS-spectrometer.18 Monochromatized Al
Ka radiation with an energy ofhn51486.6 eV and band-
width of 0.4 eV was used as an excitation source. All m
surements were carried out at room temperature. The p
sure in the main chamber during the measurements
9-2
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CORE-HOLE SCREENING RESPONSE IN TWO- . . . PHYSICAL REVIEW B 66, 024519 ~2002!
between 1.331028 and 6.531028 Pa. The overall energy
resolution of the measurements, estimated using the
90 % width of the Fermi edge of gold, was 0.4 eV for
analyzer pass energy of 5.8 eV. For the calibration of
binding energy~BE! scale we used the Fermi edges of Ar io
etched gold, copper and silver metal foils~all set as zero BE!
as well as the BE’s of the Au 4f 5/2 ~84.0 eV! and Ag 3d3/2
~368.25 eV! core level lines.

Single crystals of Sr2CuO2Cl2 , Sr2CuO2Br2 ,
Ca2CuO2Cl2 , Bi2Sr2CaCu2O81d , and Nd2CuO4 were
mounted on sample holders using conducting epoxy an
cleavage lever was glued on top of the crystals. The crys
were cleaved in the preparation chamber (p;131027 Pa)
by knocking off the cleavage lever. For the Nd2CuO4 crys-
tals an additional cleavage technique was used, where
notch was sawn into the crystals and they were moun
using Ta wire. The whole sample mounting process was
ried out in an argon-filled glove box for Sr2CuO2Br2 and
Ca2CuO2Cl2 because of the strong hygroscopic behavior
these systems. The transport of the prepared samples t
spectrometer in air and their pump down took maximally t
minutes. The Sr2CuO2Cl2 , Sr2CuO2Br2 , Ca2CuO2Cl2 , and
Bi2Sr2CaCu2O81d samples cleaved easily, providing flat, r
flecting and clean sample surfaces, all displaying remarka
inertness. Weak carbon contamination peaks appeared
after several days of measurement. The cleavage
Nd2CuO4 is complicated by the hardness of the mater
Several attempts using the top-post method described a
were required to succeed in cleaving the crystal. The sur
thus produced tended to pollute faster and was not c
pletely contamination-free, even immediately after cleava
as will be shown below.

As many of these systems are insulators, one needs t
aware of the possibility of charging during the experime
Strong charging effects were only observed for Sr2CuO2Br2 ,
which resulted in a shift and deformation of the spectral f
tures. Thus, in this case a low-energy electron flood gun
used during the measurement. Slight shifts of the spec
features were sometimes visible in the insulat
Sr2CuO2Cl2 and Nd2CuO4 too, but no deformation or broad
ening of the spectra was observed. Ca2CuO2Cl2 and
Bi2Sr2CaCu2O81d never showed any sign of charging e
fects. All spectra were taken at an angle of approximat
45° between the sample surface normal and the analyze
rection and a Shirley background was subtracted from
data.

III. CRYSTAL STRUCTURES

Sr2CuO2Cl2 , Sr2CuO2Br2 , and Ca2CuO2Cl2 crystallize
in the body centered, tetragonal K2NiF4 structure where the
apex positions are occupied by Cl or Br~see Fig. 1!.19 Table
I provides the lattice parameters and relevant bond length
the compounds measured. Due to the smaller size of the
ion with respect to Sr, the Cu-O distance in Ca2CuO2Cl2 is
smaller than in Sr2CuO2Cl2 . The Cu-apex distance is th
largest for Sr2CuO2Br2 due to the large size of the Br ion.

Nd2CuO4 crystallizes in aT8 structure without an apex
position ~see Fig. 1!.20 Bi2Sr2CaCu2O81d has two CuO2
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planes per unit cell, which are separated by Ca atoms.
oxygen atoms of the Sr-O layer form the apex position of
copper, thus only one apex position per copper atom is
cupied giving a CuO5 square-based pyramid. Ou
Bi2Sr2CaCu2O81d samples showed a superconducting ph
transition at 87 K and are therefore relatively close to op
mal doping.21 All the Cu-O planes of the cuprates und
consideration contain a two-dimensional CuO2 network.

IV. THEORY

The core level spectra were calculated using an Ander
impurity model~AIM !. The Cu-3d orbitals of the core hole
plaquette are treated separately~as an ‘‘impurity’’! from the
rest of the Cu-O~host! network, the latter being treate
within in the local density approximation~LDA !. The AIM is
represented by the Hamiltonian22

H5 (
n51

10 H E «C«n
1 C«nd«1@«d2Udc~12nc!#Cn

1Cn

1E @Vn~«!Cn
1C«n1H.c.#d«J 1U (

n,m
nnnm , ~1!

where«d is the energy of the Cu-3d level and« is the energy
of the hopping electron.n is a combined spin and orbita
index. The host valence states are labeled by the ener«
andn and the impurity Cu-3d states are labeled byn. C«n is

FIG. 1. Crystal structures of~a! Bi2Sr2CaCu2O81d , ~b! the ha-
looxocuprates, and~c! Nd2CuO4 .
9-3
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TABLE I. Lattice parameters and crystal structure data for the compounds concerned.

Lattice constants
~Å! Bond lengths~Å! So

a c Cu-O Cu apex

Sr2CuO2Cl2 3.97 15.61 1.99 2.86 ~Re
Ca2CuO2Cl2 3.87 14.98 1.93 2.73 ~Re
Sr2CuO2Br2 3.99 17.16 2.0 2.98 ~Re
Nd2CuO4 3.94 12.15 1.97 ~Re
Bi2Sr2CaCu2O81d 5.4 30.7 1.91 2.2 ~Re
om
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an annihilation operator, which removes one electron fr
the host level.Cn annihilates one electron from an impuri
Cu-3d level. The impurity level is pulled down from a
energy of«d to «d-Udc when a core hole is created. Th
electrons in the impurity Cu-3d levels experience the Cou
lomb energyU. In this approach we explicitly treat correla
tion effects at the Cu impurity, while the correlation effec
in the host are treated approximately at the level of the LD
As energy zero we use the energy«F50, of the highest
occupied state.

The idea here is to find the energy dependence of
electronic transitions from the host to the impurity in t
presence of a core hole at the impurity site. First one ha
calculate the local density of states~LDOS! rn ~«! of the
Cu-3d orbitals for all compounds, with the labeln standing
for the particular Cu-3d orbital under consideration. For this
the LMTO method was used.23,37 In principle, the DOS or
the band structure is a result of the quantum-mechanica
teraction between the orbitals, represented as a hopp
Thus, one can derive the hopping matrix elementsVn ~«!
from the LDOS using the relationship24

puVn~«!u52ImH F E rn~«8!

«2«82 i0
d«8G21J . ~2!

We express the ground state in terms of a many-elec
basis set, as indicated schematically in Fig. 2. In the simp
approximation, we use the states illustrated in Figs. 2~a! and
2~c!, which describe the impurity in ad9 configuration and in
a d10 configuration with a hole in the valence bandd10L21.
Thus we write the ground-state as25

uE0&5AS Cnud10&1E
« f

an~«!C«nud10&d« D , ~3!

where A is a normalization constant. The first term corr
sponds to a 3d9 configuration and the second term to a C
3d10 L21 configuration, whereL21 represents one hole in
host level. Due to the various energies and the different h
ping possibilities of the host levels this component is a su
mation over the energies of the host levels up to the Fe
energy with weightsan(«). These weighing factors are give
by10

an~«!5
Vn~«!

DE2«d1«
, ~4!
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wherebyDE is the lowering of total energy of the system
caused by hybridization of the mixed ground state relative
the energy of the pure 3d9 state. The expression in Eq.~3! is
useful for qualitative discussions but it does not give ve
accurate results. In our numerical calculations we therefo
also include the states shown as~b! and ~d! in Fig. 2.

The core level spectra are calculated using a resolv
operator and inserting intermediate states similar to the t
terms in Eq.~3!.22,25«d is used as an adjustable parameter
fit the model spectra to the experimental intensity ratio b
tween satellite and main lineI S /I M .

In the presence of a core hole, thed10L21 states are sub-
stantially lower in energy than thed9 states. For a qualitative
discussion~but not in the calculations!, we therefore neglect
the hopping between these states in the presence of a c
hole. We then obtain the simplified spectrum10

r5A2@a2~«!Q~2«!1d~«2«d1Udc!#. ~5!

The first term corresponds to the main line and describ
how an electron has hopped from the valence band into

FIG. 2. Basis states for divalent Cu.~a! Describes a Cud9

configuration.~b! Shows the result of a hop of a 3d electron into the
conduction band. In~c!, a valence electron has hopped into the 3d
level. If a valence electron hops into the conduction band we arri
at ~d! and in state~e! one valence electron has hopped in the co
duction band and another into the 3d level.
9-4
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CORE-HOLE SCREENING RESPONSE IN TWO- . . . PHYSICAL REVIEW B 66, 024519 ~2002!
Cu-3d level to screen the core hole. The second term
scribes the satellite, where such a screening has not t
place.

The most important energy bands in the cuprates stu
here consist of antibonding and bonding combinations of
3dx22y2 Cu orbital with O-2p orbitals on the neighboring
four O sites. When the Cu core hole is created and the Cud
level is pulled down, the O-2p orbitals pointing towards the
core ionized Cu atom form a nonbonding combination.
electron from this level can hop into the Cu-3d level to
screen the core hole. The corresponding structure in the s
trum is usually referred to as the locally screened peak.
ternatively, the core hole can be screened by an elec
hopping into the Cu-3d level from the antibonding band in
the host surrounding the core ionized atom. The correspo
ing structure in the spectra is referred to as the nonloc
screened feature. These hopping processes in the presen
the core hole are shown schematically in Fig. 3.

As can be seen from Eq.~5!, the weight of the different
structures is determined byan(«) in Eq. ~4!. This depends on
the hopping matrix elements between the host and the Cud
level and, in particular, on the energy denominator. This
nominator has the effect of strongly favoring hopping fro

FIG. 3. Schematic representation of charge transfer in the A
The Cu-3d impurity level is shown on the right side of the figur
whereby its energy has been lowered in the presence of the
hole byUdc . Charge transfer to the Cu-3d impurity either occurs
from the nonbonding oxygen orbitals from the core ioniz
plaquette~center of the picture, arrow A! or from the antibonding
host bands~left side of the picture, arrow B!.
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the highest occupied states. This is in particular the cas
DE2«d is small, sincean(«) then drops very quickly as
epsilon becomes more negative.

V. RESULTS

A. Experiment

1. Halooxocuprates

Figure 4 shows the O-1s core level spectra of
Sr2CuO2Cl2 , Sr2CuO2Br2 , and Ca2CuO2Cl2 . For compari-
son, the spectra of Sr2CuO2Br2 and Ca2CuO2Cl2 have been
aligned to the Sr2CuO2Cl2 line ~the energy shifts are as in
dicated in the figure!. The original positions of the O-1s
lines were 528.3 eV for Sr2CuO2Br2 and 528.8 eV for
Ca2CuO2Cl2 . The measured spectrum of Sr2CuO2Br2 ap-
peared at lower binding energies most likely because of
use of the flood gun. The downward shift in the case
Ca2CuO2Cl2 may be due to a different position of the chem
cal potential in the gap with respect to Sr2CuO2Cl2 , since all
lines of the former are slightly shifted to lower binding e
ergies. The O-1s binding energy of Sr2CuO2Cl2 measured
here is about 529.3 eV, consistent with previo
measurements.12 The full width at half maximum~FWHM!
of the O-1s spectra of Sr2CuO2Cl2 and Ca2CuO2Cl2 are
both 0.8 eV indicating single component lines. The FWH
of Sr2CuO2Br2 is slightly broader at 1 eV, which is probabl

.

re

FIG. 4. O-1s core level photoemission spectra of Sr2CuO2Cl2 ,
Ca2CuO2Cl2 , and Sr2CuO2Br2 . The numbers in brackets indicat
the quantity and direction by which the spectra have been shifte
energy to align them with that of Sr2CuO2Cl2 .
9-5
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A. KOITZSCH et al. PHYSICAL REVIEW B 66, 024519 ~2002!
due to the use of the flood gun. We assume a single com
nent line for the Sr2CuO2Br2 as well. No contamination is
visible in any of the spectra, which would appear as an
ditional component at the higher-binding-energy side of
peak.

Figure 5 illustrates the cleanliness of the sample surfa
as concerns possible adventitious carbon or carbonate
tamination, which would occur at binding energies of arou
285 eV for carbon and of 288–290 eV for carbonate c
tamination. The complete absence of a C-1s signal in the
case of Sr2CuO2Br2 indicates that the sample surface is co
pletely free of carbon contamination. For Sr2CuO2Cl2 and
Ca2CuO2Cl2 , only weak C-1s spectral features develop a
ter long measuring times. The cross section corrected in
sity ratios of the C-1s to the O-1s signals for Sr2CuO2Cl2
and Ca2CuO2Cl2 are 0.04 and 0.08, respectively. This corr
sponds to relative atomic carbon contamination ratio at
surface of around 1.3% for Sr2CuO2Cl2 and 2.3% for
Ca2CuO2Cl2 . Therefore, from the O-1s and C-1s spectra
we can conclude that the halooxocuprate cleavage surf
are almost completely free of extrinsic contamination. F
thermore the CuO2 layers are not at the surface after clea
age and thus the minimal carbon quantities observed d
have an important effect on the copper spectra.

Figure 6 shows the Ca-2p core level spectrum o
Ca2CuO2Cl2 . Although the sample was almos
contamination-free and there is formally only a single cr

FIG. 5. Sr-3p/C-1s core level spectra of Sr2CuO2Cl2 and
Sr2CuO2Br2 .
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tallographically unique calcium site in the lattice, the spe
trum consist of a pair of spin orbit split doublets. Simil
splittings have been detected earlier for other Ca-contain
cuprates.45 Since Ca2CuO2Cl2 does not show any signs o
oxygen-containing contamination in the O-1s spectra, prac-
tically the only possibility to explain this feature in terms
contamination would be by the presence of a carbide
compound at the surface. This would be in contradiction
the binding energies observed for both carbon and calci
thus ruling out this possibility. Furthermore, no second co
ponent was found in the chlorine lines and no similar feat
was found for the Sr core level lines in the isostructu
system Sr2CuO2Cl2 . Neutron-diffraction measurements o
Ca2CuO2Cl2 did not show any signs of a lowered cryst
symmetry26 in these crystals. The binding energy separat
between the doublets is around 1 eV and their intensity r
is around 1:3. A quantitative analysis shows that the cro
section corrected ratio between the calcium and chlorinep
signals is 1:1~as expected from the stoichiometry! if one
considers both Ca components. Thus, no calcium exces
present in the Ca-Cl block layers. In the Ca-2p spectra of
Bi2Sr2CaCu2O81d ~not shown!, a small shoulder is also ob
servable, but in this case it is explained by a certain fract
of calcium atoms that occupy the crystallographic sites of
chemically similar Sr atoms.27 Such a process is not possib
in Ca2CuO2Cl2 because of the absence of Sr sites. Nevert
less, Ca is a light and small ion and thus the Ca sublat
may be prone to disorder in the crystal structure. We sugg
this to be a possible explanation for the observed splitting

FIG. 6. Ca-2p core level spectrum of Ca2CuO2Cl2 . Note that,
the spectrum consists of a pair of spin-orbit split doublets.
9-6
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CORE-HOLE SCREENING RESPONSE IN TWO- . . . PHYSICAL REVIEW B 66, 024519 ~2002!
the Ca-2p core level line in Ca2CuO2Cl2 and the absence o
this feature for Sr in Sr2CuO2Cl2 , which is in agreemen
with conclusions drawn for other Ca-containing cuprate45

In this context we mention that Ca2CuO2Cl2 is much more
easy to dope chemically than Sr2CuO2Cl2 .28,29 It is natural
to assume that the component due to the disordered Ca g
rise to the smaller doublet, thus meaning that these Ca
appear at lower BE values close, in fact, to those of meta
calcium.30 If the BE of the disordered component were to
taken at face value in a simple initial state charging mode
could point to an alteration of the overall charge balance
the system, leading to ap-type doping of the CuO2 planes.
However, as this paper clearly shows, the final state scr
ing response can also strongly modify core level photoem
sion line shapes and energies. In any case, such a Ca dis
could be an realistic explanation for the observation t
Ca2CuO2Cl2 is the only insulating halooxocuprate that nev
shows charging effects—even in ARPES experiments at
temperatures31—the reason being quite simply that the gap
not as clean as in the other systems such as Sr2CuO2Cl2 .

Figure 7 shows a comparison of the Cu 2p3/2 spectra of
Sr2CuO2Cl2 , Sr2CuO2Br2 , and Ca2CuO2Cl2 . The result for
Sr2CuO2Cl2 is in agreement with previous measurements12

The spectra have been aligned such that the respective Os
BE’s match that of Sr2CuO2Cl2 . The shape of the main line
is very similar for all of these three systems: in fact t
spectra of Sr2CuO2Cl2 and Sr2CuO2Br2 are almost identical.
Ca2CuO2Cl2 shows a smaller intensity ratio between the s
ellite and main line with respect to the other compoun
Table II gives the intensity ratio between the satellite a
main lines, their energy separation, as well as the FWHM
the main line for all the compounds studied in this pap
Generally, one observes a broad satellite line due to the m
tiplet splitting between the angular momentum of the Cu-p
core hole and the valence hole in the 3d shell. As mentioned
in the Introduction, the main line is also a broad structu
that can be considered to consist of two components.
shape of the main line will be discussed in detail in Sec.

FIG. 7. Cu-2p3/2 spectra of the halooxocuprates Sr2CuO2Br2 ,
Sr2CuO2Cl2 , and Ca2CuO2Cl2 . The spectra are aligned in energ
such that the respective O-1s binding energies line up with those o
Sr2CuO2Cl2 . The spectra are normalized to the maximum.
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2. Bi2Sr2CaCu2O8¿d and Nd2CuO4

Figure 8 shows the O-1s and the Sr-3p/C-1s spectra of
Bi2Sr2CaCu2O81d . These spectra prove the cleanliness
the cleavage surface. No high binding energy componen
visible either in the O-1s or the Sr-3p spectra, and only a
very weak adventitious carbon-related peak in the vicinity
285 eV is observed in the latter. The fine structure of
O-1s line is related to the different chemical environmen
of the oxygen atoms in the crystal: covalent Cu-O on the l
binding energy side, more ionic Sr-O and Bi-O on the hig
binding-energy side.32

The O-1s spectrum of Nd2CuO4 is depicted in Fig. 9. A
clear high-binding-energy component at 531.2 eV is seen

FIG. 8. O-1s and Sr 3p/C-1s spectra of Bi2Sr2CaCu2O81d

indicating the quality of the cleavage surface.

TABLE II. Characteristic features of the Cu 2p3/2 spectra. De-
spite the asymmetric shape of the main line, the FWHM still giv
a measure of the width of the low-binding-energy part since
shoulder structure becomes appreciable at intensities below ha
the maximum.

Material FWHM ~eV! I S /I M ES2EM ~eV!

Sr2CuO2Cl2 2.8 0.51 8.4
Ca2CuO2Cl2 2.9 0.38 8.6
Sr2CuO2Br2 2.8 0.52 8.5

Bi2Sr2CaCu2O81d 3.8 0.42 8.3
Nd2CuO4 2.2 0.32 8.9
9-7
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A. KOITZSCH et al. PHYSICAL REVIEW B 66, 024519 ~2002!
the O-1s spectrum even immediately after successful cle
age of the single crystal. The same cleavage surface did
hibit adventitious carbon contamination (BE5285 eV), but
it was only minimally more intense~C-1s/O-1s ratio of
0.09! than was the case for Ca2CuO2Cl2 . The crystal struc-
ture of Nd2CuO4 contains two different oxygen sites, whic
are likely to be contained in the 1.4 eV broad main li
centered at 528.9 eV: again the covalent Cu-O bond on
lower-binding-energy side and the more ionic Nd-O bond
the higher-binding-energy side. The low binding energy
the carbon contamination, coupled to the low absolute
contamination level rules out a carbonate origin for the O-s
high-binding-energy~531.2 eV! component. The other cor
level lines could all be assigned unambiguously to Nd or C
Consequently, we suggest the presence of an oxide suc
Nd2O3 located on the surface to be a possible reason for
high-binding-energy feature of the O-1s core level line.
Heating the cleavage surface in UHV leads to the disapp
ance of the weak carbon contamination, but also to a
crease of theI S /I M ratio, and an increase in the oxygen hig
BE peak.

Figure 10 shows a comparison of the Cu-2p3/2 spectra of
Nd2CuO4, Bi2Sr2CaCu2O81d , and Ca2CuO2Cl2 . No further
assumptions or corrections as regards the binding en
scale were made. Bi2Sr2CaCu2O81d shows a slightly
broader main line than Ca2CuO2Cl2 , but the shape is
roughly the same as in the undoped halooxocuprates. In
case of the HTSC, the main line contains a weak contribu
from the Bi-4s core level line (EB5940 eV) but this leaves
the main spectral features unaffected. In contrast
Bi2Sr2CaCu2O81d , the main line of Nd2CuO4 is clearly nar-
rower than those of the other systems, with a significant
duction in the prominence of the high-BE shoulder seen
936 eV in Ca2CuO2Cl2 . In the literature different results
have been reported for Nd2CuO4. While low-resolution
measurements on epitaxial films33 show a considerably large

FIG. 9. O-1s spectrum of the cleavage surface of Nd2CuO4 . A
contamination-related feature located at higher binding energ
clearly visible, as is the multicomponent nature of the O-1s main
line.
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FWHM of 3.39 eV~here 2.2 eV!, results on polycrystalline
samples are roughly in agreement with our results.11,34,38The
intensity ratio between the satellite and main line f
Nd2CuO4 is also the smallest for all compounds studied h
~see Table II!.

B. Theoretical results

Figures 11 and 12 show the results of the calculations
the Cu-2p3/2 main line shape within the AIM. Since the AIM
describes an infinite solid, the intrinsic spectrum is contin
ous. However, to take into account the core-hole lifetim
broadening and the instrumental resolution, the theoret
spectra have been broadened with a Lorentzian and a Ga
ian, respectively. In an earlier paper7 some of us studied the
formally 3d10 system Cu2O, for which there is no interna
source of broadening for the main peak within the pres
AIM theory. Experimental data from this compound we
therefore used to determine the lifetime broadening contri
tion, which was found to be 1.1 eV~FWHM!. In Fig. 11 we
have used a somewhat larger lifetime~Lorentzian! broaden-
ing of 1.5 eV~FWHM!, which yields better agreement wit
the experimental data. The increased broadening used
may simulate the effect of a further broadening mechan
missing in the theory. For the Gaussian broadening we
the instrumental resolution 0.4 eV~FWHM!. Since the de-
tailed fine structure in the calculated spectrum is blurred
the broadening, in Fig. 12 we show the spectra with redu
broadening~FWHM of 0.2 eV for both the Gaussian an
Lorentzian contributions!.

It is interesting to note in the experimental data that b
the main line for Nd2CuO4 is narrower and that the high
binding-energy shoulder is weaker than for the other co
pounds studied here. Nd2CuO4 differs from these com-
pounds by the absence of apex atoms. To explore
theoretically, we have also calculated the spectrum expe
for Nd2CuO4 if it were to have the same crystal structure
La2CuO4, by artificially moving the O atoms of Nd2CuO4
into the apex positions. The LDA calculation for this ne

is

FIG. 10. Cu-2p3/2 core level spectra of Nd2CuO4 and
Bi2Sr2CaCu2O81d with that of Ca2CuO2Cl2 as a reference. The
data have been normalized to have equal maximum intensity.
9-8
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CORE-HOLE SCREENING RESPONSE IN TWO- . . . PHYSICAL REVIEW B 66, 024519 ~2002!
structure was performed in two ways. One route took
potential parameters23 describing the atoms of Nd2CuO4 as
they were for its true crystal structure and then calculated
band structure and the hopping matrix elements in
La2CuO4 structure. The second method involved the ite
tion of this first calculation to self-consistency, thereby
lowing the potential parameters to adjust in response to
new structure. The results of the latter route are shown
Fig. 13. It is interesting to note that the calculated results
the Cu-2p3/2 main line are not changed much by the pre
ence or absence of O apex atoms.

VI. DISCUSSION

We now consider the shape of the Cu 2p3/2 main line
spectra in detail. To ease comparison with each other
with the AIM results, we show in Fig. 14 all the experimen
spectra aligned to the O-1s line in each case. The energet
match-up of the components indicated A, B, and C in
spectra of the different compounds appears to be quite
gestive, but nevertheless we will focus in the followin
mainly on a discussion of the shape of the main lines, as

FIG. 11. Results of the AIM calculations~for details see text! of
the main line of the Cu-2p3/2 photoemission spectra. The theore
cal spectra have been broadened with a Gaussian of width 0.
and a Lorentzian of width 1.5 eV to account for the effects
instrumental resolution and core hole lifetime, as well as other p
sible broadening channels.
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alignment on the energy scale does not consider poss
differences in the Madelung potentials in these systems, e
if their influence is weak.6

First we consider the halooxocuprates. The main str
tural difference between Sr2CuO2Cl2 and Sr2CuO2Br2 is the
identity of the apex atom, as the bond lengths in the cop
oxygen network itself are nearly the same~see Table I!.
Comparing the Cu 2p3/2 core level spectra, one notes that t
shape of the spectra, and in particular of the main lines
almost identical. This suggests that the apex position d
not influence the spectra directly. This is in contradiction
the scenario proposed in Ref. 11, in which the differe
breadth of the main lines in La2CuO4, Bi2Sr2CaCu2O81d
and Nd2CuO4 was linked to the absence of apex atoms
Nd2CuO4 and the consequent impossibility of a charge tra
fer process from the apex oxygen. Taking the experime
evidence from the halooxocuprates and Nd2CuO4 together
with the theoretical evidence presented in Fig. 13, we
clearly rule out a significant role for the apex atoms in t
screening of Cu-2p core holes in the 2D cuprates.

As mentioned earlier, to clarify how ‘‘universal’’ the
broad shape of the Cu 2p3/2 main line is in two-dimensiona
CuO2 plane systems, as well as to investigate how hole d

eV
f
s-

FIG. 12. Results of the AIM calculations~for details see text!
for the main line of the Cu-2p3/2 photoemission spectra in whic
the broadening of the theoretical spectra has been reduced~Gauss-
ian FWHM 0.2 eV and Lorentzian FWHM 0.2 eV! to reveal the
underlying fine structure.
9-9
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A. KOITZSCH et al. PHYSICAL REVIEW B 66, 024519 ~2002!
ing influences the spectra we have also investigated the w
known hole-doped superconductor Bi2Sr2CaCu2O81d and
the undoped parent compound for the electron-doped su
conductors Nd2CuO4. As can be seen in Fig. 14, the ma
line of Bi2Sr2CaCu2O81d is the broadest one of all the com
pounds studied. This may be partly related to a formal Cu31

contribution due to the hole doping of the system. T
Bi2Sr2CaCu2O81d data themselves are in agreement w
previous measurements.11,35The spectra of Nd2CuO4 may be
influenced by the surface contamination discussed in
context of Fig. 9, but it is hard to find reasons why the m
line should narrow so drastically due to a moderate O-rela
contamination. On the basis of the results of our AIM calc
lations shown in Figs. 11 and 12, we assign the compon
labeled A and B in Fig. 14 to the nonlocal screening chan
and the weaker feature C~visible as a shoulder!, to the lo-
cally screened channel. Since we consider both A and B t
the result of the same intrinsic band structure, we refe
them from now on as a single entity, which we call the lea
ing peak. The comparison of the experimental and theore
spectra indicates that the AIM describes the overall width
the main line spectra quite well. This width depends on

FIG. 13. AIM results for the main line Cu-2p3/2 spectra of
Nd2CuO4 in its true crystal structure~1! and in the La2CuO4 struc-
ture using non-self-consistent~2! and self-consistent~3! potential
parameters. Note that in~2! and~3! there are O apex atoms presen
The results have been broadened with a 0.4 eV Gaussian and
eV Lorentzian.
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splitting between the local and nonlocally screened pea
which in turn is determined by the hopping parameters
tained from theab initio band structure calculations. Th
leading peak, ascribed above to nonlocal screening, is, h
ever, broader and more structured in the experimental spe
than is the case in the AIM. The calculated spectra show
Fig. 12 ~with reduced broadening! illustrates that the AIM
already gives a substantial width and structure to the no
cally screened peak. In particular, the width is larger
Bi2Sr2CaCu2O81d and Ca2CuO2Cl2 than for Nd2CuO4, in
agreement with experiment. The width, however, does
main smaller than that observed in experiment and when
larger broadening is used~as in Fig. 11!, very little fine struc-
ture survives in the nonlocally screened feature.

The shape of the main line of the 2D compounds m
sured here is quite similar in each case with the exceptio
Nd2CuO4, which differs with regard to the following points
~a! The main line as a whole covers less area and in part
lar the leading peak is less structured than for the other c
pounds. This leads to the observed absence of compone
in Fig. 14.~b! The intensity ratioI S /I M is the smallest of all
the compounds studied despite the fact that Nd2CuO4 does
not have the smallest Cu-O bond lengths~see Table I!. ~c!
The spectral weight of the locally screened peak~C in Fig.
14! is much weaker than for the other compounds.~d! The
binding energy of the center of gravity of the main line
higher than for the other compounds.

Before discussing the implications of these observatio

1.5

FIG. 14. Comparison of the experimental data for the Cu-2p3/2

main lines of all the compounds under consideration.
9-10
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CORE-HOLE SCREENING RESPONSE IN TWO- . . . PHYSICAL REVIEW B 66, 024519 ~2002!
we mention the possibility of an oxygen loss at surface a
cleavage, which certainly takes place, for example, in
YBa2Cu3O72d system. In this case, this would cause a c
tain formally monovalent fraction, which would naturally re
duce theI S /I M ratio. Our observation that the shape of t
main line narrows and theI S /I M ratio decreases upo
vacuum annealing of the Nd2CuO4 cleavage surface would
be consistent with an oxygen-loss scenario, however,
unlikely that the pristine cleavage surface suffers the sa
problems.

The small I S /I M ratio observed for Nd2CuO4 has been
accounted for with a very small or even negative value ofD,
implying that the Cu-3d level energy«d is lying at or below
the energy of the O-2p related states.34 This result is in
quantitative disagreement with optical measurement36

which yield higher values forD (D51.5 eV), but which do
nevertheless show thatD for Nd2CuO4 is significantly
smaller than for other cuprates such as Sr2CuO2Cl2 .

We have first performed a simplified calculation using t
ground state given in Eq.~3!, i.e., including only the state
~a! and ~c! in Fig. 2. To describe the small experimenta
observed weight of the satellite, it is also necessary to put
Cu-3d level at a lower energy than for the other compoun
under consideration. This means that thed10L21 configura-
tions have more weight in the initial state, leading to
weaker (d9) satellite in Nd2CuO4. We now focus on the
simplified expression@Eq. ~5!# for the spectrum, which is
determined by the coefficientan(«) in Eq. ~4!. The energy
DE2«d in the denominator represents the energy lower
of the ground state relative to the lowestd10 configuration.
Since thed9 configuration is substantially higher in energ
than the lowestd10L21 for Nd2CuO4, this energy gain is
small. This leads to a large coefficienta(«) for «50, corre-
sponding to the creation of a hole in the highest occup
state. The coefficienta(«) then drops very quickly, when«
in Eq. ~3! becomes more negative. The result is that the lo
screening peak has a small weight. We now move on
perform a more realistic calculation, including in addition t
states~b! and ~d! ~see Fig. 2! in the basis set. We then fin
that to obtain the correct weight for the satellite,«d2«F
should have a similar value as for the other compounds s
as Sr2CuO2Br2 . This is consistent with the LDA calcula
tions, which also find similar values for the position of th
center of the Cu-3d band in relation to the highest occupie
state. State~b! couples to state~a! and state~d! to state~c!,
effectively lowering the energies of the states~a! and ~c!.
State~b!, however, is higher in energy than state~d!, due to
the Coulomb repulsion between the two 3d holes in state~b!.
The net effect is therefore that thed10L21 states are lowered
more than thed9 state. For Nd2CuO4, the coupling to the
conduction states, in particular at energies around 1–3 R
is very strong compared with the other compounds stud
here. In the simple calculation using just the states~a! and~c!
of Fig. 2 this was simulated by using and unusually sm
value of «d2«F , while in the more complete calculatio
@including states~a!–~d!#, we can use values of«d2«F con-
sistent with the LDA calculations.

Figure 13 shows results of a calculation where the O
02451
r
e
-

is
e

e
s

g

d

al
to

ch

d,
d

ll

t-

oms have been moved to the apex positions. We find that
leads to a fairly small change of the spectrum. In the n
self-consistent calculation for the La2CuO4 structure, the lo-
cally screened peak is somewhat more pronounced. Th
due to the nonbonding O orbitals around the central Cu a
which interact very weakly with other states and therefo
form a narrow locally screened peak. It is apparent that
absence of O apex atoms is not the main reason for
unusual spectrum of Nd2CuO4. Instead we conclude that th
strong coupling to high-lying conduction states mention
above play an important role for this compound. In this ve
Fig. 14 shows that the leading peak of Nd2CuO4 occurs at
somewhat larger binding energy in Nd2CuO4 than in the
other compounds. This is in particular due to the strong c
pling to high-lying conduction states, which lowers the e
ergy of the initial state. In the final ground state~which
means the ground state of the system with the core hole!, the
hopping to the conduction state lowers the final ground s
energy much less than in the initial state. This follows sin
the energy required for a 3d electron to hop into the conduc
tion band is much higher, due to the presence of the core
attractionUdc . The result is a larger binding energy.

In conclusion, the different shape of the Nd2CuO4 spec-
trum can broadly speaking be explained by its different el
tronic structure. The shape of the spectra of two-dimensio
cuprates in general shows a greater variety than do thos
one- and zero-dimensional cuprates, which may indicat
greater variety as regards the features of their electro
structure. Nevertheless, we conclude that the princ
mechanism for the screening in the different compound
the same modified by effects due to the broad antibond
valence band and mixing effects with higher lying states. T
role of the apex position is rather to influence the electro
structure as a whole, than to participate directly in t
screening of the core hole itself.

VII. SUMMARY

In order to examine the similarities and differences in t
screening response of the valence electron system to the
ation of a core hole, we have investigated single crystals
the number of cuprate systems containing 2D Cu-O netwo
with high-resolution core level photoemission. Specifica
the halooxocuprates Ca2CuO2Cl2 , Sr2CuO2Cl2 , and
Sr2CuO2Br2 , the p-type HTSC compound
Bi2Sr2CaCu2O81d and the undoped parent compound of t
electron-doped superconductors Nd2CuO4 have been exam
ined. Based upon a systematic analysis of the core le
spectra of the substituent elements, we found that the cle
age surfaces of the halooxocuprates were almost free of
tamination and stable for several days in UHV. The sa
holds for Bi2Sr2CaCu2O81d but not for Nd2CuO4, which
showed moderate oxide-related contamination at the surf
The presence of a clear second calcium signal was foun
the Ca-2p spectrum of Ca2CuO2Cl2 , which may be due to
disorder on the Ca sublattice.

As regards the Cu-2p3/2 spectra, the shape of the ma
line for all three halooxocuprates was found to be alm
identical. Bi2Sr2CaCu2O81d showed a similar shape, but th
9-11
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main line of Nd2CuO4 is obviously narrower. In order to
gain an insight into the processes underlying both the s
larities and differences in the Cu-2p3/2 main line spectra, an
Anderson impurity model was fitted to the experimental da
It describes the overall energy spread of the main line q
well and reproduces the Nd2CuO4 main line accurately. For
the other compounds, structure in the main line observe
experiment seems to be missing in the theoretical cur
Based on the calculations, we assign the high-binding-en
shoulder of the main line to a locally screened channel
the leading peak~at lowest binding energy! to nonlocally
screened final states. In the case of Nd2CuO4, we find in
er
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addition that the spectrum is influenced by coupling of t
valence states to higher-lying conduction band states. A
from the observed insensitivity of the experimental Cu-2p3/2
main lines to the identity of the apex atom in the halooxoc
prates~Cl or Br!, a theoretical treatment of the Nd2CuO4
Cu-2p3/2 main line showed that the impact of the apex po
tion on the core hole screening is rather weak.
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