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Electronic structure of one-dimensional cuprates
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We have investigated the electronic structures of one-dimensional antiferromagnetic insulghréGad
Sr,CuO; 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,€V@fand 1.5 eV
(Sr,CuG;). Analysis of the core-level and the valence-band spectra in terms of model many-body Hamilto-
nians show that the charge-transfer enefgfor these one-dimensional systems is significantly smaller than
other cuprates, such as the higp-oxides (two-dimensionadl and CuO(three-dimensional Such a smaliA
suggests the presence of the bare upper Hubbard band within the oxymdwidth and thus provides an
example of a correlated covalent insulaf®0163-18268)02103-1

[. INTRODUCTION tions along thea axis. The chains shifted along tleaxis
also do not interact with each other due to the large separa-
The one-dimensional cuprates and nickelates have ations involved. Thus, the electronic structure of these com-
tracted much attention in recent times due to the presence gbunds is essentially governed by the one-dimensional Cu-O
interesting electronic and magnetic properties. There chains. Magnetic properties are also influenced by these
have been extensive experimental investigations in such systructural aspects. The intrachain exchange interaction is
tems involving the transport and magnetic properti€s, very strong whereas the interchain interaction is very weak.
structural propertie¥**and the spin dynamids*However, The three-dimensional antiferromagnetic long-range order
there have been few investigations using various techniquesets in only at a very low temperatur@( ~ 5 K),’ though
of high-energy spectroscopies. It is well known that such
electron spectroscopic investigations, in conjunction with

(@)

model many-body calculations, yield estimates of various i + G
electronic interaction strengths, such as the charge-transfer 2 o
energy, Coulomb interaction strengths, and the hopping in- ® Sr/Ca

teraction strengths, thereby providing a quantitative descrip-

tion of the ground state in such strongly correlated electron

systems. We have carried out detailed investigations of two

closely related one-dimensional cuprates,,@#&; and

Sr,CuQ;, using various forms of electron spectroscopic tech- a

nigues. From our studies we have estimated different inter- i

action strengths and we discuss the similarities and differ- b

ences in the electronic structures of these two compowuisds

a vis cuprates with two- or three-dimensional crystal struc-

tures. Our results indicate interesting ground states in these

compounds, particularly for SCuO; with a characteristi-

cally reduced charge-transfer energy. (b)
The structure of SCuO; and CaCuO;, shown in Fig.

1(a), is K,NiF-like (space group Immjnwith the vacancy at

the oxygen sites along theedirection? The lattice constants

a, b, andc are 3.48 A, 3.91 A, and 12.68 A in $u0; and

3.263 A, 3.783 A, and 12.262 A in QauQ;, respectively.

The CuQ, polyhedra are linked by sharing corners withthe 5 1 (a) The crystal structure of SEuO; and CaCuO; show-
Cu-O-Cu angle to be 180° only along thedirection. The  j,q the one-dimensional character of the systdh). The one-
CuQ, units are perfect square in 8uGQ, but slightly dis-  gimensional oxygen sublattice considered in the present problem
torted in CaCuQ; with a smaller Cu-O distance along the optained from the chain shown with the crystal structure. The rel-
chain (o) direction® The parallel Cu-O chains shifted along evant oxygen orbitals as well as the @ 2 orbital at the impu-

the a direction in this structure do not couple significantly rity site are also shown. The dotted line encloses the unit cell of the
due to the absence of oxygen atoms in the edge center posiest oxygen @ lattice considered in the impurity calculation.
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57 ELECTRONIC STRUCTURE OF ONE-DIMENSIONAL CUPRATES 1573

the value of the exchange interaction strength along the chais E(d®) —2E(d®), whereE(d"L™) is the center of gravity
in SL,CuG; is unusually larggé~0.26 eV(Ref. 7) or 0.19 eV of the d"L™ multiplets. The final states of the Cud $hoto-
(Ref. 8] compared to that in other divalent compounds like emissi i i inationsd$f d°L?
p 23 poun emission are given by linear combinationsdf, d°L* and
La,CuQ, (~0.13 eV).™ Thus, these compounds provide the 410 2 configurations. The hybridization terms between Cu 3
prototypical examples of the one-dimensional spin-half sysy 504 o 2 orbitals are expressed in terms of Slater-Koster
tems. The transport measurements on these systems eStimBEGameters [do) and (pd). The ratio pdo)/(pd) is
an activation energy of about 0.18 eV in each cdsehile  fiyoq at — 22 For the Cu P core-level photoemission
the optical conductivity measurements suggest a considefpecirym, the wave functions of the final states are given
ably larger gap in C&LuG; [~1.75 eV (Ref. 14] and in 1y jinear combinations ofp’d® and pldi®L® configur-
SKLCuQ; [~1.5 eV (Ref. 19]. It has been reportédithat the ations, wherep denotes Cu @ core hole. The energy
oxidized SgCuO; shows superconductivity below 70 K. difference E(pXd™ L) — E(p'd®) is given by A—U
In this work we study the electronic structure obGuGO; ! . (E = ). (B ) s giv y pd>
and CaCuO; using various high-energy spectroscopic mea—WherGf:)UPd IS thi mu|t|p|et-adverag§idhclouIomb reerJ]|SIOn en-
surements. We calculate the valence-band and gedte- ergy etV_Vee_” the Cuand Cu oles. I—_iere, the r_at|o
Ugd/Upq is fixed at 0.8 as beforE. The multiplet coupling

level spectra including all multiplet interactions to estimate h holes is incl X I
different interaction strengths and to provide quantitative dePetween the Cu@and Cu 8@ holes is included using Slater

scriptions of the electronic structures in these two comintegralsF2, G*, and G*, which are fixed to the free-ion
pounds. value;. The cpnﬂguranon Fiependence of the transfgr inte-
grals is taken into account in order to reproduce consistently
the valence-band and core-level photoemission spectra using
a single set of parameters. Here, the transfer integrals are
Sr,Cu0; and CaCuO, were prepared by solid-state reac- Multiplied by a reduction factor when a Cd r core hole is
tions in air at 900° C for 24 h starting with stoichiometric created. The reduction factor for the Cd Bole creation is
amounts of SIC@, CuO, and CaC@, respectively. The ob- assumedlgo be 0.8 and that for the Gu @re hole creation
tained powders were further heated at 1000° C and 950° ¢ be 0.7." The crystal-field splitting due to the nonorthogo-
for SLCUO; and CaCuO, respectively, with several grind- Nality between the atomic Opand Cu 3 orbitals has been
ings in between. The samples were characterized by x-ra{gken into account! The adjustable parameters within this
powder diffraction(XRD) patterns obtained from a JEOL-gP Model are thus, the charge-transfer enefgythe multiplet
x-ray diffractometer at room temperature. The XRD patterngveraged Coulomb interaction strengiy, the transfer in-
show both of the samples to be single phasic. Electron speéegral (pdo), and the Coulomb interaction strength between
troscopic measurements were carried out in a combinete O 2 and Cu & holesV,.
XPS-UPS-BIS spectrometer from VSW, afiersitu scrap- In order to include the effects of the finite oxygerband-
ing with an alumina file to obtain clean and reproducibleWwidth, we followed an earlier wofR?° and carried out the
surfaces at liquid-nitrogen temperature. The cleanliness wagore-level calculation within the Anderson impurity model
monitored by the impurity feature at the higher binding en-With the Cu atom embedded in the oxygen sublattice with the
ergy of the O % peak and the total Cslsignal. The resolu- real structure as shown in Fig(t). Since Cu exists in the
tion for the ultraviolet photoemissiofUP) and x-ray photo-  divalentd® configuration in theD,, symmetry, the single
emission(XP) spectroscopic measurements are 0.1 eV andole in Cu occupies only the,2_ 2 orbital, while all otherd
0.8 eV, respective|y_ In order to probe the unoccupied part Oﬂrbitals are fU”y filled and do not contribute to the electronic
the electronic structure we have carried out the inverse phdstructure. Thus, we consider only thg>_ 2 orbital at the Cu
toemission spectroscopic measurements by varying the egite along with thep, andp, orbitals at the oxygen sites as
ergy of the incident electrons from an electron gun andshown in the figure. We have considered only the one-
counting the photons at a fixed ener486.6 eV, known  dimensional lattice of the oxygen atoms, since the interchain
as bremsstrahlung isochromat spectrosc@i) with a to-  interaction is weak in these systems. Thus, considering three
tal resolution of 0.8 eV. In this case also the samples ar@xygen atoms in the unit celleach square in the figure,
scraped several times during the experiment to maintain §hown by dotted linewe obtain six oxygemp bands includ-
reproducible surface at liquid-nitrogen temperature. ing only the in-plane P, and 2p, orbitals in the tight-
binding approximation; these are given by

Il. EXPERIMENT

Ill. CALCULATIONAL DETAILS

. € = €
Cluster calculations for the valence-band and core-level k p

photoemission spectra were performed including all multip-

let interactions within the Cu@cluster following our earlier 2,5_ 2 2_

work.'” We include the full mQuItipIet interactio?"ns within the € " V2:(ppa)?+ (ppm) 2(pp0')(pp7T)COE(sz;L)
Cud manifold with Racah parameteBsandC fixed at 0.58
and 0.15 eV, respectively. The wave function of the ground
state is given by a linear combination @f andd®L! con-  €2°=€,— V2\(ppo) 2+ (ppm)2—2(ppo) (ppm)cosky),
figurations, wherel andL denote the Cu @ electron and O

2p hole, respectively. The oxygenpo-Cu 3 charge-  wheree, is the barep level energy and,f{ps) and (ppm)
transfer energy is defined hy=E(dL')—E(d®) and the are usual Slater-Koster integraisThe impurity Hamiltonian
3d-3d Coulomb interaction energy byUq4=E(d?) used for calculating the core-level spectra is given by
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H=; Eil(nik0+2 (6d+UpdnC)ndcr ’-/'\ lCazCuO3

4
. ¥ ] .
+; (VLdagUaikU‘i‘ H.C.)"’UddndTndi f (2) F 4 0% °
IKo

wheree, are the oxygerp band energiesi(= 1 to 6), nj,
occupation number a4 with spina, €4 is thed hole energy,
U,q is the repulsive interaction strength betweenl &ole
and a core holen. the number of core holes)y, is the
occupation number of Cud3holes at energyy with spin o,
agg creates ad hole with spino, and a;, annihilates a
ligand hole in the ligand band with momentunand spino. %
ka={(#'(k,r)|H|d(r=0)) is the hopping interaction LR
strength between the oxyggnband and Cud,2_2 orbital, IR S S R —
where ¢/ (k,r) are the oxygerp band eigenfunctionsJ yq 8 6 4 2 0
andny are the on-site Coulomb interaction strength and the Binding Energy (eV)
number ofd holes in the system. The charge-transfer energy,
A [=E(d¥LY—E(d%] is measured with respect to the FIG. 2. The valence-band spectra of ,CaO; with incidgnt
middle of the oxygerp band and is expressed as, (- €q). photo_n energies 1253.'.6 eXPS), and 21'_2 eMHe). The vertical
. . : lines indicate the positions of the two different features.
However, instead of solving the problem in the momen-

tum space with six bands €£1-6), we perform the usual

Intensity (arb. units)
K

transformatiorf223 states. This is indeed the usual behavior of other divalent
cuprates in higher dimensions such as C(R&f. 26§ and
; : La,CuQ, (Ref. 27, which are examples of charge-transfer
|V(E)|2=% |V:<d|25(€_ 6:() (3) insulatorS.

In Fig. 3 we show the valence-band spectra ofCsIO;
Thus, the Hamiltonian can be rewritten as

for the two photon energies. The most intense peak in the He

I excited spectrum at about 3 eV binding energy decreases

H= E €n;,+ 2 (€4 UpaNe)Ng, very rapidly relative to the other two features with increasing

o - photon energy becoming the lowest-intensity feature in the
x-ray excited spectrum. This suggests that this lowest-energy

+i2 [V(ei)aglrai(,-i- H.C.:|+UddndTndl . (4)

¢ Ca,Cu0,
In Eq. (4) we have replaced the continuum band states by o S0,
a set ofN discrete levels with energies. This procedure
with large N(>6) is knowrf* to provide results essentially
identical with that obtained fromN=c, when V

=3,|V(€)|? is kept constant. In the present calculation we
have usedN=10.

| Sr,Cu0,4

IV. RESULTS AND DISCUSSION

We show the experimental valence band photoemission
spectra of CgCuQ; excited with MgK « (1253.6 eV and He
I (21.2 eV) radiations in Fig. 2. The two spectra are normal- .
ized at the most intense peak position. Here we find two K . \
distinct features as marked by the vertical lines. The spectral XPS o K
intensity is peaked around 3.5 eV binding energy for both of *
the photon energies; however, the relative intensity of the oo,
peak around 5 eV binding energy increases with the decrease .
in the incident photon energy. It is kno?ithat the photo-

emission cross section for oxyggnstates dominates over Bindi v
Cu d ones at lower energy of Heradiation; however, the inding energy (V)

relative cross section of oxyggnrapidly decreases with the G 3. The valence-band spectra 0§@uO; with incident pho-
increasing photon energy leading to an increased contribyp energies 1253.6 e¥XPS), and 21.2 eV(Hel). The vertical
tion from Cud states with Mgk a photon source. Thus, the |ines indicate the positions of the three different features observed
photoemission spectrum in the region between 4 and 6 €V the spectra. Inset shows the valence-band spectra sEuC}

binding energy arises primarily from the oxygem 2ike  (solid circles and SyCuQ; (open circlep after normalizing to equal
photoemission and 1-4 eV binding energy from the Cu area under the curve and background subtraction.

Intensity (arb. units)

8 6 4 2 0
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weak one at 919.5 eV kinetic energies. In order to estimate
L@ .,'.:_ 85eV — LMC‘;V[ Ugq, We compare thezM M5 spectrum with the self-
. 345T4s convoluted XP valence band spectrum representing the oc-
'-,,,...."" . cupied part of the density of states. We plot the self-
convoluted XP valence-band spectrum in the figure by solid
. line, which reproduces the weak feature obtained around
“oue 919.5 eV kinetic energy, establishing its origin from two
i uncorrelated holes in the final state of the Auger process.
— T However, this self-convolution has no feature corresponding
' ' ' ' to the prominent feature around 911 eV. Thus, this spectral
®) |[=— 85ev— feature corresponds to a final state, where the two holes are

» on the same atomic site with intra-atomic Coulomb correla-
s tion strength between the two holes destabilizing the energy
".‘ compared to the final state with two uncorrelated holes.
Sr,Cu0; Therefore, the energy difference between these two final
~\.\ states (- 8.5 e\) provides an estimate of the on-site Cou-
1 A lomb correlation strengthL(lG) for the most intense Auger
B T peak ¢G) in this compound. We plot the corresponding Au-
905 910 915 920 925 ger spectrum of SEuQ, in Fig. 4(b). Here we find two
Kinetic energy (eV) distinct features around 913 eV and 921.5 eV in the spec-

trum. Once again the solid line representing the self-

FIG. 4. (a) The CuL3M4sM 5 Auger spectrum of GEZuQs. The oy 0yted XP valence-band spectrum after the background
solid line shows the self-convoluted XP valence-band spectrum ani

Intensity (arb. units)

L ) ) ubtraction compares well with the experimental feature
coincides with the feature around 919.5 eV. Thus, the estimate o . . .
U,y in Ca,CuQ; is 8.5 eV, as shown in the figuré) Same as in round 921.5 eV. We find that the estimate of the on-site

Coulomb correlation strength in £uO; to be 8.5 eV,

(@), but for SECuC. which is the same value as in the case of@&D,. Estimat-
feature is primarily due to nonbonding oxygen states, ing _\{arious errors involved in determining the ex'act peak
while the Cud dominated spectral features at about 4—5 e\Position, we obtain 8.50.3 eV to be the Coulomb interac-
binding energy, are below the oxygendominated energy UOn strength in these compounds. _
region. This is a somewhat different situation compared to In order to obtain quantitative description of the electronic
the known examples of the other divalent cuprates. For exstructures, we have analyzémth valence-band and core-
ample, in the case of prototypical charge-transfer insulator!€Vel photoemission spectra of LaQ; and SpCu0; using
like CuO (Ref. 26 [and also NiO(Ref. 28], it was estab- & conS|§tent set of parameter strengths W!thln configuration
lished by studying the spectral variations with photon enerintéraction model of a [, CuO, cluster. We include the full
gies, that the nonbonding oxygem emission appears at a multiplet interactions Wlthln the Cd manifold with the Ra-
higher binding energy with the leading peak in the spectr&ah parameter8 andC fixed at 0.58 and 0.15 eV, respec-
always being associated with transition-metacharacter. tively. The adjustable parameters Wlthln this model are the
This is also the behavior in the case of,CaO; as illus- Ccharge-transfer energA, the multiplet averaged on-site
trated in Fig. 2. The situation in Fig. 3 is reversed with theCoulomb interaction strength) 44, and the transfer integral
leading spectral feature having dominant nonbonding oxygefXPressed in terms of the Slater-Koster paramegel) and
p character, in sharp contrast to the classical examples d¢fe Coulomb interaction strengtlv(y) between the Cu®
charge-transfer insulators. Besides the different photon erfnd O 2 orbitals. We have estimated the values of these
ergy dependence discussed above, the spectral featuresRA@rameters that best reproduce the valence-band photoemis-
Sr,CuO; and CaCuO; appear to be considerably different Sion spectra including the satellite stru_ctures obseryed. It was
over a wide energy range, in spite of close structural simifound that the valence band of £Lai0; is best described by
larities between the two compounds. We illustrate this byJda=7.2 €V, (pdo)=—-15 eV,V,4=0.8 eV andA=0.5
superposing the valence-band spectra 0tC86; and eV as _shovyn in Flg. 5. It is to be noted here that t_he choice
Ca,CuG; in the inset of Fig. 3. Here we plot the spectra for of mgltlplet interaction parameteBandC togethgr with the
both the photon energies by normalizing them with respect ténultiplet averaged) —value suggests the effective, | for
the total area under the curve after background subtraction. the most intense multipletG in the Auger spectrum to be
is clear from the figure that the spectral weight is shifted8.5 eV, in perfect agreement with the estimated value from
closer to the Fermi level in SEuQ;. The large enhancement the Auger spectra as discussed earlier. Interestingly, the
in the spectral intensity of the neBg feature using the He  valence-band spectrum of 8uuQ; can be simulated with all
radiation in SyCuQ; proves that the leading edge of the elec-interaction strengths, such b4, V4 and (pdo) the same
tron removal spectrum in uG; is dominated by oxygen as the case of G&uG;, but with a reduced value of the
nonbonding states, in contrast to the other divalent Cu oxideharge-tansfer energyAj alone. The resulting best simula-
systems including G&EuO;. tion with A=0.0 eV is compared with the experimental spec-

Figure 4a) shows the ClL3M 4sM 45 Auger spectrum cor-  trum of SL,CuG; in Fig. 5. While there is substantial amount
responding to C&uO;. There are two distinct features in the of uncertainties £ 0.5 eV) in estimating aA value from the
spectrum, one intense feature at about 911 eV and anothanalysis of a single spectrum of a given compound, the
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duced byA larger than that of SCuO;. Thus, the core-level

CaCu0. A=05eV ,“\’._ spectra of these two compounds also suggest that tredue
S s of Sr,CuQ; is somewhat smaller than that in L0, In
order to compare the obtained interaction strengths from
these one-dimensional cuprates to those obtained from other
cuprates in a consistent way, we have analyzed EXP
spectra of CuO and L#ZuO, within the present model.
These spectra can once again be reproduced by only adjust-
ing A, while keeping other parameter strengths fixed. The
obtainedA’s are 1.5 eV for CuO and 1.0 eV for LE&uO,.
Thus, there appears to be a systematic reduction in the value
m —— of A w!i;th the dimensionality of the crygtal .structure. It is
Binding Energy (eV) knowr?® that the charge-transfer energy is directly related to
the Madelung potential of the system. Therefore, the de-

FIG. 5. Comparison between the experimefittits and calcu- C.re?S?hm Ma(:ellu?g ﬁOteqtlaldWI,:h the dl:?ensmga“tt.y m.m?r;
lated (solid lineg valence band spectra of £2u0; and SCuQ;. sic to the crystal structure leads .O aresu Ing_r(?_ uction inthe
The dash-dotted lines shows the @ @ntribution. The dashed line charge-transfer energy, suggesting the possibility of unusual

is the background due to secondary electrons considered in both tffd€ctronic ground states in the low-dimensional systems.
cases. It has been suggest®ahat the charge-transfer energy in

SrLCuG; is as much as 2 eV lower than that in JGuO,

present results suggest that the considerably differerﬁ'_ased on multi-impurity cluster calculations. In fcheir analy-
valence-band spectral features in these two otherwise closefjfS: the charge-transfer energy fo,Gu0O; was estimated to
related cuprates arise primarily from a reduction in theP® 1.8 €V with the configuration dependence of the transfer
charge-transfer energy in &uOs. In order to ensure that integrals. The reason why the_lr chgrge-transfer energy is by
this conclusion is also consistent with the core-level spectrat—2 €V larger than those obtained in the present study can be
we have analyzed the Cup2spectra in these two com- found in the definition of the charge-transfer energy. In their
pounds. The Slater integrals between the @uaid 3 or- model, since only thed,> > orbital is considered, the
bitals are F2=7.72. G!=579 and G3=3.29 eV. In charge-transfer energy is defined with respect todpe ,2
Ca,Cu0; the satellite structure related to the Cp,2 signal orbital. On the o_the_r hand, in the present model, the charge-
is strongly distorted by the Ca Auger lin&ig. 6), but the transfer energy is given by the energy dlfference_ betwegn the
satellite structure accompanying th@s2 signal allows a O 2p orbital and' the cen'ter Qf gravity of thal Drbitals split
meaningful calculation of the core-level spectrum within thePY the crystal field, which is~ 1.0 eV smaller than that
present model and, thus, extract parameter strengths. It Retween thel,. 2 and O D orbitals.

interesting to note that these core-level spectra can be well N Fig. 7, we combine the UV photoelectron and brems-
described with the same set of valueslgf; (=7.2 eV), Vg strahlung isochromaBl) spectra with a common Fermi en-
(=0.8 eV), (pdo) (=—1.5 eV), and A (=05 eV pin ergy in order to estimate the band gap. The BIS ofGl&D;
Ca,Cu0; and 0.0 eV in SICuOy) as in the case of valence- and_ SQCUQ:, in_the Iow—energy region are very similar. This
band calculationgsee Fig. 6. Since the energy difference '€9ion is contributed predominantly by Gliand oxygenp
between the main and satellite peaks is smaller igOD®; states with negligible contribution from other states and ex-

than in SpCuO;, the spectrum of GEuUO; is well repro- hibits a single peak feature at about 3.3 and 3 eV above
’ Fermi energy, respectively. These features correspond to

electronic transitions into the upper Hubbard band arising
from thed® configuration of C3" state hybridized with the

O p states. The BIS results along with the UP spectra of
these compounds shown in Fig. 7 are consistent with the
interaction parameters deduced from the analysis of x-ray
photoemission core-level and valence-band spectra earlier;
this is demonstrated by the calculated bar diagrams shown in
Fig. 7. While we can, in principle, estimate the intrinsic
bandgaps in these materials from the combined UPS and BIS
in the figure, a precise determination of the band edges is
difficult from these experimental spectra, since these bands

Intensity

=3

Intensity

Sr,Cu0; A=0.0eV are significantly broadened by the resolution function asso-

T T P T R ciated with the experimental technique, particularly in the
960 95 94 930 case of Bl spectra. Thus, we adopt an approach that has been

Binding Energy (eV) successfully used in the past in determining the band

edged! = and we obtain an estimate of the intrinsic band
FIG. 6. Comparison between the experimeridaits and calcu- ~ 9ap of about 1.Z0.3 eV in CaCu0; [_see Fig. @] ThiS_iS
lated (solid line9 Cu 2p core-level spectra of GEuO; and  similar to the value {1.75 eV} obtained from the optical
Sr,CuG;. conductivity measurements reported earlferSr,CuQ,
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T T T that the neglect of the oxygem bandwidth implicit to the
cluster model calculations leads to slightly renormalized
i smaller values ofA.2%34n order to ensure that our conclu-

7 sion is not influenced by this limitation, we have calculated
the Cu 2 core-level spectra of GEUO; and SpCuQ; within

the Anderson impurity model including the effect of the oxy-
genp bandwidth'® Considering bottp, and p, orbitals on
each oxygen atom in the one-dimensional lattice shown in
Fig. 1 and an oxygen-oxygen interaction described in terms
of Slater-Koster parametrizatioh [(ppo)=0.4 eV and
(ppm)=—0.2 eV], we have calculated the hopping matrix

. | element coupling the Cd,2_ 2 orbital to the oxygerp band
.0 2 4 6 as a function of energy over the bandwidth as described
) Energy Relative to Fermi Level (eV) earlier'®3* The impurity calculation for the core-level spec-
-— trum including this dependence of the hopping matrix ele-
AL L L ment on the energy and the oxygprbandwidth, gives\ to
Sr,Cu0; Optical absorption be about 1.4 eV in the case of L£aQ;; this is larger

\ (~0.9 eV) compared to the estimate from the previously
\ discussed cluster approximation. When we apply the same
impurity model to simulate the core-level spectrum of
1.4 ev Sr,CuQ;, we obtain aA value of about 0.8 eV with all the
other parameter strengths same as obtained from the cluster

'4 . . . calculation. As expected, this value is similarly larger than
]
s

Intensity

®

the estimation from the cluster calculation as in the case of
CaCu0;. Such a smallA value suggests that the bare upper
Hubbard band isvithin the filled oxygenp band, in confor-
mity with the conclusions derived on the basis of cluster
calculations.

According to the original classification in the Zaanen, Sa-

watzky, and Allen phase diagrainsuch a material with the

Iil H upper Hubbard bandUHB) within the p-bandwidth A
. . ' . ! | . <WI/2) is expected to be metallitharring band structure
6 4 2 0 2 a4 6 effectg, in contrast to the insulating states of these com-
(o) Energy Relative to Fermi Level (eV) pounds. In order to investigate if a Slater-type et g =
0) in contrast to the Mott-Hubbard gapJ{y > 0), could
open up in these compounds due to the antiferromagnetic
order, we have performedb initio spin-polarized band
Structure calculations within the local-spin-density approxi-

spectra of SICuO; suggesting a band gap of about 1.5 eV. The matlpn.'Thls .calculatlon |s.cqrrled out using the Ilneanzgd
inset shows the optical absorption data showing the optical gap tg1uffin-tin orbital method within the atomic sphere approxi-

be about 1.4 eV. The bar diagrams show the calculated valencdnation. Ir] the Ca|CL!|ati0nS, the convergence was obtajned
band and Bl spectra in each case. self-consistently takings, p, and d basis at each atomic

sphere. The results obtained converging to the observed

shows a band gap of about 8.3 eV[see Fig. T)]. This  magnetic structure, show metallic ground states for both
estimate is consistent with our optical absorption resultsCaCuO; and SpCuQ;. Thus, it is clear that the band gap in
(shown in the insgtas well as the results obtained in other this compound arises from strong electron-electron interac-
groups™ This small reduction in the band gap (0.2 eV in  tions and cannot be explained in terms of single particle
Sr,CuQ; compared to C&LuG; is related to the decrease of effects, such as the doubling of the lattice periodicity due to
A in SL,CuO;,. the antiferromagnetic ordering. Some calculatféri® have

The above analysis of several spectroscopic data as wellowever shown the possibility of an insulating ground state
as of band gaps within a consistent set of interactioreven when the UHB overlaps the oxygegn band @A
strengths clearly suggests that these one-dimensional ce<W/2) due to strong covalency effects; such an insulating
prates are characterized by rather small values of the chargstate has been termed a correlated covalent insufafne
transfer energy 4 ~0.0-0.5 eV. The bare oxygep band- main distinction between the idea of the correlated covalent
width (W) is expected to be substantial-(2 eV) in these insulator U>A<W/2) and that of the charge-transfer insu-
low-dimensional oxides. Noting that the charge-transfer enfator (U>A>W/2) is that the latter continues to be an insu-
ergy A, is measured with respect to the center of the oxygeitator for any value of the hybridization interaction strength
p band, these small values &f (<W/2) suggest that the while the covalent insulating systems will transform into a
bare upper Hubbard band lies within the oxygemlerived — metallic state with decreasirigor covalency'® From these
band though they are insulators. However, it is to be realizediscussions and the estimated interaction strengths, it appears

Intensity

FIG. 7. () Combined UP and BI spectra of £2u0; suggesting
a band gap of about 1.7 eV. The dashed line shows the BI spectru
after subtraction of linear backgrounth) Combined UP and BI
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that such one-dimensional cuprates most likely belong to osystems can provide examples of correlated covalent insula-
are very close to being in the correlated covalent insulatingors.
regime.

In conclusion, we have investigated the electronic struc-
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