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Electronic structure of one-dimensional cuprates
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We have investigated the electronic structures of one-dimensional antiferromagnetic insulators Ca2CuO3 and
Sr2CuO3 combining electron spectroscopic measurements and various calculations. While calculations based
on a local-spin-density approach for the real magnetic structures fail to yield an insulating state, from our
experiments we estimate the intrinsic band gaps in these materials to be about 1.7 eV (Ca2CuO3) and 1.5 eV
(Sr2CuO3). Analysis of the core-level and the valence-band spectra in terms of model many-body Hamilto-
nians show that the charge-transfer energyD for these one-dimensional systems is significantly smaller than
other cuprates, such as the high-Tc oxides~two-dimensional! and CuO~three-dimensional!. Such a smallD
suggests the presence of the bare upper Hubbard band within the oxygenp bandwidth and thus provides an
example of a correlated covalent insulator.@S0163-1829~98!02103-1#
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I. INTRODUCTION

The one-dimensional cuprates and nickelates have
tracted much attention in recent times due to the presenc
interesting electronic and magnetic properties.1–11 There
have been extensive experimental investigations in such
tems involving the transport and magnetic properties5–9

structural properties,10,11and the spin dynamics.1–4 However,
there have been few investigations using various techniq
of high-energy spectroscopies. It is well known that su
electron spectroscopic investigations, in conjunction w
model many-body calculations, yield estimates of vario
electronic interaction strengths, such as the charge-tran
energy, Coulomb interaction strengths, and the hopping
teraction strengths, thereby providing a quantitative desc
tion of the ground state in such strongly correlated elect
systems. We have carried out detailed investigations of
closely related one-dimensional cuprates, Ca2CuO3 and
Sr2CuO3, using various forms of electron spectroscopic te
niques. From our studies we have estimated different in
action strengths and we discuss the similarities and dif
ences in the electronic structures of these two compoundvis
a vis cuprates with two- or three-dimensional crystal stru
tures. Our results indicate interesting ground states in th
compounds, particularly for Sr2CuO3 with a characteristi-
cally reduced charge-transfer energy.

The structure of Sr2CuO3 and Ca2CuO3, shown in Fig.
1~a!, is K2NiF4-like ~space group Immm! with the vacancy at
the oxygen sites along thea direction.12 The lattice constants
a, b, andc are 3.48 Å, 3.91 Å, and 12.68 Å in Sr2CuO3 and
3.263 Å, 3.783 Å, and 12.262 Å in Ca2CuO3, respectively.
The CuO4 polyhedra are linked by sharing corners with t
Cu-O-Cu angle to be 180° only along theb direction. The
CuO4 units are perfect square in Sr2CuO3, but slightly dis-
torted in Ca2CuO3 with a smaller Cu-O distance along th
chain (b) direction.10 The parallel Cu-O chains shifted alon
the a direction in this structure do not couple significant
due to the absence of oxygen atoms in the edge center
570163-1829/98/57~3!/1572~7!/$15.00
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tions along thea axis. The chains shifted along thec axis
also do not interact with each other due to the large sep
tions involved. Thus, the electronic structure of these co
pounds is essentially governed by the one-dimensional C
chains. Magnetic properties are also influenced by th
structural aspects. The intrachain exchange interaction
very strong whereas the interchain interaction is very we
The three-dimensional antiferromagnetic long-range or
sets in only at a very low temperature (TN ' 5 K!,7 though

FIG. 1. ~a! The crystal structure of Sr2CuO3 and Ca2CuO3 show-
ing the one-dimensional character of the system.~b! The one-
dimensional oxygen sublattice considered in the present prob
obtained from the chain shown with the crystal structure. The
evant oxygen orbitals as well as the Cudx22y2 orbital at the impu-
rity site are also shown. The dotted line encloses the unit cell of
host oxygen 2p lattice considered in the impurity calculation.
1572 © 1998 The American Physical Society
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57 1573ELECTRONIC STRUCTURE OF ONE-DIMENSIONAL CUPRATES
the value of the exchange interaction strength along the c
in Sr2CuO3 is unusually large@;0.26 eV~Ref. 7! or 0.19 eV
~Ref. 8!# compared to that in other divalent compounds li
La2CuO4 (;0.13 eV!.13 Thus, these compounds provide th
prototypical examples of the one-dimensional spin-half s
tems. The transport measurements on these systems est
an activation energy of about 0.18 eV in each case,10 while
the optical conductivity measurements suggest a consi
ably larger gap in Ca2CuO3 @;1.75 eV ~Ref. 14!# and in
Sr2CuO3 @;1.5 eV~Ref. 15!#. It has been reported16 that the
oxidized Sr2CuO3 shows superconductivity below 70 K.

In this work we study the electronic structure of Sr2CuO3
and Ca2CuO3 using various high-energy spectroscopic me
surements. We calculate the valence-band and Cu 2p core-
level spectra including all multiplet interactions to estima
different interaction strengths and to provide quantitative
scriptions of the electronic structures in these two co
pounds.

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, respectively. The ob-
tained powders were further heated at 1000° C and 950
for Sr2CuO3 and Ca2CuO3, respectively, with several grind
ings in between. The samples were characterized by x
powder diffraction~XRD! patterns obtained from a JEOL-8
x-ray diffractometer at room temperature. The XRD patte
show both of the samples to be single phasic. Electron s
troscopic measurements were carried out in a combi
XPS-UPS-BIS spectrometer from VSW, afterin situ scrap-
ing with an alumina file to obtain clean and reproducib
surfaces at liquid-nitrogen temperature. The cleanliness
monitored by the impurity feature at the higher binding e
ergy of the O 1s peak and the total C 1s signal. The resolu-
tion for the ultraviolet photoemission~UP! and x-ray photo-
emission~XP! spectroscopic measurements are 0.1 eV
0.8 eV, respectively. In order to probe the unoccupied par
the electronic structure we have carried out the inverse p
toemission spectroscopic measurements by varying the
ergy of the incident electrons from an electron gun a
counting the photons at a fixed energy~1486.6 eV!, known
as bremsstrahlung isochromat spectroscopy~BIS! with a to-
tal resolution of 0.8 eV. In this case also the samples
scraped several times during the experiment to mainta
reproducible surface at liquid-nitrogen temperature.

III. CALCULATIONAL DETAILS

Cluster calculations for the valence-band and core-le
photoemission spectra were performed including all mul
let interactions within the CuO4 cluster following our earlier
work.17 We include the full multiplet interactions within th
Cu d manifold with Racah parametersB andC fixed at 0.58
and 0.15 eV, respectively. The wave function of the grou
state is given by a linear combination ofd9 andd10LI 1 con-
figurations, whered andLI denote the Cu 3d electron and O
2p hole, respectively. The oxygen 2p-to-Cu 3d charge-
transfer energy is defined byD5E(d10LI 1)2E(d9) and the
3d-3d Coulomb interaction energy byUdd5E(d10)
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1E(d8)22E(d9), whereE(dnLI m) is the center of gravity
of the dnLI m multiplets. The final states of the Cu 3d photo-
emission are given by linear combinations ofd8, d9LI 1 and
d10LI 2 configurations. The hybridization terms between Cu
d and O 2p orbitals are expressed in terms of Slater-Kos
parameters (pds) and (pdp). The ratio (pds)/(pdp) is
fixed at 22.2. For the Cu 2p core-level photoemission
spectrum, the wave functions of the final states are gi
by linear combinations ofp1d9 and p1d10LI 1 configur-
ations, wherep denotes Cu 2p core hole. The energy
difference E(p1d10LI 1)2E(p1d9) is given by D2Upd ,
whereUpd is the multiplet-averaged Coulomb repulsion e
ergy between the Cu 2p and Cu 3d holes. Here, the ratio
Udd /Upd is fixed at 0.8 as before.17 The multiplet coupling
between the Cu 2p and Cu 3d holes is included using Slate
integralsF2, G1, and G3, which are fixed to the free-ion
values. The configuration dependence of the transfer i
grals is taken into account in order to reproduce consiste
the valence-band and core-level photoemission spectra u
a single set of parameters. Here, the transfer integrals
multiplied by a reduction factor when a Cu 3d or core hole is
created. The reduction factor for the Cu 3d hole creation is
assumed to be 0.8 and that for the Cu 2p core hole creation
to be 0.7.18 The crystal-field splitting due to the nonorthog
nality between the atomic O 2p and Cu 3d orbitals has been
taken into account.17 The adjustable parameters within th
model are thus, the charge-transfer energyD, the multiplet
averaged Coulomb interaction strengthUdd , the transfer in-
tegral (pds), and the Coulomb interaction strength betwe
the O 2p and Cu 3d holesVpd .

In order to include the effects of the finite oxygenp band-
width, we followed an earlier work19,20 and carried out the
core-level calculation within the Anderson impurity mod
with the Cu atom embedded in the oxygen sublattice with
real structure as shown in Fig. 1~b!. Since Cu exists in the
divalent d9 configuration in theD4h symmetry, the single
hole in Cu occupies only thedx22y2 orbital, while all otherd
orbitals are fully filled and do not contribute to the electron
structure. Thus, we consider only thedx22y2 orbital at the Cu
site along with thepx andpy orbitals at the oxygen sites a
shown in the figure. We have considered only the o
dimensional lattice of the oxygen atoms, since the interch
interaction is weak in these systems. Thus, considering th
oxygen atoms in the unit cell~each square in the figure
shown by dotted line! we obtain six oxygenp bands includ-
ing only the in-plane 2px and 2py orbitals in the tight-
binding approximation; these are given by

ek
1,45ep

ek
2,55ep1A2A~pps!21~ppp!222~pps!~ppp!cos~kx!,

~1!

ek
3,65ep2A2A~pps!21~ppp!222~pps!~ppp!cos~kx!,

whereep is the barep level energy and, (pps) and (ppp)
are usual Slater-Koster integrals.21 The impurity Hamiltonian
used for calculating the core-level spectra is given by
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H5(
iks

ek
i niks1(

s
~ed1Updnc!nds

1(
iks

~Vkd
i ads

† aiks1H.c.!1Uddnd↑nd↓ , ~2!

whereek
i are the oxygenp band energies (i 5 1 to 6!, niks

occupation number atek
i with spins, ed is thed hole energy,

Upd is the repulsive interaction strength between ad hole
and a core hole,nc the number of core holes,nds is the
occupation number of Cu 3d holes at energyed with spins,
ads

† creates ad hole with spin s, and aiks annihilates a
ligand hole in the ligand band with momentumk and spins.
Vkd

i 5^c i(k,r )uHud(r 50)& is the hopping interaction
strength between the oxygenp band and Cudx22y2 orbital,
where c i(k,r ) are the oxygenp band eigenfunctions.Udd
andnd are the on-site Coulomb interaction strength and
number ofd holes in the system. The charge-transfer ener
D @5E(d10LI

1)2E(d9)# is measured with respect to th
middle of the oxygenp band and is expressed as (ep2ed).

However, instead of solving the problem in the mome
tum space with six bands (i 51 –6!, we perform the usua
transformation:22,23

uV~e!u25(
ik

uVkd
i u2d~e2ek

i !. ~3!

Thus, the Hamiltonian can be rewritten as

H5(
is

e inis1(
s

~ed1Updnc!nds

1(
is

@V~e i !ads
† ais1H.c.#1Uddnd↑nd↓ . ~4!

In Eq. ~4! we have replaced the continuum band states
a set ofN discrete levels with energiese i . This procedure
with large N(.6) is known24 to provide results essentiall
identical with that obtained from N5`, when V
5( i uV(e i)u2 is kept constant. In the present calculation w
have usedN510.

IV. RESULTS AND DISCUSSION

We show the experimental valence band photoemiss
spectra of Ca2CuO3 excited with MgKa ~1253.6 eV! and He
I ~21.2 eV! radiations in Fig. 2. The two spectra are norm
ized at the most intense peak position. Here we find t
distinct features as marked by the vertical lines. The spec
intensity is peaked around 3.5 eV binding energy for both
the photon energies; however, the relative intensity of
peak around 5 eV binding energy increases with the decr
in the incident photon energy. It is known25 that the photo-
emission cross section for oxygenp states dominates ove
Cu d ones at lower energy of HeI radiation; however, the
relative cross section of oxygenp rapidly decreases with th
increasing photon energy leading to an increased contr
tion from Cud states with MgKa photon source. Thus, th
photoemission spectrum in the region between 4 and 6
binding energy arises primarily from the oxygen 2p like
photoemission and 1–4 eV binding energy from the Cud
e
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states. This is indeed the usual behavior of other diva
cuprates in higher dimensions such as CuO~Ref. 26! and
La2CuO4 ~Ref. 27!, which are examples of charge-transf
insulators.

In Fig. 3 we show the valence-band spectra of Sr2CuO3
for the two photon energies. The most intense peak in the
I excited spectrum at about 3 eV binding energy decrea
very rapidly relative to the other two features with increasi
photon energy becoming the lowest-intensity feature in
x-ray excited spectrum. This suggests that this lowest-ene

FIG. 2. The valence-band spectra of Ca2CuO3 with incident
photon energies 1253.6 eV~XPS!, and 21.2 eV~He I!. The vertical
lines indicate the positions of the two different features.

FIG. 3. The valence-band spectra of Sr2CuO3 with incident pho-
ton energies 1253.6 eV~XPS!, and 21.2 eV~He I!. The vertical
lines indicate the positions of the three different features obser
in the spectra. Inset shows the valence-band spectra of Ca2CuO3

~solid circles! and Sr2CuO3 ~open circles! after normalizing to equal
area under the curve and background subtraction.
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57 1575ELECTRONIC STRUCTURE OF ONE-DIMENSIONAL CUPRATES
feature is primarily due to nonbonding oxygenp states,
while the Cud dominated spectral features at about 4–5
binding energy, are below the oxygenp dominated energy
region. This is a somewhat different situation compared
the known examples of the other divalent cuprates. For
ample, in the case of prototypical charge-transfer insula
like CuO ~Ref. 26! @and also NiO~Ref. 28!#, it was estab-
lished by studying the spectral variations with photon en
gies, that the nonbonding oxygenp emission appears at
higher binding energy with the leading peak in the spec
always being associated with transition-metald character.
This is also the behavior in the case of Ca2CuO3 as illus-
trated in Fig. 2. The situation in Fig. 3 is reversed with t
leading spectral feature having dominant nonbonding oxy
p character, in sharp contrast to the classical example
charge-transfer insulators. Besides the different photon
ergy dependence discussed above, the spectral featur
Sr2CuO3 and Ca2CuO3 appear to be considerably differe
over a wide energy range, in spite of close structural si
larities between the two compounds. We illustrate this
superposing the valence-band spectra of Sr2CuO3 and
Ca2CuO3 in the inset of Fig. 3. Here we plot the spectra f
both the photon energies by normalizing them with respec
the total area under the curve after background subtractio
is clear from the figure that the spectral weight is shift
closer to the Fermi level in Sr2CuO3. The large enhancemen
in the spectral intensity of the nearEF feature using the HeI
radiation in Sr2CuO3 proves that the leading edge of the ele
tron removal spectrum in Sr2CuO3 is dominated by oxygen
nonbonding states, in contrast to the other divalent Cu ox
systems including Ca2CuO3.

Figure 4~a! shows the CuL3M45M45 Auger spectrum cor-
responding to Ca2CuO3. There are two distinct features in th
spectrum, one intense feature at about 911 eV and ano

FIG. 4. ~a! The CuL3M45M45 Auger spectrum of Ca2CuO3. The
solid line shows the self-convoluted XP valence-band spectrum
coincides with the feature around 919.5 eV. Thus, the estimat
Udd in Ca2CuO3 is 8.5 eV, as shown in the figure.~b! Same as in
~a!, but for Sr2CuO3.
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weak one at 919.5 eV kinetic energies. In order to estim
Udd , we compare theL3M45M45 spectrum with the self-
convoluted XP valence band spectrum representing the
cupied part of the density of states. We plot the se
convoluted XP valence-band spectrum in the figure by so
line, which reproduces the weak feature obtained aro
919.5 eV kinetic energy, establishing its origin from tw
uncorrelated holes in the final state of the Auger proce
However, this self-convolution has no feature correspond
to the prominent feature around 911 eV. Thus, this spec
feature corresponds to a final state, where the two holes
on the same atomic site with intra-atomic Coulomb corre
tion strength between the two holes destabilizing the ene
compared to the final state with two uncorrelated hol
Therefore, the energy difference between these two fi
states (; 8.5 eV! provides an estimate of the on-site Co
lomb correlation strength (U1G

) for the most intense Auge

peak (1G) in this compound. We plot the corresponding A
ger spectrum of Sr2CuO3 in Fig. 4~b!. Here we find two
distinct features around 913 eV and 921.5 eV in the sp
trum. Once again the solid line representing the se
convoluted XP valence-band spectrum after the backgro
subtraction compares well with the experimental feat
around 921.5 eV. We find that the estimate of the on-s
Coulomb correlation strength in Sr2CuO3 to be 8.5 eV,
which is the same value as in the case of Ca2CuO3. Estimat-
ing various errors involved in determining the exact pe
position, we obtain 8.560.3 eV to be the Coulomb interac
tion strength in these compounds.

In order to obtain quantitative description of the electron
structures, we have analyzedboth valence-band and core
level photoemission spectra of Ca2CuO3 and Sr2CuO3 using
a consistent set of parameter strengths within configura
interaction model of a D4h CuO4 cluster. We include the full
multiplet interactions within the Cud manifold with the Ra-
cah parametersB andC fixed at 0.58 and 0.15 eV, respec
tively. The adjustable parameters within this model are
charge-transfer energyD, the multiplet averaged on-sit
Coulomb interaction strength,Udd , and the transfer integra
expressed in terms of the Slater-Koster parameter (pds) and
the Coulomb interaction strength (Vpd) between the Cu 3d
and O 2p orbitals. We have estimated the values of the
parameters that best reproduce the valence-band photoe
sion spectra including the satellite structures observed. It
found that the valence band of Ca2CuO3 is best described by
Udd57.2 eV, (pds)521.5 eV, Vpd50.8 eV andD50.5
eV as shown in Fig. 5. It is to be noted here that the cho
of multiplet interaction parametersB andC together with the
multiplet averagedU2value suggests the effectiveU1G

for

the most intense multiplet1G in the Auger spectrum to be
8.5 eV, in perfect agreement with the estimated value fr
the Auger spectra as discussed earlier. Interestingly,
valence-band spectrum of Sr2CuO3 can be simulated with al
interaction strengths, such asUdd , Vpd and (pds) the same
as the case of Ca2CuO3, but with a reduced value of the
charge-tansfer energy (D) alone. The resulting best simula
tion with D50.0 eV is compared with the experimental spe
trum of Sr2CuO3 in Fig. 5. While there is substantial amou
of uncertainties (60.5 eV! in estimating aD value from the
analysis of a single spectrum of a given compound,
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present results suggest that the considerably diffe
valence-band spectral features in these two otherwise clo
related cuprates arise primarily from a reduction in t
charge-transfer energy in Sr2CuO3. In order to ensure tha
this conclusion is also consistent with the core-level spec
we have analyzed the Cu 2p spectra in these two com
pounds. The Slater integrals between the Cu 2p and 3d or-
bitals are F257.72, G155.79, and G353.29 eV. In
Ca2CuO3 the satellite structure related to the Cu 2p1/2 signal
is strongly distorted by the Ca Auger line~Fig. 6!, but the
satellite structure accompanying the 2p3/2 signal allows a
meaningful calculation of the core-level spectrum within t
present model and, thus, extract parameter strengths.
interesting to note that these core-level spectra can be
described with the same set of values ofUdd ~57.2 eV!, Vpd
~50.8 eV!, (pds) (521.5 eV!, and D ~50.5 eV in
Ca2CuO3 and 0.0 eV in Sr2CuO3) as in the case of valence
band calculations~see Fig. 6!. Since the energy differenc
between the main and satellite peaks is smaller in Ca2CuO3
than in Sr2CuO3, the spectrum of Ca2CuO3 is well repro-

FIG. 6. Comparison between the experimental~dots! and calcu-
lated ~solid lines! Cu 2p core-level spectra of Ca2CuO3 and
Sr2CuO3.

FIG. 5. Comparison between the experimental~dots! and calcu-
lated ~solid lines! valence band spectra of Ca2CuO3 and Sr2CuO3.
The dash-dotted lines shows the O 2p contribution. The dashed line
is the background due to secondary electrons considered in bot
cases.
nt
ely

a,

is
ell

duced byD larger than that of Sr2CuO3. Thus, the core-leve
spectra of these two compounds also suggest that theD value
of Sr2CuO3 is somewhat smaller than that in Ca2CuO3. In
order to compare the obtained interaction strengths fr
these one-dimensional cuprates to those obtained from o
cuprates in a consistent way, we have analyzed Cu 2p XP
spectra of CuO and La2CuO4 within the present model
These spectra can once again be reproduced by only ad
ing D, while keeping other parameter strengths fixed. T
obtainedD ’s are 1.5 eV for CuO and 1.0 eV for La2CuO4.
Thus, there appears to be a systematic reduction in the v
of D with the dimensionality of the crystal structure. It
known29 that the charge-transfer energy is directly related
the Madelung potential of the system. Therefore, the
crease in Madelung potential with the dimensionality intr
sic to the crystal structure leads to a resulting reduction in
charge-transfer energy, suggesting the possibility of unus
electronic ground states in the low-dimensional systems.

It has been suggested30 that the charge-transfer energy
Sr2CuO3 is as much as 2 eV lower than that in La2CuO4
based on multi-impurity cluster calculations. In their ana
sis, the charge-transfer energy for Sr2CuO3 was estimated to
be 1.8 eV with the configuration dependence of the trans
integrals. The reason why their charge-transfer energy is
1–2 eV larger than those obtained in the present study ca
found in the definition of the charge-transfer energy. In th
model, since only thedx22y2 orbital is considered, the
charge-transfer energy is defined with respect to thedx22y2

orbital. On the other hand, in the present model, the cha
transfer energy is given by the energy difference between
O 2p orbital and the center of gravity of the 3d orbitals split
by the crystal field, which is; 1.0 eV smaller than tha
between thedx22y2 and O 2p orbitals.

In Fig. 7, we combine the UV photoelectron and brem
strahlung isochromat~BI! spectra with a common Fermi en
ergy in order to estimate the band gap. The BIS of Ca2CuO3
and Sr2CuO3 in the low-energy region are very similar. Th
region is contributed predominantly by Cud and oxygenp
states with negligible contribution from other states and
hibits a single peak feature at about 3.3 and 3 eV ab
Fermi energy, respectively. These features correspond
electronic transitions into the upper Hubbard band aris
from thed9 configuration of Cu21 state hybridized with the
O p states. The BIS results along with the UP spectra
these compounds shown in Fig. 7 are consistent with
interaction parameters deduced from the analysis of x-
photoemission core-level and valence-band spectra ea
this is demonstrated by the calculated bar diagrams show
Fig. 7. While we can, in principle, estimate the intrins
bandgaps in these materials from the combined UPS and
in the figure, a precise determination of the band edge
difficult from these experimental spectra, since these ba
are significantly broadened by the resolution function as
ciated with the experimental technique, particularly in t
case of BI spectra. Thus, we adopt an approach that has
successfully used in the past in determining the ba
edges31–33 and we obtain an estimate of the intrinsic ba
gap of about 1.760.3 eV in Ca2CuO3 @see Fig. 7~a!#. This is
similar to the value (;1.75 eV! obtained from the optica
conductivity measurements reported earlier.14 Sr2CuO3

the
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57 1577ELECTRONIC STRUCTURE OF ONE-DIMENSIONAL CUPRATES
shows a band gap of about 1.560.3 eV @see Fig. 7~b!#. This
estimate is consistent with our optical absorption res
~shown in the inset! as well as the results obtained in oth
groups.15 This small reduction in the band gap (; 0.2 eV! in
Sr2CuO3 compared to Ca2CuO3 is related to the decrease o
D in Sr2CuO3.

The above analysis of several spectroscopic data as
as of band gaps within a consistent set of interact
strengths clearly suggests that these one-dimensional
prates are characterized by rather small values of the cha
transfer energy (D;0.0–0.5 eV!. The bare oxygenp band-
width (W) is expected to be substantial (; 2 eV! in these
low-dimensional oxides. Noting that the charge-transfer
ergyD, is measured with respect to the center of the oxyg
p band, these small values ofD (,W/2) suggest that the
bare upper Hubbard band lies within the oxygenp derived
band though they are insulators. However, it is to be reali

FIG. 7. ~a! Combined UP and BI spectra of Ca2CuO3 suggesting
a band gap of about 1.7 eV. The dashed line shows the BI spec
after subtraction of linear background.~b! Combined UP and BI
spectra of Sr2CuO3 suggesting a band gap of about 1.5 eV. T
inset shows the optical absorption data showing the optical ga
be about 1.4 eV. The bar diagrams show the calculated vale
band and BI spectra in each case.
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that the neglect of the oxygenp bandwidth implicit to the
cluster model calculations leads to slightly renormaliz
smaller values ofD.20,34 In order to ensure that our conclu
sion is not influenced by this limitation, we have calculat
the Cu 2p core-level spectra of Ca2CuO3 and Sr2CuO3 within
the Anderson impurity model including the effect of the ox
gen p bandwidth.19 Considering bothpx and py orbitals on
each oxygen atom in the one-dimensional lattice shown
Fig. 1 and an oxygen-oxygen interaction described in ter
of Slater-Koster parametrization21 @(pps)50.4 eV and
(ppp)520.2 eV#, we have calculated the hopping matr
element coupling the Cudx22y2 orbital to the oxygenp band
as a function of energy over the bandwidth as descri
earlier.19,34 The impurity calculation for the core-level spe
trum including this dependence of the hopping matrix e
ment on the energy and the oxygenp bandwidth, givesD to
be about 1.4 eV in the case of Ca2CuO3; this is larger
(;0.9 eV! compared to the estimate from the previous
discussed cluster approximation. When we apply the sa
impurity model to simulate the core-level spectrum
Sr2CuO3, we obtain aD value of about 0.8 eV with all the
other parameter strengths same as obtained from the cl
calculation. As expected, this value is similarly larger th
the estimation from the cluster calculation as in the case
Ca2CuO3. Such a smallD value suggests that the bare upp
Hubbard band iswithin the filled oxygenp band, in confor-
mity with the conclusions derived on the basis of clus
calculations.

According to the original classification in the Zaanen, S
watzky, and Allen phase diagram,35 such a material with the
upper Hubbard band~UHB! within the p-bandwidth (D
,W/2) is expected to be metallic~barring band structure
effects!, in contrast to the insulating states of these co
pounds. In order to investigate if a Slater-type gap36 (Udd 5
0! in contrast to the Mott-Hubbard gap (Udd . 0!, could
open up in these compounds due to the antiferromagn
order, we have performedab initio spin-polarized band
structure calculations within the local-spin-density appro
mation. This calculation is carried out using the lineariz
muffin-tin orbital method within the atomic sphere approx
mation. In the calculations, the convergence was obtai
self-consistently takings, p, and d basis at each atomic
sphere. The results obtained converging to the obser
magnetic structure, show metallic ground states for b
Ca2CuO3 and Sr2CuO3. Thus, it is clear that the band gap
this compound arises from strong electron-electron inter
tions and cannot be explained in terms of single parti
effects, such as the doubling of the lattice periodicity due
the antiferromagnetic ordering. Some calculations37,38 have
however shown the possibility of an insulating ground st
even when the UHB overlaps the oxygenp band (D
,W/2) due to strong covalency effects; such an insulat
state has been termed a correlated covalent insulator.39 The
main distinction between the idea of the correlated cova
insulator (U.D,W/2) and that of the charge-transfer ins
lator (U.D.W/2) is that the latter continues to be an ins
lator for any value of the hybridization interaction strengtht,
while the covalent insulating systems will transform into
metallic state with decreasingt or covalency.40 From these
discussions and the estimated interaction strengths, it app

m
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that such one-dimensional cuprates most likely belong to
are very close to being in the correlated covalent insulat
regime.

In conclusion, we have investigated the electronic str
tures of one dimensional cuprates Ca2CuO3 and Sr2CuO3 us-
ing various high-energy spectroscopies. We estimated dif
ent electron interaction strengths from analysis of the spe
in conjunction with model many-body calculations. It
found that the charge-transfer energyD is in general smaller
in these compounds compared to other cuprates, suc
La2CuO4 and CuO, though all other interaction paramete
are similar. Such reduced values ofD in one-dimensional
cuprates suggest the possibility of an unusual electro
structure with the bare upper Hubbard band within the o
gen p bandwidth. This indicates that such low-dimension
n
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ing
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systems can provide examples of correlated covalent ins
tors.
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