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We have carried out experimental and theoretical studies of the unoccupied electronic structy@i0g Sr
which can be regarded as the best realization of a one-dimensional model system containing cuprate chains. In
the polarization-dependent x-ray absorption spectra, the contributions to the upper Hubbard band from states
originating from the two inequivalent oxygen sites are energetically well separated. Theoretical analysis of the
measured hole distribution within cluster calculations reveals a markedly enhanced effective nearest-neighbor
intersite Coulomb interactiorV,4q~2 to 3 eV, or sizable contributions from next-nearest-neighbor interac-
tions, provided a finite on-site energy difference of the two inequivalent oxygensjtds taken into account.
Including next-nearest-neighbor interactions, reasonable agreement can be achieved with recent electron
energy-loss spectroscopy data from the same compound. phex&en orbital analysis of the unoccupied
electronic structure of the single-chain cupratgC10; reveals strong similarities with that of the double chain
compound SrCu®

[. INTRODUCTION tors within the classification of Zaanen, Sawatzky, and
Allen . Interpreting various experimental or theoretical data

Quasi-one-dimensional(1D) cuprate compounds are several authors have claimed thapGuG; is different ex-
model systems allowing experimental access to a number dfibiting, for instance, a significantly reduced charge transfer
basic physical pc{Eznomena in low dimensions, such as spirenergyA ,q=0.5 to 2.5 e\, derived from valence band pho-
charge separatiori or the existence of a spin gap in ladder
mategrials gepending on the number of Iégim?ngpthe ex- Sr,CuO; SrCu0,
tensive cuprate family, which is based upon compounds with
CW" ions in a fourfold coordinated oxygen environment
(the planar Cu@ plaquettg, the single chain built up of
corner-shared CufQ plaquettes (“corner-shared linear
chain”), most ideally realized in $S€u0;, plays an impor-
tant role, as it is the basic structural element of more com-
plex systems like the double chain in SrGu&hd the ladder-
type structures. Figure 1 shows the crystal structure of
Sr,CuQ; and SrCu®.

At temperatures above 20 K S&uG; is the best known
realization of a spirk antiferromagnetic Heisenberg
chain?=® showing what is possibly a record value for the
nearest-neighbor exchange intega-=200 to 250 meV,
which significantly exceeds the corresponding values in the
2D cuprates of 130 to 150 meV. The microscopic origin for
this unexpected highl value remains unclear at preseand
its elucidation requires a detailed knowledge of the underly-
ing electronic structure of the chain cuprates.

From the electronic point of view there is also consider-
able general interest in comparing,SuO; with other mem-
bers of the growing cuprate family, especially with the par- F|G. 1. Crystal structures of the linear chain cupratesC86;
ent compounds of the layered high- superconductors. (left) and SrCu@ (right). The corner-shared single and double
These parent compounds are typical charge transfer insulghains are running along the direction of thexis.
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0163-1829/2000/626)/1075214)/$15.00 PRB 62 10 752 ©2000 The American Physical Society



PRB 62 FOUR-BAND EXTENDED HUBBARD HAMILTONIAN FOR . .. 10 753

toemission data and Cup2core-level x-ray photoemission sion of the hole distribution of both chain geometries is pos-
spectra(XPS), to be compared with 3.5 to 4 eV for typical sible within one consistent picture. Furthermore, we relate
2D cuprates? In order to reproduce the value of the experi- our results obtained from XAS to the values deduced from
mental charge transfer gap,=1.5+0.3 eV derived from EELS within an extended one-band Hubbard mdfaince

He 1 ultraviolet photoemission combined with bremsstrah-Poth experiments are highly sensitive to the effect of intersite
lung isochromat spectroscoppf Sr,CuQ,, a significantly ~ Coulomb interactions. _
enhanced nearest-neighbor intersite Coulomb interaction "€ Paper is organized as follows. In Sec. Il the experi-
Vpg~2 eV has been suggestfiUnfortunately, the Cu @ meptal techniques anq samp!e handling as weII_as .the theo-
XPS is rather insensitive to the actual valué/gf; and to the retical approaches, using mainly exact diagonalization stud-

best of our knowledge its magnitude has not been estimatelf> of_small clusters within thpd mo_del, are outlined. The.
experimental results are presented in Sec. Ill. The theoretical

at least semiquantitatively, from experimental data for anyinterpretation of the O 4 XAS data is given in the context of

Zih;rnc E’;gs f)%mvpa?ili)r& zxgifrt)tsh; r?cu%f;tznggtDe g;gzkg/%riousdp model parameter sets in Sec. IV. In order to get
' . . P P . additional insight into the interdependencies of various on-
cuprates, which yield¥/,4<1 eV. These relatively small

) : i site and off-site interaction parameter values and their pos-
values should be compared_ with various theoretical values afj|o bounds, we compare our findings with the recent
unscreened and screened interactions for the,(ai@ne. In single-band analysis of the EELS data 0§Gu0; in Sec. V.
the “unscreened” cas®q~4 to 6 eV has been estimated For this purpose we have also included an Appendix which
by Stechel and Jennisb’iand Rusharet al,* respectively, contains an approximate expression for the effective on-site
andV,q~1 to 3 eV in the more realistic “screened” cake. repulsion of the single-band extended Hubbard model in
Furthermore)V/,4=~0.8+0.25 eV and 1.20.5 eV has been terms of the four-band p model and also discusses the limi-
obtained by McMaharet al!* and Hybertseret al,*>'re-  tations in its use. Finally, in Sec. VI we compare our results
spectively, from constrained local density approximationwith the O 1s XAS data of the related double-chain com-
(LDA) calculations for LaCuQ,. For the oxygen-oxygen in- pound SrCu® which is analyzed briefly in the asymmetric
tersite Coulomb interactiol,,~0.7 to 2 eV was estimated dp model, before a summary is given in Sec. V.
in Ref. 12, while a negligibly small valu&/,,<0.7 eV
within error bars was stated in Ref. 15. Il. METHODS

In general, knowledge of the intersite Coulomb interac-
tion is of interest for any quantitative realistic description of
cuprate physics. Moreover, it is a key quantity for the charge Single crystals were grown using the traveling-solvent-
transfer between CuQchains and Cu@ planes in the zone techniqué.Sr,CuQ; adopts an orthorhombic crystal
RBa,Cu;0g s high-T. superconductors, as well as for structure with lattice parametess=3.91 A, b=12.71 A,
various possible charge density instabilities and related phase=3.50 A ?* Note that we have interchanged the notation of
separation scenarios induced by doping of the parent chargbe axes with respect to Ref. 24 for the convenience of the
transfer insulator$® Naturally, the binding energy of exci- reader so as to be able to use the same orbital notation for
tons in insulating cuprates is sensitive to the magnitude oboth this chain system and the layered cuprates. Following
the intersite Coulomb interactidi. our convention, the chain direction lies now along &héx)

Returning to SyCuQ;, we note that a strongly enhanced direction[see Fig. 1 and thec (z) direction is perpendicular
nearest-neighbor Coulomb interactight®) =0.8 eV as well  to the planar Cu@plaquettes. Although the Cu-O distances
as a moderately enhanced transfer inteff& =0.55 eVin in a andb directions are almost identical, the different site
the context of a 1D extended one-baiid) Hubbard model symmetries of the central oxygen site¢lDand the periph-
have been deduced from recent electron energy-loss spectreral oxygen sites @) should be kept in mind. The orienta-
scopic (EELS) data?® The corresponding theoretical values tion of the crystals was determined using x-ray diffraction.
for the 2D CuQ plane derived for LgCuQ,, which has even The XAS experiments were carried out using the
smaller Cu-O bond lengthsdE&1.89 A) than SyCuO; (d  SX700/Il beam lin& operated by the Freie UniversitBer-
=1.95 A) areV,5,=0.11 to 0.14 eV***'andt,;=0.42 to  lin at the BESSY synchrotron radiation sous&erlin) using
0.48 eV*16 For the corresponding single-band extendedlinearly polarized light. The energy resolution of the mono-
tight binding model, the same enhanced value of the nearesthromator was set to be 280 and 660 meV at thesCaid
neighbor transfer integral as derived from the EELS dateCu 2p absorption thresholds, respectively.
mentioned above was predicted from LDA linear combina- The crystals are extremely sensitive to exposure to atmo-
tion of atomic orbital{LCAO) band structure calculatiod$.  spheric moisture. In test measurementseansitu prepared
Recent angle resolved photoemission measurements eamples, surface effects have been observed even in the
Sr,CuQ; vyield t*®~0.5 eV from the width of the holon “bulk” sensitive fluorescence yield detection mode, which
dispersiort. has a probing depth of several tenths of a micrometer. To

In this paper we present a polarization-dependent x-rayvoid these difficulties we have performed our measurements
absorption spectroscopi€XAS) study of the unoccupied on freshly cleaved samples at a base pressure of
electronic structure of SEuO;, which we combine with an  5Xx 10 1° mbar. For the O 4 and Cu 2 absorption spectra
appropriate theoretical analysis in order to set constraints owe chose the fluorescence yig€kly) and total electron yield
the parameter values mentioned above. A similar XAS studyTEY) detection modes, respectivéfy Energy calibration
was performed recently on the related double-chdirg- was performed by comparison of the Cps2 XAS signal of
zag”) compound SrCug?® and we will show that discus- a CuO sample with corresponding data in the literatire.

A. Experiment
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all cases the data were corrected for the energy dependent CugOi3
incident photon flux and, in the case of Gs,1for self-
absorption effects, following a procedure described
elsewheré® The spectra for different crystal orientations are
normalized~80 eV above the absorption threshold, where
the final states are nearly free-electron-like and therefore es- y
sentially isotropic. T«
XAS is a well-established method to investigate the char-
acter and the symmetry of the unoccupied electronic states in
cuprate-based materidf$.As dipole selection rules apply

eCu 00(1)©0(2)

and due to the localized initial core states, our studies probe ———0(2) 2py O 2. 2

the site specific hole distribution, i.e., unoccupied @ &hd App (1) 2 —" Pz Py

Cu 3d/4s final states in the case of Gsland Cu 2 absorp- B i

tion, respectively’’ In addition, by using linearly polarized Ay

synchrotron radiation and single-crystalline samples it is pos- e 3d.2 2 Cuddy_

sible to select further the transitions with different symmetry . 4 4
CuOj chain CuOy plane

into the 2o O and 31 Cu orbitals, by orienting the sample
with respect to the electric field vect& of the incoming FIG. 2. A sketch of the cluster type modeling the Guehains
light. For example, in the geometr§[la only O 1s  shown in Fig. 1, of the transfer integrals, and of the on-site energies
—0O 2p, transitions are possible. The crystals cleave in theof the pd Hamiltonian[Eq. (1)] adopted in the present work. Upper
(ac) plane, i.e., it is necessary to extrapolate the spectra fdmalf: Type of periodic clusters considered in the present paper. For
E[b from measurements at grazing incidence (70° from theéhe magnitudes and the signs of the transfer integraiee the text
sample surface normal and Table I. Lower half: Schematic view of the on-site energies and
the crystal field effect on the inequivalent oxygen sites.

B. Theoretical description: From LDA calculations to the
four-band dp extended Hubbard model CU|3d10> O|2p6> Configuration. Thus one deals with an oc-
cupancy of one hole per CyQinit. In the present paper we
shall restrict ourselves to consideration of the strongly cor-
related ground state of STu0;.
It is impossible to extract allffrom 8 to 12 Hamiltonian
arameters from the OsLXAS data alone. To circumvent
. ) X is difficulty, we shall adopt several parameters suggested
e e oo s . (18 anasi of recent complemertaty 3PS, XAS. an
proveilj here, resulting |?1 Fs)lightly narrower bandwidths of theEELS studies. We include glso the LDA_LCAO results men-
’ tioned above since, according to our experience for numer-

valence bandéthe Cu 31/0 2p band complex ous cuprates, this calculation yields quite reasonable values

Three orbitals contribute more than 94% of the total el the transfer integral® Here we will try (i) to elucidate to
densiFy of statee{D_OS) of the half-filled antibonding band | .- parametersgof tr;e Hamiltonian {zj(i\aen by Ed) the
crossing the Fermi energy, namely, the f,and O 2, as physical quantities measured by O 1s XAS are in principle

‘é"e”d"_is the C,‘é 82— y2, @s expect;:d from simpledclhemki]cal most sensitive andi) to find interdependencies for them set
onding considerations. Hence, the standépdnodel wit by the present data. The qualitative effect of the intersite

the inclusion of two nonequivalent oxygen sites per unit Ce!ICoulomb interaction upon the relative hole densities at the

can bef rer?_arded asa qdlfltelgood startmglpomt for the descrigq inequivalent oxygen sites, generic for comer-shared cu-
tion of this compound’s low-energy electronic Structure. .o chains, will be shown to be the same for quite distinct

With four atoms per unit cell and one orbital per Si®U  sei5 of transfer integrals. The parameter sets that are dis-
3d,2-y2, 2X0O(2) 2p,, and 1) 2p,; see Fig. 2we arrive ¢ ,qqeq within this paper are summarized in Table .

at the standard four-band extended Hubbard m¢sks, for For the transfer integrals, we use the same sign conven-

instance, Refs. 31 and 82 tion as in Ref. 37. However, concerning their magnitude,
enhanced oxygen-copper transfer integrals can be expected
H=> eni+ > tij(CiTst AHC)+ D UM Tﬁi , from the large value of the exchange integahentioned in
i s e i o the Introduction. The LDA calculations point to the same
tendency:tp;4=1.45 eV, t,3=1.8 eV compared with 1.3
+ Vijﬁiﬁjv (1) eV for typical layered cuprates, whetg,4 andt,,q denote
(N the oxygen @1)-copper and the oxygen(@®-copper transfer
" ) ) o o integrals, respectivelysee set | in Table)l The unusually
\1vhereciys creates a hole with spin pl’OjGCtIQIEIl/Z atsitel,  |arge value for the oxygen-oxygen transfer integtal,,
niyschscis denotes the number operator, amg= Escfscis. =t,,=1.15 eV derived from our LDA-LCAO calculations
The symbol(i,j) denotes the summation over nearest-within a straightforward four-band fit can be attributed to
neighbor(NN) bonds including also the bond betweeflD difficulties in the unique assignment of a dispersive “non-
and 2). In the hole picture adopted here the vacuum statdonding” band in different parts of the Brillouin zone. Al-
of the Hamiltonian Eq.(1) is given by the electronic ternatively, a fit of the whole plangrd band complex within

To get some first insight into the electronic structure we
have performed LDA-LCAQ(and linear muffin tin orbital
band structure calculations for ,&u0; with a minimum ba-
sis, treating the Cu (€4p,3d) O (2s,2p), and Sr
(5s,5p,4d) orbitals as valence states and the lower states
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TABLE |. Proposeddp model parameters for SE2uO; exam- _ ~on
. . K . . Di—<G|ni Tnil|G>,
ined in the present work. All energies are given in eV. '
describe the small but finite double occupancy which is often
Set neglected in other approximations for thed Hubbard mod-
Quantity KG Present workl-I1l)* ~ TM® els. The corresponding NN density-density intersite cor-

relation functions(G|n;n;|G) are abbreviated byngn,;),

:Pld ig 11":35 8'32’ (NgNp2), and(npilnp2>. _ .

p2d : : ' In the following we exploit the fact that the total inte-
top 0.65 1.181), 0.741L11) 04 grated weight of the XAS spectral functf§n(up to a nor-
Apa 2.5 3.0 2.39  malization factor given by the square of the modulus of the
App 0 0.51,11), 0.75111) 0.0 nearly constant transition matrix elemgegquals the corre-

Ug 8.8 8.8 85  sponding occupation numbers of holes in the ground state.
Up 4.4(1-111) to 6(11) 4.4 4.1 We emphasize thdt) by definition the integrated weight of
Vpd 1.76 to 2.64 2.8), 1.901), 2.3511) 0 this spectral function does not depend on the Coulomb inter-
Vop 0 0l), 1.3511), 1.511) 0 action with the core hole andi) direct evaluation of this
Vg4 0 0 to 0.85(Ill) 0 spectral function shows that for the case of an undoped

charge transfer insulator under consideration and for typical
parameter sets more than 95% of its spectral weight is lo-
cated within a narrow energy interval of about 1 eV just
above the threshold. After broadening with the experimental
resolution we are left essentially with a single pealot

the extended plana(Cusq—O,p),., model (containing — shown. Only the peak position is affected by the Coulomb
seven bands, i.e., now wittwo oxygen orbitals p,, per interaction with the core hole, and by the large core-level
site) reveals similar Cu-O transfer integrals but markedly re-energy, which in the case of nonequivalent oxygen ions de-
duced values for the corresponding1®O(2) transfer inte- pends on the site where the XAS process takes place. In this
grals, t,,=0.62 eV and’fppwo_42 eV for the @1)-0(2)  context vibrational effects in the final state can be ignored.
transfer integral betweem bonded oxygen orbitalg0 2p ~ Furthermore, we neglect possible changes in the Hamiltonian
lobes far from Clt As we will see in our analysis, this sig- Parameters in the vicinity of the excited ion. Thus the mea-
nificantly smallert,, value derived from the seven-band fit Sured polarization-dependent Gs XAS spectral weights
seems to us more appropriate to be used in the four-barffar the onset probe the oxygen occupation numbers of the
extended Hubbard model under consideration since it lowergorresponding O @ states in the ground state. The value of
the value of the exchange integratoward the value sug- Vpd Can then be determined by fitting the XAS data reported

3Cu 2p XPS, Kotani and Okad&0O1-K0O3), Ref. 10.
b DA +0 1s XAS, present work.
‘Tohyama and Maekawd@ M), Ref. 38.

gested by the experimental data. below, if the second essentially unknown paramétgy can
In the fo”owing we denote the difference between thebe obtained from the same data or by other considerations.
central oxygen @) 2p, and the Cu 8,22 on-site energies For the rating of various parameter sets proposed for

by A p14= £p1— &4 and the corresponding difference betweenSRCUO; we will use also the exchange integiabbtained
the outer oxygen ) 2p, and the central oxygen (@) 2p, from th_e mapping of _Eq(l) onto the equwglent antl_ferro-
on-site energies by ,,= ¢y, &1 (see Fig. 2 For the on- magnetic spln—_1/2 Heisenberg modebmparing the triplet-
site Coulomb repulsion at Cu and O sites we adbpt singlet separatiody and the value of the charge transfer gap
=2U,=8.8 eV andU,,=U,,=U,, respectively, as sug- calculated from the well-known relation

gested by Okada and KotalfiA similar Cu 3d,2_,2 value Eq=Eol +€]+Eq[ —e]—2Eq, 3)

of U4=8.5+0.3 eV has also been proposed foy&QuO; by

Maiti et al® For the nearest-neighbor intersite Coulomb in-WhereEo[ * €] denote the ground state energy for clusters

teractions we adopt for the sake of simplichgy,q=V,q  With one addedsubtractefi positive elementary charge.

=V,q. To illustrate the effect o¥,4 we will also examine In order to complement our exact diagonalization studies

parameter sets where this interaction has not beeff periodic rings and to improve the estimation of the related

considered®3® Finally, we will also consider the effect of inevitable finite size effects, we have also applied the re-

next-nearest-neighbdNNN) intersite Coulomb interaction cently developed efficient incremental technitfle calcu-

of two holes residing on two neighboring different oxygen late the charge gafy and the occupation numbens. For

sites,V,,,, or on the neighboring Cu site¥g. this purpose a comparison with available quantum Monte
Performing exact diagonalization studies of the Hamil-Carlo (QMC) calculations is very illuminating since by

tonian given by Eq.(1) on periodic (Cu@)y clusters { QMC techniques S|gn|f|cantly'Iarger_guster sizes can be

—2 to 6 (Fig. 2, we have calculated the hole occupation handled, although only approximatéfy.

numbers(expectation values of the number operators
IIl. EXPERIMENTAL RESULTS (XAS)

”i:<G|ﬁi|G>: 2) A. Cu 2p absorption edges
Figure 3 shows the polarization-dependent @y,2x-ray
in the ground statéG) on Cu,ny, and on both inequivalent absorption spectra of SEuO; along all three crystallo-
oxygen sites @) and Q2), n,; andny,, respectively. The graphic directions. These measurements probe essentially Cu
corresponding on-site correlation functions 3d final states. All of the Cu @ absorption spectra show a
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FIG. 3. Cu 25, absorption edges of SEuG; for the electric FIG. 4. O Is absorption edges of SEuO; for the electric field

field vectorE parallel to the three crystallographic axé¥ef. 70. vector E parallel to the three crystallographic ax@ef. 70.

narrow peak at-931.8 eV(the so called white ling which  result mainly from the out-of-plane orbital Gp2 or from the

is associated with the Cud3contributions to the upper Hub- hybridization of the orbitals Cud._ 2, O(1) 2p,, and 2)
bard band UHB).?° In accord with the symmetry of the Cu 2p, with Cu 4s,3l,,,3d3,2_,2 states, and are thus not ac-
3d,2_,2 orbital, identical spectra foE|a and E||b are ob-  counted for in the standamip model*°

served within the experimental accuracy. In the following, Returning to the O @ contribution to the UHB near 529.5
we denote theE|a and E|b geometries collectively as in eV, the small fraction of holefless than 5%) observed in
plane. In contrast, a much reduced intensity is found for lighthe out-of-plane geometry attests to the highly planar char-
polarization perpendicular to the CyQinits (E|c, out-of-  acter of these oxygen hole states, which predominantly oc-
plane geometry The strong anisotropy between the in-planecupy O 2o, and O %, orbitals.(The remaining finite value
and out-of-plane geometries reveals that the UHB is preis mainly attributed to the experimentally available slightly
dominantly built up of Cu 8,2_,2 orbitals, while out-of- nonideal polarization in the present XAS experiment.

plane orbitalsCu 3ds,2_,2) contribute less than 5%'.Due When comparing the spectra for the two in-plane mea-
to deviations from perfectly linear light polarization this surements, differences in energy position and spectral weight
value represents an upper limit. are observed: foE||a the UHB derived feature is centered at

The planar character of the hole states is well known fron629.6 eV, whereas fdg| b it is found at 529.1 eV. One can
the 2D cupratéd*® and has also been observed in theclearly ascribe the two different peaks to the two symmetri-
double-chain compound SrCu®® To obtain the analogous cally inequivalent oxygen sites. The(D site has two adja-
result for the present case, although not surprising, is still ofent Cu atoms in the (x) direction, whereas the @) site
considerable importance since this confirms that we can réias only one Cu neighbor along tie(y) axis. Assuming
strict the cluster calculations reported below for this chaino-bonded O orbitals, foE|a only O(1) 1s—O(1) 2p, tran-
compound in a good approximation to in-plane orbitals only.sitions occur, while foE|b O(2) 1s—0O(2) 2p, transitions

Besides the white line, a strongly polarization-dependengre expected. Hence it is possible to assign the energetically
absorption feature is found at 935.8 eV. Features in this enewer peak to transitions into unoccupied states at the two
ergy range in the out-of-plane geometry have been observe@(2) sites and the higher-lying peak to transitions at)OA

in many other cupraté®and analyzed in detail in the 2D relative hole distribution of approximately 45% at th¢1pD
model system SCuO,Cl,. In the latter, a comparison with and 55% at the two @) sites is found, thus slightly favoring
the calculated density of states showed that this structure i€ peripheral oxygen site@n total) for hole occupation.
related to transitions into CU(%ZZ_rZ orbitals which become According to our cluster calculations for the XAS spectral

parﬂy unoccupied via hybridization with empty Cus4 density, it turned out that for equal G tore levels the UHB
state<® derived peak for @) occurs at lower energies than the peak

for O(1), in qualitative agreement with the experimental
data. However, the calculated energy difference of about 1.5
eV exceeds the experimentally observed value 0.5 eV. In
We will now turn to the hole distribution between the addition, it depends only weakly on the actig, value and
oxygen sites, where, in contrast to copper, two inequivalentther model parameters. Therefore the energy difference be-
sites are present. The polarization-dependentsCafisorp-  tween the two UHB derived peaks of(Q and Q2) should
tion edges are shown in Fig. 4. The features below 530.5 eVWe related at least partially to different bindi(gite) energies
can be regarded as resulting from hybridization of @ 2 of the O 1s core levels at the two nonequivalent sites, i.e.,
orbitals with the(predominantly Cu 3d,2_ 2 UHB, and will  the crystal field affects the Oslcore levels. In fact, Made-
be analyzed in detail below by thép model introduced lung potentials for SICuQ; calculated in the ionic charge
above in Sec. Il B. The features at higher absorption energiemodef’~**show a difference of about 1.98 to 2.07 eV for the
are not included in our quantitative analysis because thegites under consideration. Adopting an isotropic ““‘screening”

B. O 1s absorption edges
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factor of about 2, we would arrive at the experimentally ob-
served value of 0.5 eV in the peak position difference. A
more detailed theoretical investigation of this topic including
additional LDA calculations is postponed for future waPk.
Similar energy shifts have been observedRBa,Cu;O,
(R=Y,Pr) >** and YBgCu,0g,*° for the doping induced
peaks near 528 eV related to the corresponding two oxygen
sites of the Cu@chains as well as in the double chéihm
SrCug for the contributions of @) derived 2, states and
O(1) derived 2, , states, respectively, to the upper Hubbard
band as found here. In contrast, for the edge-shared com-
pounds LyCuG, (Ref. 56 and CuGe@ (which have only
equivalent oxygen sites involved in the Cu@aquette sig-
nificantly smaller shifts of 0.15 eV and 0.1 eV, respectively,
have been detected for polarizations perpendicular and par-
allel to the chain direction.

R = 2I’1p2/l’1p1

¥ Apg = 2.39 eV
Y Ap=0 | B Ayy=25eV

oo b b b

IV. DISCUSSION OF VARIOUS dp MODEL SETS WITH 0 1 2 3 4
RESPECT TO THE XAS RESULTS Voa (eV)

In the following we denote the relative oxygen hole dis-
tribution in SL,CuG; by the factor

RXAS= 2np2/np1= 1.22+ 01,

as obtained from our O sl XAS measurements. Within a
simple hybridization picture neglecting different on-site en-
ergies of the two nonequivalent oxygens, one might expect
R~1 since the P, orbital of O(2) has only one Cu neighbor

to overlap, while the @, orbital belonging to @) has two

Cu neighbors. Notice that the LDA results in a significantly
larger value ofR=1.66 by integrating the orbital resolved
net densities of states froEx up to the top of the antibond-
ing band. This indicates, in addition to the absence of the
charge transfer gap within the LDA, the necessity of taking O Apg = 25 eV
more electron correlation effects into account, as is done ® Ayg = 3.0 eV
within our theoretical approach.

2np2/np1

R=

09

TN ST TN T T N SN Y N Y N T

0 1 2 3 4

A. Examination of parameter sets for SL,CuO5; proposed in Vea (eV)
the literature

FIG. 5. The relative hole distribution between the two inequiva-
1. Parameter set TM: No intersite Coulomb interaction and lent oxygen site®R=2n,,/n,, for different on-site energies ;4
equal oxygen on-site energies andAp, explained in the text and shown schematically in Fig. 2, vs

Let us start with examination of the simplest possible a_intersite Coulomb interactiod ..The. expe.rimen.tal values derived
P P b from the O Is XAS data shown in Fig. 4, including the error bars,

rameter set m_vvhlch the intersite Coulomb interaction is 19 e given by the stripe in the middle of the figuré. For the TM
nored andA,,=0 (see Table )l Such a set, proposed by arameter set extended by variablg, (triangles (the original TM
Tohyama and Maekaw@M),3*°was originally conceived P : y v g g
yamé . L arameter set is marked by a circlend analogously for the KO
to describe the optical conductivity of_the Ia.ye.red CuWateﬁets(KOl to KO3, squares; full lineextended to different NN
Nd,CuQ, and LaCuQ,. Nd,CuQ, exhibits similar Cu-O  cqy10mp interactiond/, and to different on-site energies of both
distances as $CuO; and a planar structure without any oxygen sites measured hy,, (dashed, dotted, and dash-dotted
buckling of the Cu-O bonds. It has also a similar optical gapcurveg. The original parameter sets KO1 to KO3 are marked by
of about 1.5 eV as well as no apical oxygen(®rresiding  circles and display th¥/,,4 interval V,4=(0.2 to 0.3lJ4 recom-
above and/or below the Cu(plaquette. Note that the TM mended in Ref. 10(b) The same for parameter set | explained in
transfer integrals are very smdiee Table). In Ref. 10 it  Table I.
has been shown that such a set does not describe thepCu 2
XPS data either for L&LuG, or for SL,CuG;. Here we shall - Coulomb interactiorV,q~1 eV, the situation with respect
show that the same holds also with respect to oursXAS  to XAS can be significantly improved. This is illustrated in
and the EELS data. Fig. 5@), where we have extended the original TM param-
In fact, taking the TM parameters, we arrive Biy, eter set to finite values d¥,4. However, difficulties with
~0.93 which is significantly smaller than our experimentalrespect to the underestimation of the charge gap and/or with
valueRyas=1.22. Note that by adding a moderate intersite respect to the single-band parameters derived from the EELS
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data as well as the value of the exchange integral do remaiMAS data of Nicker etal® within a standard dp

(see below. “CuO,-plane-like” parameter set adopting,q~1 eV and
Vpp~0.5 eV A ,=2.4 eV has been extracted from simu-

2. Parameter sets KO: NN intersite Coulomb interaction lation of the charge transfer between Guehains and Cu@
included, but with equal oxygen on-site energies planes as well as the oxygen ordering in the basal plane,

Next we examine the parameter set suggested by Okad¥!d App~2V,q has been obtained with the constraint
and Kotani(KO) (see Table )L'° The essential approxima- 0-74pa<2Vpq< 2.6tp. " With these independent results in
tions made therein ar@) neglect of the inequivalence of the Mind one can exped ;>0 for the present case, too. How-
tWO OXygens,tyiq=tpq=1.3 eV, t,,=0.65 eV, A,,=0, ever, as will be discussed below, large values\gf of the
so that the transfer integrals are taken as for layered cuprat@§der of~2 eV can be excluded for StuG;. _
but for (ii) a reduced charge transfer eneryy;4=2.5 eV, The calculated oxygen hole rativas a function oV is
and iii) a strongly enhanced nearest neighbor intersite CouPresented in Fig.®) for our LDA LCAQO derived parameter
lomb interactionV,q=0.2U4 to 0.3 4. Below we will ex-  Set(l) with various values o\ ;14 andA . With increasing
amine in detail the proposed range\gf;=0.3U4 (set KOD,  Vpa [and Vy,, not shown in Fig. )] the holes are
0.28J, (set KO2, and 0.2)4 (set KO3 while fixing the “pushed” toward the peripheral @) sites since a hole on
remaining parameters. 0O(2) interacts with the chargen, residing at the copper site

For the periodic CyO;, cluster andV,4=2.64 ev ~ and two chargen,, at the two neighboring Q) sites
(KO1), our value for the Cu occupation number of (—e denotes the electron chajgd&his has to be compared
=0.6079 reproduces well their reported value of 0.608With twice the Coulomb interaction strengthe@;V q
However, inspection of the results from the (Oyg cluster ~ +4en,,Vy, for a hole on a central @) site. Obviously, the
shows that there remain finite size effects resulting in €nergy gain of the hole residing at(2) is reduced with
slightly reduced charge at the Cu sitg,= 0.596. Since the increasing on-site energy of the side oxygen, that is, with
difference charge is now localized to a large extent at théncreasingA,,. Thus both interaction¥,q andV,, must be
inner oxygen @1), which exhibits a smaller hole density of considered together on an equal footing. We notice that at
np;=0.165, the oxygen hole ratie.,. (measuring the rela- positiveA,,, and also for_ negative values with small abso-
tive distribution is somewhat more strongly reduced from lute valuegA |, the functionR=R(Vpq4,A,,) behave qua-
R=1.5198 toR=1.4461 on going from a four- to a six- Silinearly:
copper-site cluster. As has been discussed in Sec. IIB the
last quantity is already rather close to the infinite chain limit.

The three KO parameter sets are included in Rhes V4 R~Ro+ayVpg—baldpp, (4)
plot shown in Fig. 5a). The set KO1 with identical central

and outer oxygen on-site energiasd with the strongest ) )

intersite Coulomb energy d¥,4~0.3Uyq clearly overesti- whereay ,b,>0. Different values ofA,, result in a nearly
mates the value dRy 4salthough it is closer than the original Parallel shift of the curves in Figs.(& and 3b). Both the
TM set discussed above. Their next, intermediate(ier) ~ Slopeay and the coefficienb, depend somewhat on the
with Vpq=0.28J4=2.2 eV([for which in Ref. 10 the super- magnitude of the transfer integralg,q and ty,q. Larger
exchange integral~200 meV has been estimated from a transfer mtggrals imply smaller values af andb, . Nota-
Cu,0, (open cluste yields R=1.34, which lies slightly bly, the ratioay /b, depends much more weakly on the ac-

above our XAS error bars. Only their lowest set KO3 with tual value of the Cu-O transfer integral.
V,q=1.76 eV would be in reasonable agreement with our In general, larger hybridizations lead to a smoother, more

XAS data. Some disadvantages of this and the intermediafgdualized hole distribution. Thus hybridization can be re-

set KO2 with respect to the EELS data and the charge trandarded as the “restoring force”: hindering the shift of'the
fer gapE, are discussed below. Figuréabalso contains an  9*XY9€n holes toward the outer oxygens forced by the inter-
extension of the original KO parameter sets,f=0) to site Coulomb interactioV,q and/or by negativep,. This
finite values ofA,, to illustrate the influence of this on the interplay is most dramatically seen in thg, dependence of

calculatedR value. In general, a largeX,, has to be com- R illustrated in Fig. 6. On going from zero oxygen-oxygen
pensated by an increasath, to reprodlfge the experimen- Nol€ transfer to that estimated by the four-band LCAO-LDA

it derived data(1.15 eVj the value ofR changes by about a
tally observed hole distributiofsee Eq.(5)] factor of 2. On the other hand, the result of the seven-band
LCAO-LDA fit mentioned above and the frequently used
approximation for the transfer integrg),~0.5,4 suggest a
markedly smaller transfer integrg),~0.6 to 0.7 eV. There-

Generally speaking, there is no reason to assume(ithat fore in our improved parameter sets Il and Il we use instead
the on-site energies of both oxygen sites inGrO; should  of t;,=1.15 eV (set |) 0.65 to 0.75 eV. Such a somewhat
coincide and(ii) once strongly enhanced NN intersite Cou- reducedt,, value is also helpful in preventing the overesti-
lomb interactions are present, at the same time NNN intermation of the exchange integrdlsee below.
actions will be negligible. Both of these points will be con-  From the intersection of the theoretiddlcurves with the
sidered in more detail below. In this context we mention withXAS ratio Ryas=1.22 shown in Fig. &) we found a lower
respect to(i) that, for the Cu@ chains in YBaCuGO;0;, bound for the empiricaV 4 value at a givem ,, for fixed
significantly large values oA, have been foundA,,=2 remaining parameters in the given set. This results in the
=0.5 eV has been obtained from simulation of the ® 1 empirical constrainA,, vs V,q we are searching for, which

B. Present approach: Inequivalent oxygen sites vs intersite
Coulomb interaction
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FIG. 7. The empirical relationship between the oxygen on-site
energy differenced ,, and the intersite Coulomb interactiaf},g .
. T . . The curves were obtained using the relative hole distribuRgRs
FIG. 6. The relative hole distribution between the two inequiva- 4 o4 from the O & XAS polarization-dependent intensity ratio

b ey a0 el near 52910 520 evaee i, usin e resls of Fig . The
PP yp Ofpg=2. curve denoted by NNN was obtained including next-nearest-

parameter set | shown in Table I. The dashed and dotted curves . . . .
) L RN neighbor Coulomb interaction as accounted for in parameter set IlI
denote IN extrapolations to the infinite chain limit fdR andn,,

. . . (Table ), but with the samédRy, g constraint as above. For details
respectively. The |ns_et sho_ws the same dependence of the full IIn%ee the text. The circle and the box indicate the most favored pa-
curve plotted in relative units.

rameter ranges for SCuO; and the 2D cuprates, respectively.

is presented in Fig. 7. This dependence is again quasilinea\r/ COMPARISON WITH THE SINGLE-BAND EELS DATA
but the coefficients are now less affected by the actual values” ANALYSIS: EVIDENCE FOR STRONG NNN

of the transfer integrals. COULOMB INTERACTION?
Inspection of Fig. 7 clearly demonstrates that,,
~2 eV is unlikely because it would result in unreasonably The recent interpretation of the lowest-lying structures in
large completely unscreened values\gfy~6 to 7 eVi#*®  the EELS dat? of Sr,CuO; within an effectivesingleband
pointing formally toward the Kondo Iim|‘t/pd>tpd.21 If Vog  extended ordinary Hubbard model is of interest because
is taken by the screened point charge expressigy there is also an indication of a strongly enhanced NN inter-
<2e?/(ea)~2.510 3.7 eV, a screening facter=2 to 3 can  site [i.e., interplaquette (CuQradica) type in our sense
be estimated. However, further non-NN Coulomb interac- _
tions can be lumped into the effectivg,'s (see below TABLE Il. The chgrge transfer_gaﬁg, the oxygen hole ratio
A further check for the whole parameter set can be obR=2np2/npy, the antiferromagnetic part of the Heisenberg ex-
tained by considering the value of the charge transfer ga rz?‘gge parametek and the effective single-band on-site repulsion
Eq. The calculated values (Eg obtained from Eq(3) are ca!culated for the parameter sets shown in Table_l and dis-
listed in Table II. A reasonable agreement with experimentaFussed in the text. In parentheses the results of the incremental
: : technique ¢) and/or the IN extrapolations to the infinite chain
data is achieved for sets Il and IlI. o : , .
. . . limit are given. For comparison with Ref. 10 the gap values ob-
Summarizing our theoretical analysis so far, the observed._. . R
S o . .. _tained by exact diagonalization of gDy, clusters are presented for
hole distribution leads to a clear restriction of the intersite
. . . the sets KO1 and KO2.
Coulomb interaction to values &f,4~2 to 3 eV as visual-
ized in Fig. 7 by the circle indicating the most favored pa-

rameter range. This is ingged significantly larger than in the E, QuamltyR J U(18)
case ofllayered cuprgte‘spdsl.z e\_/. Note that the above qg eV) (meV) eV)
conclusions are relatively robust with respect to the set of
transfer integrals adopted. KO1 243 (1.73)  1.45(13 250 3.8
The reason for the enhanced Coulomb interaction mighKO2 2.22 (1.53) 1.34(1.19 274 3.6
be related to reduced screening in quasi-1D compounds &3V 0.89 0.93 187 2.06
well as to a different extent of the Wannier functions asSet | 2.08 (1.285,1.5) 1.22 464 4.6
compared to quasi-2D systems. These effects may also gt || 2.33 (1.85,1.79) 1.22 270 4.3
reflected in the unusual values of the transfer integrals aset || 2.23(1.59,1.74) 1.33(1.12 358 4.4
well as in an enhanced direct ferromagnetic copper-oxygegxperiment 1.702 1.22-0.1 1801to 260 4204

exchange interactioK 4.
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Coulomb interactionv®~0.8+0.1 eV has been found. 60F

We remind the reader that in standard mapping procedures L v = 05v2v
(1B) 58,21 . . ;i [ o . -

from dp models V"™V 4. Comparing the intersite Aya = 3 &V

Coulomb contributions to the total ground state energy 50F (B =05 eV

within the single- and the four-band models, with the aid of
the calculated density-density correlation functions and oc-
cupation numbers introduced in Sec. |IB, we estimate
roughly

U™ (ev)
N
]
|
|
|
|
|
EELS

1 I
VOB~ [(ngny1)Voq+ (ng(ng(l+1))V -
<n|n|+1>1[< dNp1) Vpat (Ng(Hng(l+1))Vyq sol .
+2(Np1Np2)Vpp+ (Np1(DNpa(1+1))Vp1p1 ipﬂd_: \%5 fVO
L pp = Vpp =
+ 2<np2(| )npz(l + 1)>Vp2p2] 2.0

2 2\ L
~ndnplvpd+ndvdd+2nplnp2vpp+nplvplpl O|o. . ‘1|0. . .2|O‘ . .3|O. I .4\0

+2n2,Vp2p2., 5 Voa (o)

and FIG. 8. The effective on-site Coulomb repulsioh'® accord-

Vpipi (i=1,2), have been introduced. Note that these i_nt(_arlng dteol Eg'iﬁl?;‘)sig gfu|?)):]:ek)n?net:l’aS(I:Ti%)l:-bé(l)r]zdtheethirL]J(:-ebin%l(;t;)bard
actions are usually neglected in the overwhelming majority™ - pd
of the “dp” literature. In Eq.(5) | denotes the site index of extended Hubbard model adopted in the present paper. The upper

. . ) . curve contains one of the parameter s@st Il) adopted in the
the CuQ radical unit. For typical parameters in the strongly present paper. The lower curve covers the parameter sets proposed

coupled case we hav@n,, 1);~0.94. The first term yield; by Okada and Kotan{Ref. 10 [V,q~(0.2-0.3) denoted by
at most~0.125/,4=0.3 to 0.4 eV. We note that our esti- 1 g KO3 and marked by circlés

mate is very close to the result =0.17 eV=0.13V 4

obtained by Feineet al>® for an effective single-band model  Note that the empirical value of the effective on-site in-
of the CuQ plane starting from the standadth model set  teractionU*® for the extended single-band Hubbard model
with t,q=Vpq=1.3 eV. derived from the EELS datdof 4.2+0.4 eV significantly

~ Returning to the Cu@chain, we note that the above men- exceeds\,;4=3+0.5 eV for most of the parameter sets we
tioned empirically twice as large value &'® could be have considered, whereas in the standard 2D case usually
approximately reproduced if at least the second term Wergpdmu(lB)io_5 eV holds® We ascribe this effect to the
taken into account, too. Adopting, for instanc®y4  enhanced intersite Coulomb interaction under consideration.
=0.85 eV we arrive av!®~0.6 eV for the parameter set Enhancement ob)'® due to increasing/,q has been men-

lll given in Table I. To the best of our knowledge the corre-tioned in the 2D case, for instance, by Feimral®® and
sponding plane parameters have not been calculated or mesimonet al® in related single-band models.

sured. An estimate of 0.2 to 0.4 eV for the contribution of the By using Eq.(A1) we estimate values of/*® for the
effect of Vyq and variousV,,'s to Vig? was made in Ref. three parameter sets KO and our sets derived from the XAS
21. data. The relatiord*® as a function o/, is presented in

To illustrate the effect of the NNN Coulomb interaction Fig. 8. One realizes that the KO1 set with the largesg
we have included in Fig. 7 the relatiof,y vs Ay, for our  value just reaches the lower bound of tH&'®) region de-
parameter set lll, now with smaller values\gfy, but with  rived from the EELS data whereas the same parameter set
V4g=0.5Vq andvppzvpd/\/f. Fixing in this way the rela- gives anR value greater than that derived from the present
tive magnitudes of all intersite Coulomb interactions, we de-XAS data. The sets KO2 and KO3 yield small¢f'® values
termined which general scaling factaf,q reproducesR  compared, for example, with set Il, which is well within the
=1.22. This allows a direct comparison with the other curvesEELS error bars. In contrast t§*®), here by definition
in Fig. 7. Note that for 0.75 e¥A,,<1 eV the values [compare Egs(5) and (A1)] the effect ofV4y on U?®) is
obtained for the NNN set approach the favored parametamplicit only via its influence on the correlation functions.
range of sets | and Il denoted by the circle. This shows that, Finally, for completeness we consider briefly a parameter
in principle, the NNN Coulomb interactions are of minor set proposed recently for Su0O, by Mizuno et al*® to ex-
direct importance for analysis of the G XAS data as pre- plain the enhanced superexchangén corner-sharing 1D
sented here. They can be included implicitly in the on-sitecuprates. This set is similar to the TM set discussed above,
energies of reduced effective NN models. For instance, thavith now somewhat larger but nevertheless still slightly re-
oxygen hole raticR between peripheral and central oxygenduced transfer integralstf;q=1.16 eV, t,3=1.09 eV,
atoms is affected by the actual value\tfy via a redistribu-  t,,=0.49 eV), with a standard charge transfer enegy
tion of charge between Cu and D) sites. Nevertheless, the =3.1 eV, but withnegativeA ,,=—0.6 eV, with standard
analysis of Eq.(6) suggests that, in a deeper microscopicon-site Coulomb interactiorld;=8.5 eV andU,=4.1 eV,
description ofother experiments, the adequate explicit treat-and agairwithoutany intersite Coulomb interaction. The on-
ment of further non-NN Coulomb interactions such\4g,  site energies are derived within the point charge approxima-
may be crucial. tion from a Madelung potential analysi$Naturally, a nega-

where the NNN Coulomb interaction¥yq, V,p,
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tive A, together with smallt,, and V,q=0 would be we emphasize that it was not the aim of the present approach
helpful to satisfy the XAS constraint f&® [compare Eq(5)  to give a full quantitative description of either the magnetic
and Figs. 4—6 The small transfer integrals together with the susceptibility data or the EELS data. Rather, only the likely
small direct ferromagnetic exchange interactidt,q directions for the inclusion of further necessary interactions

=0.05 eV reveal 0n|y a modera’[e]y enhanced exchange irhave been outlined. Thus a direct simulation of the EELS
tegral ofJ=170 meV, to be compared with the experimen-data within a_multiband model remains a challenging prob-
tal value in the range of 180 to 260 meV. But the effectivelem worth being tackled.

onsite energyU'B~4.2+0.4 eV seen in the EELS data

would be significantly underestimatetd {¥¥<3 eV) and of VI. COMPARISON WITH THE XAS DATA OF THE

course no excitonic effects can be explained by definition DOUBLE-CHAIN COMPOUND SrCu0 ,

since V(*®)=0 [compare Eq(5)]. Despite the obvious fact

that the Hamiltonian parameter may change if new interac- It is instructive to compare the unoccupied electronic
. 62 P Y 9 . structure of SYCuO; with that of the related double-chain
tions are addetf®? we argue that the oxygen on-site ener-

gompound SrCug) which has been studied recentfyThe
ionic point charge approach adopted, which probes only the 2 Inequivalent oxygen sites of the £, double chain are

Madelung potential at the site under consideration. In Con_reflected in the polarization-dependent x-ray absorption

trast, the extended and strongly anisotropis Wannier spectra in an analogous manner to that discussed above for

. ; . . Sr,CuO;. This results in a double-peaked UHB derived fea-
functions do probe the crystal field, i.e., they feel the aniso, for El|b (in the axis notation of the present papaith
tropic surroundings of the site. According to our experience P P

with various cuprate band structures, such a crystal field ef?n neﬁ?i;g%zeg?fgg? OI—:-;hkes tmoggigstgf tﬂf t?/X). S)l:r e:esrflgn—
fect may result in oxygenf2 on-site energy splittings on the . : pe . Xyd
order of up to 2 eV[in particular, for just this reason in sites is thus fully consistent with the double-chain result,

addition to the small interoxygen transfer integrals, tH&)O relating the energetically lower-lying UHB derived feature to

2p, and Q1) 2p, orbitals that enter the seven-band modelthe outer oxygen atoms of the chain.

melnea bov can be gnoed n the present XS anay, The P Pstons secred o [ansons o tes
sis)] Hence, crystal field corrections to the point charge P P

model derived on-site energies on the order of 0.5 to 1 e\g[r giarlyi;hgofnan;?isigewiﬁ 5522%13 Z\\// rfl;(:rltrll(;nﬁ)c\ilvibnoevre for
cannot be excluded. Because of thé'Sion residing above 2CU0s P ' gy

the Q2) site, a positive correction is expected. As a result,peak of SrCu@. The transitions into @, states occur at

o o S : 529.6 eV for the former compound to be compared with
within a more realistic description for an effective model that . :
ignores the intersite Coulomb interactidn,~ — 0.1 to 0.4 529.8 eV for the double-chain compound. Both differences

. . re comparable with the enhancement of the optical gap by
eV can be expected. The remaining difference of 0.4 to 0.830_3 eV in the double-chain compound deduced from the

eV is ascribed to the mapping between extended and simp‘e . : )
o ow-energy maxima of the optical conductivi§.
Hubbard Hamiltonian&? Finall brie| the sinale Cu@hain with
In any case, we emphasize once again that our estimate gcf/ inafly, we brietly compare the singie L.ytahain wi

strongly enhanced intersite Coulomb interaction rests on th Z g(;ttgihi?igiae dC:atl)TefL%rg(réle) ige;ﬁgfilr p(;)én; Ofr\(')'e.‘fv'
validity of the assumptions of a sufficiently positive,, mation can be treatgd in a similéout als mmltjatr'):spr? Ie)fl
value and large transfer integrals, and/or the validity of the . ! IMIIEoUt asy IEsing

one-band analysis of the EELS data given in Ref. 20. Tochain(SC) model to that given above, if first of all the sym-

summarize, the XAS data and the value Wf'®) derived metry betwee_-n the t.WO perip.he_ralloxygen sites "@J2
from the EELS data can be nearly equally well describeaand O(2b)" in the single chain is liftedi.e., we formally

within the NN and the NNN approximations, whereas thesplit the double chain into two _equivalent single chai_ns: a
V8 value is strongly underestimated in the NN approxima—central oxygen of the double chain now becomes a peripheral

tion. The NNN interaction included in parameter set Ill oxygen “O(2b)" of the corresponding asymmetric single-

yields a reasonable description of almost all available experi(-:hain problert The consequences of possible slight differ-

mental data(see Table I, except for the overestimation of ences betwc_aen,pzz,\ andtypyp, and betweeny po, andtygpop

the J value® On increasing the on-site repulsion on oxygenare briefly discussed below. The .electl(dnmle) transfer pro-
sitesU, up to 6 eV, the magnitude afcan be reduced to a ctehsses rellla_tetd to t_the transferl|ntte%rq;§y“~0.5tpp, and
value of 338 meV as mentioned in Table (Note that the ©'N€r Small interactions aré negiected.

single-band parametrization derived from the EELS data ret-h Tzusbcionsri]dgring such an gsytmtrr?etfri(il sin_gle subchaip of
sults in a similarly enhanced value &&=356 meV) In our € double chain, one can adopt the following Expressions

opinion the solution of this challenging problem might be for the on-site energies of the central oxygefiCand the

found in the inclusion of additional ferromagnetic interac- WO peripheral oxygen sites O§} and O(2) [we recall

tions (as well as the enhanced transfer integrals and the int-hat the O(D) site was a central oxygen site in the double

tersite Coulomb interactionthat are neglected in Eql), chain before its splitting
such a4 andK, (see, e.g., Refs. 12 and)1®ue to the
spin-charge separation characteristic for 1D systems, both
spectroscopie6XAS and EELS are expected to be insensi- (s
tive to such interaction® Of course, other orbitals and in- Ep2a"Ep2

teractions outside the four-band extended Hubbard model (SO ~

might affect the value of the exchange paraméf€rFinally, Epab—€p2 T 2NgVpat Np1Upop - (6)

s ~
8p1—>8§)1c) + nded+ npsz p2pl:
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Now the Cu and two of the three O hole expectation nuUm-CuQ, chain has been obtained by polarization-dependent
bers,ng, np, andnyyy,, respectively, entering E46) must  x-ray absorption spectroscopy. The intrinsic holes predomi-
be found self-consistently. In Eq5) Vpd< V4 denotes the  nantly occupy orbitals in the plane of the Cuflaquettes as
intersite Coulomb interaction between perpendiciian-o) in the case of the undoped parent compounds of the Figh-
oriented oxygen orbitals and;,; =U,—2K<U, is the in-  superconductors.

terorbital on-site Coulomb repulsion. Heike>0 denotes the Examining various proposed parameter sets, we have
Hund’s rule coupling(the corresponding magnetic spin flip shown the following.

term that is important for magnetic properties has been ne- (i) Combined with an exact diagonalization study of a
glecte% In our estimates given below we will adotU,  cy,0,4 cluster, the polarization-dependent ® XAS inten-
~0.157"" Thus we takeUp;p,=3 eV as a representative sities provide a clear constraint on the values of both the

estimate.. _ intersite Coulomb interactioW,,4 and the difference of the
Analysis of the XAS data of the double-chain Comlooundon-site energied ;, for the two inequivalent oxygen sites.

SrC_uQ_ reveals that ne_arly the_ same tc_)tal nhumber of hOIe?\Iote that other related spectroscopies such as EXRS
reside in 2, states as in the single-chain case: are not sensitive to the precise values of these paran8ters.
(ii) The intersite Coulomb interaction cannot be ignored
in the interpretation of the OSIXAS data. If one attempts to
Apparently, the relative number of holes at the outer andsetV , to zero, unusually low on-site energies of the outer
inner oxygen sites in the[:g, states direCtly measures the oxygen sites @) must be adopted to reproduce the experi_

Rsc"" RDC: (np2a+ anb)/nm% 1.16.

asymmetry of the problem: mentally observed oxygen hole rati®yas=2n,,/Np;
B N ~1.22.
7=Np2a/Npzp~1.19. () (i) For a feasible value of the oxygen on-site energy

In other words,»>1 suggests y,>ep2,. Then, according  difference Ap,~0.5 eV, a strongly enhanced nearest-
to Eqgs.(6) this significant asymmetry should be relatedifo neighbor intersite Coulomb interaction of the order of 2 to 3
the two additional Cu sites surrounding @,2hole at the €V is required to reproduc&yas. Comparison with the
inner oxygen site @) compared with one Cu site for gz~ Single-band ‘analysis of the EELS data from the same
hole at the outer (@) sites in SrCu@as well as in SICuQ;,  Systeni points to the non-negligible role of at least a
and most importantlyii) the presence of the interorbitain- ~ Second-neighbor Coulomb interaction, which has been
site) Coulomb repulsior ,;,,<U, at the Q1) sites, where W|Qely_neglected S0 far in the literature. The oxygen hole
now in contrast to the @) sites two orbitals with p, and ~ ratioRis marked_ly sensitive also to the value of the oxygen-
2p, character, respectively, are involved. The experimentaPXygen transfer integra},,. Thereby, unusually large values
value ofRpc mentioned above can be reproduced by param®f tpp (€xceeding 1 eycan be excluded on the basis of the
eter sets closely related to those of the single chain, wherea@\S data. o

for symmetric transfer integrals the calculatedalue comes (V) Combining the present XAS analysis with the results
out slightly too large @yeo~1.35 to 1.4. However, taking ~ Of other spectroscopid&ELS, XPS, optical dajaand mag-
into account the slightly buckled “backbone” structure of Netic susceptibility measurements we have refidpdnodel
srcug,®’ to1pan>tp1pza CAN be expected. Similarly, from parameter sets for SEuQ,. We found several significant
the different Cu-O distancesd, o1y~1.91 A compared deviations from the commonly accepted sets for the related
with de,.025=1.93 A) slightly different values of the trans- layered cuprates: for the 1D case enhanced intersite Coulomb

fer integralsty s andtypy, are suggested. In addition, the interactipns and transfe_r integrals as well as a slightly re-
shorter Cu-O distances compared with,GuO; (dey.o duced difference of the in-chain oxygen-copper on-site ener-
=1.95 A) also suggest further enhanced transfer integral§J!€S are necessary. _ _

All these effects are helpful in decreasing the former theo- (V) The unoccupied electronic structure of the single- and

retical value of the anisotropy parametgrtoward the ex- double-chain compounds realized inSuG; and SrCuQis
perimental value. A quantitative analysis will be given else-found to be rather similar. Small differences can be ascribed

where in connection with a detailed band structure analysif® additional interorbital ,, and intersite Coulomb interac-
of SrCuQ. tion Vpq~2.5 eV in SrCuQ@ caused by the specific structure
As the hole distribution of both compounds shows a pro-of its double chains. The latter effects are somewhat weak-
nounced similarity, the specific magnetic frustration preseneéned by the slight asymmetry of the transfer integrals.
in SrCuQ seems to be of no direct relevance for the charge Since our results point to significantly enhanaég, val-
distribution. Again, this might be a consequence of the spinues compared to those for typical layered cuprates, the
charge separation in both the systefAslo summarize, the highly doped Cu@ chains of theRBa,CuQ;0; family ana-
pronounced similarity and even the remaining slight differ-lyzed within a slightly modified “2D” derived parameter set
ences in the electronic properties of,Gu0O; and SrCu@ should be reanalyzed with respect to the modified parameters
can be understood in the framework of our slightly general-obtained here. In this context the recently reported charge
ized four-banddp models. instability in the CuQ@ chains of PrBagCu;O; by Grevin
et al®® is of special interest since it is well known that
charge density wave type instabilities can be driven or
strongly supported by large intersite Coulomb interactfns.
To summarize our results, direct experimental informa- Our approach represents a good starting point for the
tion on the character and symmetry of the intrinsic holes in analysis of other chain cuprate materials with inequivalent

VIl. SUMMARY



PRB 62 FOUR-BAND EXTENDED HUBBARD HAMILTONIAN FOR . .. 10 763

oxygen sites such as the double-chain compound SzCuOWVithin the single-band extended Hubbard model, is de-

and the ladder compounds. sirable to relate the effective on-site repulsidft® to the
parameters of the four-bangld model discussed here. To
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