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Spectroscopic investigation of the electronic structure of the hole-doped one-dimensional cuprate
Ca2CuO3 and Sr2CuO3

K. Maiti* and D. D. Sarma†

Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
~Received 5 May 2001; revised manuscript received 14 August 2001; published 26 April 2002!

We investigate the effect of hole doping in the electronic structure of covalent insulators, Ca2CuO3 and
Sr2CuO3 by means of photoelectron spectroscopy. The changes in the core level, valence-band and conduction-
band spectra indicate a doping-induced small modification in the interaction parameters. The doped holes are
found to be localized primarily at the apical oxygen sites.
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I. INTRODUCTION

Abundance of superconductivity in hole-doped tw
dimensional divalent cuprates has opened up an interes
field of research. It is believed that the electronic structure
Cu-O planes plays the key role in high-temperatu
superconductivity.1,2 While it is challenging to understan
the microscopic origin of such an effect in these systems,
low-dimensional cuprates also provide a good testing gro
to verify rigorous solutions of theoretical models, often ina
cessible for systems in higher dimensions. One-dimensio
systems have drawn further attention due to their dive
physical properties such as a van Hove singularity on
spin Fermi surface,3 spin-charge separation,4,5 interesting
spin dynamics,6,7 covalent insulating behavior,8,9 associated
with the low dimensionality. Interestingly, it has been r
ported that oxygen excess in Sr2CuO3, a hole-doped system
prepared under high pressure in an oxidizing atmosph
leads to superconductivity (Tc570 K for d50.1 in
Sr2CuO31d), along with a change in the structure of th
parent compound.10 However, hole dopingvia monovalent
Na substitution in M22xNaxCuO3 (M5Sr/Ca) barely
changes the transport properties.11

In order to investigate the role of doped holes in these
substituted one-dimensional cuprates, we study the electr
structure ofM22xNaxCuO3 (M5Sr/Ca) by means of pho
toelectron spectroscopies. The structure of Sr2CuO3 and
Ca2CuO3 is K2NiF4 derived.12 The CuO4 polyhedra are
linked by sharing corners only along one crystal axisb with
a Cu-O-Cu angle of 180°. The CuO4 units are almost perfec
squares in Sr2CuO3, but distorted in Ca2CuO3 with a smaller
Cu-O distance along the chain axis.13 Such a distortion in the
chains arises due to the smaller ionic radius of Ca21 ~1.06 Å!
compared to that of Sr21 ~1.21 Å!.14 The significantly larger
separation between the CuO chains and the absence of
gen along the directions perpendicular to the chain axis c
pared to that along the chains lead to a negligibly sm
interchain coupling; this is manifested by their low thre
dimensional antiferromagnetic ordering temperatures~;5
K!. Thus, the electronic properties of these compounds
essentially governed by the one-dimensional Cu-O chain

Transport measurements on these systems indicate a
tivation energy of about 0.18 eV for the thermal excitation
charge carriers in both compounds,13 while optical measure-
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ments suggest considerably larger gaps in Ca2CuO3 ~;1.75
eV! ~Ref. 15! and in Sr2CuO3 (;1.5 eV).8,9 The estimates
of various electronic interaction strengths from the analy
of the photoemission spectra in terms of model many-bo
calculations, suggest that the charge-transfer energyD is in
general, smaller in these compounds compared to other
prates, such as La2CuO4 ~two-dimensional! and CuO~three-
dimensional!, though all other interaction parameters are
sentially similar.8,9 The smallD was attributed to the reduce
Madelung potential in these systems similar to the trend w
dimensionality observed in nickelates.16 Such a smallD in
one-dimensional cuprates leads to an unusual electr
structure with the empty upper Hubbard band within the o
gen 2p bandwidth. This is particularly so for Sr2CuO3 that
has an even lowerD than Ca2CuO3. The insulating behavior
despite the smallD establishes these systems as example
covalent insulators.17,18

Doping of Sr2CuO3 with Na shrinks the CuO4 units with
a smaller Cu-O bond length, thereby reducing the cor
sponding lattice constants, while the lattice constant perp
dicular to the CuO4 units is found to increase with doping.11

The basic structure type does not change in the whole c
position range. Magnetic susceptibility measurements exh
weak signals, suggesting the presence of strong intrac
antiferromagnetic interactions in the doped compounds
low-spin configuration of Cu31 is observed in NaSrCuO3.19

Doped holes reduce the resistivity considerably, thou
no signature of a metallic phase is observed in the en
composition range. The charge transport in the doped c
pounds is primarily driven by the hopping of sma
polarons.19 Similarly, Na substitution in Ca2CuO3 also de-
creases the resistivity with negligible effect on magne
properties.20

In this study, we investigate the electronic structure
Sr22xNaxCuO3 and Ca22xNaxCuO3 by means of photoemis
sion and inverse photoemission spectroscopies. The re
suggest a localization of the doped holes at the apical oxy
sites. While the spectral functions for the Cu 2p core level
and valence band suggest a small modification of the e
tronic interaction parameters with doping, the conduct
band exhibits unusual spectral changes. Specifically, the
distribution in spectral weights in Sr22xNaxCuO3 exhibits a
spectral-weight transfer in the conduction band away fr
the Fermi level in contrast to the usual spectral-weight tra
©2002 The American Physical Society17-1
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fer towards the Fermi level observed in the strongly cor
lated systems.21–23

II. EXPERIMENT

Sr2CuO3 and Ca2CuO3 were prepared by solid-state rea
tions in air at 900 °C for 24 h, starting with stoichiometr
amounts of SrCO3, CuO and CaCO3, CuO, respectively. The
powders were further heated at 1000 °C and 950 °C
Sr2CuO3 and Ca2CuO3, respectively, with several intermit
tent grindings. Ca1.8Na0.2CuO3 was prepared following the
preparation procedure and conditions of Ca2CuO3 using
Na2CO3 in addition to CaCO3 and CuO. Since sodium is
highly reactive material and volatile at higher temperatur
all the heat treatments were carried out for shorter durat
keeping the ingredients in a platinum crucible. The crys
structure was monitored at each heating interval to minim
the number of heat treatments required, in order to reduce
Na loss. However, a well sintered Sr1.8Na0.2CuO3 could not
be synthesized by this procedure. Thus, we followed the
gel route to prepare this sample. This procedure help
minimizing the number of heat treatments by providing
better mixture of the ingredient materials in the beginnin
The dried gel was treated successively at 450 °C, 600
800 °C, and 1000 °C for 24 h, 30 h, 24 h, and 18 h, resp
tively, with several intermittent grindings. The final trea
ments were always performed on a pellet form and
samples were inserted into the analysis chamber immedia
after the final treatment, in order to avoid the degradation
the sample by exposure to the atmosphere. All the sam
were characterized by x-ray powder-diffraction~XRD! pat-
terns obtained from a JEOL-8P x-ray diffractometer. T
XRD patterns suggest the same crystal structure type fo
the compositions in each case. The samples were foun
have single phase and the lattice constants obtained for t
XRD patterns agree well with those reported in t
literature.11 While the doping of hole states was confirmed
the oxygen stoichiometery measurements, a small los
oxygen was observed in the doped compositions comp
to the parent compounds.

Electron spectroscopic measurements were carried o
a combined XPS-UPS-BIS spectrometer from VSW Inst
ments Ltd., UK. The resolution for the ultraviolet photoem
sion ~UP! and x-ray photoemission~XP! spectroscopic mea
surements were 0.1 eV and 0.8 eV, respectively. Th
techniques probe the occupied part of the electronic st
ture. The unoccupied part was probed by bremsstrahlung
chromat~BI! spectroscopy with a total resolution of 0.8 e
at an energy of 1486.6 eV. The samples were scrapedin situ
with an alumina file to obtain clean and reproducible s
faces. The experiments were performed at liquid-nitrog
temperature to reduce the surface degradation and the c
liness was monitored by the intensity of the higher bindin
energy features of the O 1s peak and the integrated C 1s
signal. After scraping, the C 1s photoemission signal could
not be observed in any of the samples. The intensities co
sponding to the oxygen impurity related features in Ca co
pounds were negligible; however, a small intensity at ab
1.5 eV higher binding energy relative to the main O 1s sig-
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nal could not be avoided in Sr compounds even after sev
scrapings. The reproducibility of all the spectra was co
firmed after each scraping of the same sample as wel
different samples with same compositions. No charging
fect was observed in the doped compositions and
Sr2CuO3. A small constant shift in energy was observed
the BI spectrum of Ca2CuO3. Thus, we have shifted the cor
responding spectrum, so that it is consistent with the opt
measurements by Tokuraet al. ~Ref. 15! and also consisten
with the spectrum of the doped sample.

III. RESULTS AND DISCUSSION

We show the BI spectra corresponding to the conduct
band in Fig. 1. The spectra corresponding to Ca2CuO3 and
Sr2CuO3 are represented by open circles in Figs. 1~a! and
1~b!, respectively. The features related to Sr and Ca app
beyond 6 eV above the Fermi level. Since the oxygenp
bands in these covalent insulators appear above the Cd
bands, the conduction band will be dominated by the oxyg
p contributions. The broad peak at about 3 eV aboveEF is
essentially due to the transitions of the electrons to the
p–Cu d related levels. The absence of spectral intensity
EF is consistent with the observed insulating properties a
the large energy band gap in these systems.

The electronic configuration of Cu in the ground state
both Sr2CuO3 and Ca2CuO3 corresponds to 3d9. Hence,
there is only one hole in the conduction band. Thus,
changes in the electronic structure due to hole doping
expected to be most pronounced in the conduction-band
gion. We overlap the BI spectra of doped compounds~solid
circles! over the undoped ones to illustrate the changes in
conduction band on doping. The spectral features are
malized beyond 20 eV aboveEF , a region contributed by

FIG. 1. BI spectra of~a! Ca22xNaxCuO3 and~b! Sr22xNaxCuO3

for x50.0 ~open circles! and 0.2~solid circles!.
7-2
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SPECTROSCOPIC INVESTIGATION OF THE . . . PHYSICAL REVIEW B 65 174517
high-energy continuum states. The spectral shapes for do
and undoped compounds are found to be very similar ab
6 eV with a small change in intensity of the higher-ener
features due to the reduction in the Ca/Sr content in the
spective compounds relative to the undoped ones. The
doping does not introduce any intensity at the Fermi leve
these compounds, in agreement with the insulating chara
of the doped samples. However, the low-energy features
hibit substantial spectral modifications on doping. There
an increase in intensity around 2.8 eV aboveEF as a function
of doping in Ca2CuO3. On the other hand, the intensity o
the 2.8-eV feature is reduced in the doped Sr2CuO3, with an
enhancement around 5 eV, evidencing a transfer of spe
weight to a higher-energy region induced by hole doping

In order to illustrate the changes in the spectra better,
simulate the features appearing beyond 6 eV aboveEF by a
combination of Lorentzians and Gaussians and subtract
simulated spectra from the experimental BI spectra of all
compounds. The subtracted spectra are shown in Fig. 2.
we compare the spectra of Ca2CuO3 and Sr2CuO3 in Fig.
2~a!. The sharp features at lower energies are dominated
the Cu 3d-symmetry-adapted oxygen 2p states.24 It is clear
that the feature around 2.8 eV aboveEF is more intense in
Sr2CuO3 than that in Ca2CuO3. In the latter, the stronges
feature appears at about 3.4 eV along with a shoulder at
eV. Following the oxygenK-edge x-ray-absorption measur

FIG. 2. BI spectra of~a! Ca2CuO3 ~open circles! and Sr2CuO3

~solid circles!, and ~b! Ca22xNaxCuO3 and ~c! Sr22xNaxCuO3 for
x50.0 ~open circles! and 0.2~solid circles!. These spectral func
tions are obtained after the subtraction of the features appea
beyond 6 eV aboveEF simulated by a combination of Lorentzian
and Gaussians.
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ments and analysis,25 the features around 2.8 eV and 3.4 e
aboveEF can be attributed to oxygen 2p states arising pri-
marily from the apical oxygens of the CuO4 networks and
the oxygens in the chain axis admixed with the Cu 3dx22y2

states. Such different energies for the oxygen levels are
to the difference in Madelung potentials of these oxyge
arising from the different number of nearest neighbors.26,27

Since the CuO4 network is almost perfectly square i
Sr2CuO3 and is slightly compressed along the chain direct
in Ca2CuO3, the increased intensity of the higher-energy fe
ture in Ca2CuO3 may be attributed to the subtle changes
the hopping interaction strength due to the distortion of
CuO4 network in Ca2CuO3.

The spectral features corresponding to doped and
doped compounds are overlapped in Figs. 2~b! and 2~c!. No
significant change in the conduction-band edge could be
served in the figure. The doping in Ca2CuO3 introduces a
large increase in intensity at about 2.8 eV. It has been
served that the higher-dimensional cuprates exhibit
anomalous spectral-weight transfer to the Fermi level a
function of doping, leading to an insulator-to-met
transition.21–23Some of these systems were found to be hig
temperature superconductors for certain compositions.
nickelates in one dimension,28 as well as in higher
dimensions,29 also exhibit anomalous spectral-weight tran
fer similar to the higher-dimensional cuprates. Such spect
weight transfer with doping a Mott insulator is we
understood30 within various theoretical models. Instead,
Ca2CuO3, the spectral weight related to the 2p states of the
apical oxygens increases substantially with virtually
change at higher energies. This suggests that the doped
are localized primarily at the apical oxygen sites in this s
tem. The spectral changes in Sr2CuO3 appears to be signifi-
cantly different and unusual. It appears that the intensity
the features close toEF reduces, with an overall increase
intensity at higher energies. Such a doping-induced cha
has not been observed in any other system so far.

We now turn to the question of doping-induced changes
the valence-band spectra. The HeI ~UP! and XP valence
band spectra of all the compounds are shown in Fig. 3.
spectra are normalized by the spectral intensity at about 5
binding energy. The strongest spectral intensity, around 4
binding energy in the XP spectrum of Ca2CuO3 @open circles
in Fig. 3~a!#, represents transitions from the nonbonding
3d states witha1g symmetry.9 The spectral intensity aroun
3.5-eV binding energy becomes maximum in the UP sp
trum and thus, suggests a large oxygen 2p character of this
feature. The bonding features appear at higher binding e
gies. The spectra of Sr2CuO3 also exhibit similar spectra
distributions. The large intensity around 4-eV binding ene
in the XP spectrum in Fig. 3~b! reduces rapidly in the UP
spectrum, with a significant increase in intensity arou
2.8-eV binding energy. These modifications in intensity su
gest the feature around 4 eV to be the nonbonding Cu 3dz2

states witha1g symmetry, while the features with dominan
O 2p character appear around 2.8-eV binding energy. T
unusual presence of the oxygenp related bands above the C
d bands, in contrast to almost all other transition-metal o
ides, was attributed to the small charge-transfer energy

ng
7-3
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K. MAITI AND D. D. SARMA PHYSICAL REVIEW B 65 174517
these systems, suggesting a correlated covalent insula
state.9

The hole doping introduces significant modifications
the spectral shape. In the case of Ca22xNaxCuO3, the spectra
for x50.0 and 0.2 are overlapped in Fig. 3~a!. The spectral
features beyond 4.5 eV are found to remain almost
changed in both cases~He I and XP spectra!, while there are
modifications in the spectral intensities at lower binding e
ergies. In the XP spectra, the intensity of the nonbonding
3dz2 states at about 4 eV reduces, with an increase in in
sity at the leading edge, peaking at about 3.2-eV bind
energy. Since the intensity due to the oxygen 2p states is not
significant at this high electron kinetic energies,31 the ob-
served spectral change suggests lower binding energy o
nonbonding Cu 3dz2 states at the doped sites. With the d
crease in photon energy, the spectral intensity exhibit
maximum at about 2.8-eV binding energy. This variation
spectral intensities with photon energy and comparison w
the consequent changes in the photoemission cross sec
of the O 2p and Cu 3d related states suggest that the feat
around 2.8 eV has a large oxygen 2p character. It is eviden
that the intensity around 2.8-eV binding energy in the HI
spectrum of the doped compound is larger compared to
in the undoped compound. Such a spectral change is in
trast to the expected decrease in the electronic populatio
the valence band due to hole doping. No spectral inten
could be observed at the Fermi level, indicating the insu

FIG. 3. Valence-band spectra of~a! Ca22xNaxCuO3 and ~b!
Sr22xNaxCuO3 for x50.0 ~open circles! and 0.2~solid circles! for
the HeI and XPS~1256.6 eV! photon energies.
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ing nature of the system and is consistent with the obser
transport properties.

The doping-induced modifications in the valence band
Sr2CuO3 are shown in Fig. 3~b!. The spectral features ar
represented in the same way as in the previous case.
changes in the intensity of the spectral signatures in
doped composition compared to the parent one are cons
ably less pronounced in this case than in Fig. 3~a!. The spec-
tral features at higher binding energies remain unchan
with doping. The nonbonding Cu 3d levels exhibit a small
shift in the XP spectra towardsEF , appearing as an overa
enhancement in intensity at about 3-eV binding energy.
terestingly, the intensity around 2.8 eV is found to dimini
with He I excitation for the doped sample. While there is
substantial increase in spectral weights in this energy reg
due to the shift of the nonbonding Cud states, the overal
decrease of the O 2p states with doping suggests dominant
2p character of the doped holes in these systems. This
servation is consistent with the conduction-band spe
shown in Fig. 1 and Fig. 2, and thus, confirms the Op
character of the doped holes. As for Ca22xNaxCuO3, in this
case also no intensity could be observed at the Fermi le
indicating an insulating nature of this system.

The electronic configuration of the Cu21 in these com-
pounds isdz2

2 dx22y2
1 , arising from theD4h symmetry-induced

splitting of the eg level. Thus, thedx22y2 band with b1g
symmetry is half filled. Doping with holes will remove on
electron at each doped site. The changes in the intensit
the bands corresponding to the apical oxygens, as obse
in the conduction- and valence-band spectra, suggest tha
ground-state configuration close to the doped sites
dz2

2 dx22y2
1 L, with the ligand hole at the apical oxygen sit

This ligand hole couples antiferromagnetically with the 3d
hole. Thus, the ground state at the doped site is a singlet
and is consistent with the observation of low-spin configu
tion in the magnetic measurements in these systems.19

In disordered localized systems, the conduction band
been observed to resemble the sum of the contributions f
the doped and undoped sites.32–35 Thus, the conduction and
valence bands in these systems are expected to b
composition-weighted sum of the contributions from t
doped and undoped sites. While this may explain the sit
tion in Ca22xNaxCuO3, the spectral modification in the con
duction band of Sr22xNaxCuO3 cannot be explained within
this framework.

It is important to note here that the smaller ionic radius
Na11 (;1.12 Å) compared to that of Sr21 (;1.21 Å) in-
troduces a distortion in the CuO4 network, reducing the bond
lengths primarily along the chain directionb. The increased
valency of Cu arising from monovalent Na substitution w
further reduce the bond length due to the increased Coul
bic attractions and the reduced radius of Cu31 in comparison
to Cu21.11 This has been demonstrated schematically in F
4. In the figure, we show the overlap of the Cu 3dx22y2

orbitals and oxygen 2p orbitals. The apical oxygens and th
oxygens on the chain axis are denoted by O~1! and O~2!,
respectively. The hopping interaction streng
t (5^cpuHucd&; H is the Hamiltonian of the system! be-
7-4
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tween the Cu 3d and O 2p states determines the energ
separation@ f (t) in the figure# between the bonding and an
tibonding states. The presence of the oxygen levels above
Cu d levels, as observed in the valence-band spectra, i
cates a large oxygen 2p character of the antibonding state
In the parent compounds, the half filled antibonding le
changes to an insulating ground-state configuration du
the electron correlationU and finitet.

Doping-induced structural changes lead to an increas
t(5t8). This enhancement int is expected to increase th
separation between the bonding and antibonding state
shown in Fig. 4~b! ~doped case! relative to the undoped cas
@Fig. 4~a!#. It is to be noted here that since the doped ho
are localized, as observed in the BI spectra, the local e
tronic structure will be similar to a band insulating pha
with no electron in the antibonding level.

The overall change in the band scheme can be descr
schematically as shown in the lower panel of Fig. 4. He
the schemes in Figs. 4~c! and 4~d! demonstrate the cases wi
the upper Hubbard band within the oxygen 2p bandwidth in
the absence and presence oft. For smallt, the system will
exhibit metallic behavior and is termed apd metal@see Fig.

FIG. 4. ~a! The Cu-O chains with almost perfectly square Cu4

units in Sr2CuO3 and the corresponding energy-level diagram o
for the bonding and antibonding states withb1g symmetry. The
antibonding states shown here contribute in the valence and
duction bands.~b! Heterovalent substitution leads to a distortion
the CuO4 units along the chain direction,b and corresponding
energy-level diagram. O~1! and O~2! are the oxygens at the apica
sites and on the chain axis represented by large spheres an
small spheres refer to Cu. The schematics of the energy-b
schemes for~c! pd metal, ~d! covalent insulator, and~e! doped
covalent insulator.
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4~c!#. With increase int, the system becomes insulating for
certain value oft. Since, the finite value oft, in addition to
the electron correlation effects, is the origin of this insulati
phase, these systems are termed covalent insulators.17,18,36

Sr2CuO3 and Ca2CuO3 exhibit such covalent insulating be
havior. Doping of holes to this system introduces an incre
in t @see Figs. 4~a! and 4~b!# with the doped holes primarily
localized at the oxygen sites. Thus, the band scheme wil
a sum of the contributions from the doped and undoped s
as shown in Fig. 4~e!.

In Ca2CuO3, however, the change int is expected to be
less pronounced due to the competing tendencies ari
from the larger Na11 ionic radius compared to Ca21 ionic
radius (;1.06 Å) and the increased valency at the Cu si
due to the heterovalent substitution. Thus, we observe
significant change in the spectral positions in Fig. 2. T
redistribution of the spectral weight observed in the BI sp
tra ~see Fig. 2! is essentially due to the enhancement in t
population of holes at the apical oxygen sites due to dop
The observation of these localized doped holes associ
with a local structural distortion supports the interpretati
of the charge transport in the doped compounds as prima
driven by the hopping of small polarons.19

We now turn to the Cu 2p3/2 spectra for all the com-
pounds, shown in Fig. 5. The spectra from doped and
doped Ca2CuO3 and Sr2CuO3 have been overlapped in Figs
5~a! and 5~b!, respectively. The filled circles represent th
doped cases and the open ones, the undoped compounds

n-

the
nd

FIG. 5. Cu 2p3/2 spectra of ~a! Ca22xNaxCuO3 and ~b!
Sr22xNaxCuO3 for x50.0 ~open circles! and 0.2~solid circles!. The
triangles shows the expanded difference spectra of the doped
pound with respect to the parent one. The inset shows the Cu 2p3/2

spectra of Sr2CuO3 ~open circles! and Ca2CuO3 ~solid circles!.
7-5
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main intense feature around 934-eV binding energy ari
from final states with primarily 3d10L electronic configura-
tion. Thus, the Cu 2p core holes are screened by transferri
an electron to the Cu 3d level from the ligand levels. There
fore, these are termed well-screened states. The broad fe
spread over the energy range of 938–950 eV binding en
gies is the satellite feature associated with the Cu 2p3/2 main
photoemission signal. Features in this energy region
known to arise from the presence of strong electron-elect
interactions and are often termed the poorly screened sta
since these are essentially dominated by the 3d9 electronic
configurations in the final states in the presence of a Cup
core hole. The intensity of the satellite features relative to
main signal appears to be small due to a small charge tra
fer energyD in these one-dimensional systems.8,9

The intensity of the satellite in doped Ca2CuO3 remains
the same as in the parent compound. However, there
small increase in the satellite intensity in Sr1.8Na0.2CuO3
compared to Sr2CuO3, as can be clearly seen in the diffe
ence spectrum represented by the solid triangles in the fig
In order to understand this spectral change, we overlap
Cu 2p3/2 spectra of Sr2CuO3 and Ca2CuO3 in the inset of the
figure. The spectra exhibit some modifications in satell
intensity and line shape. The detailed analysis8,9 of these
spectra in terms of the cluster and Anderson impurity mo
calculations attributed these spectral modifications to a sm
difference in the charge transfer energy of these syste
Thus, the changes due to doping of hole states in Sr2CuO3
might be attributed to a small modification of the interactio
parameters, specifically the charge-transfer energy in
system.

The main signals are found to be somewhat broader
doped compounds compared to the undoped ones. This
be observed clearly in the difference spectra, shown in
figure. It is well known37 that the width of the main signa
arises essentially due to the different well-screened fi
states in the photoemission process. The experime
study37 along with their theoretical analysis38,39suggests that
the strongest intensity appearing at about 934-eV bind
energy is due to the final states 3d10L where the ligand hole,
L forms a singlet with the neighboring 3d hole. These are
often termed as Zhang-Rice singlets.37–40On the other hand,
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the shoulder close to 935-eV binding energy~appearing as an
asymmetry in the spectra due to the resolution broaden!
corresponds to the 3d10L final states with the single ligan
hole confined within the ligands around the site of core-h
creation. The increase in intensity of this feature with dop
indicates more pronounced localization of the holes tra
ferred to the ligand levels within the cluster with the co
hole in the final states. It is clear that a detailed theoret
analysis needs to be performed for the doped compou
involving multiple Cu sites in order to obtain a quantitati
understanding of the changes in the spectra experimen
observed. However, such calculations need large comp
tional infrastructure far beyond the scope of the pres
work.

IV. CONCLUSIONS

In summary, we have investigated the electronic struct
of doped and undoped one-dimensional cuprates Ca2CuO3
and Sr2CuO3 by means of photoemission and inverse pho
emission spectroscopies. All the spectra suggest the l
character of the doped holes in these systems. The cha
introduced by doping in the valence- and conduction-ba
spectra indicates the localization of the doped holes at
oxygen sites. The spectral features appear to be additiv
these doped compounds. The unusual spectral modifica
in the conduction-band spectra suggests a dominant rol
the hopping interaction strength related to the change in
local structure of the CuO4 units in determining the elec
tronic structure rather than the electron-electron interacti
that is the dominant factor in most other cases. This st
thus, provides the example of the evolution of the spec
functions as a function of doping in a correlated coval
insulator.
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