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Unoccupied electronic structure of SpCuO,Cl, and Ba,Cu;0,Cl,: Experiment and theory
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The unoccupied electronic structure of the layered cupratgsu€yCl, and BaCu;O,Cl, has been studied
using polarization-dependent x-ray absorption spectroscopy at treea@dLCu 25, edges and band-structure
calculations within the local-density approximation. In contrast to almost all high-temperature superconduct-
ors, there are no oxygen atoms outside the Cu-O planes in these oxychlorides. Our results represent therefore
direct experimental information regarding the oxygen-derived unoccupied electronic structure of undoped
Cu-O planes in square-planar coordination. Thes@rdd Cu 25, x-ray absorption spectra of S£u0G,Cl, and
Ba,Cu;0,Cl, are quite similar with an essentially two-dimensional upper Hubbard band and extra oxygen and
copper related absorption fine structure at higher energies. From its polarization dependence and a comparison
to the results of the band-structure calculations, it is concluded that this extra fine structure is related to
transitions into O p and Cu 33,22 orbitals which have become partly unoccupied due to hybridization with
Sr 4d/Ba 5d/Cu 4p, and Cu 4 orbitals, respectively. Differences between these two compounds are the larger
width of the upper Hubbard band and the higher relative @4,23,2 hole occupation above the upper
Hubbard band in B&Cu;0,Cl,. These differences can be related to the extrg &oms in the Cy0O, planes
of Ba,Cu;0,Cl, with respect to the Cupplanes of SfCuO,Cl,. [S0163-18208)03706-0

[. INTRODUCTION no oxygen atoms located outside the Cu-O planes.
A representative of th&,CuG,X, compounds is the cop-

The magnetic and electronic properties of layered cuper oxychloride SICuO,Cl,,2 which is a tetragonal antifer-
prates(e.g., LaCuQ,) have received much attention in re- romagnetic insulatofNeel temperature 250 } isostructural
cent years, because they are nearly ideal quantum antiferrte the high-temperature phase of ,Cau0,, but which
magnets when undoped arisome of them become high- has apical chlorine ions instead of apical oxygen ions. The
temperature superconductors when doped. Crucial for thel€u-Cl,, distance in SICuO,Cl, (2.86 A (Ref. 2 is sig-
understanding is the knowledge of the energetically low-nificantly larger than the Cu-Q, distance in LaCuQ,
lying electronic structure of the CyOplanes[Fig. (@], (2.42 A) (Ref. 4 making it an interesting candidate for a
which are a structural element common to almost all of thesenodel system describing the physics of an undoped CuO
materials. Electron energy-lo$BELS) and x-ray absorption plane because of the reduced influence of the out-of-plane
spectroscopyXAS) of layered cuprates have shown that theions on the Cu@ planes. Magnetization and neutron scatter-
first electron-addition states of such cuprates, which are reing experiment$® have indeed shown that SuO,Cl,
lated to the upper Hubbard baridHB), are dominated by can be regarded as the best experimental realization of the
Cu 3d,2_,2 and O 2, , orbitals with only a small admixture S=1/2 two-dimensional square lattice Heisenberg antiferro-
of out-of-plane Cu 83,2_,2 and O D, orbitals! thus these magnet known up to now. Although until now it was not
materials represent nearly ideal two-dimensional quanturpossible to dope $EuUO,Cl, chemically in order to achieve
systems. The higher-lying Op2derived unoccupied elec- a metallic or even superconducting sfatéus, strictly it is
tronic structure of the Cufplanes of most of the high- not a parent compound of a high-temperature superconduct-
temperature superconductors is not directly accessible bgr), it is also an interesting model system for the study of
XAS or EELS, because the Op2derived spectral weight in  aspects of high-temperature superconductivity, because in a
this energy range may be at least partially due to oxygemphotoemission experiment £uGO,Cl, is hole doped by the
atoms located outside the Cu@lanes(e.g., in the block photoionization process itself, such that the electronic struc-
layers. This problem does not exist in the copper oxyhalidesture of a CuQ plane in the low-doping limit can be studied.
A,CuO,X, andA,Cu;O,X5 (A: Ba, Sr;X: halide: they are  The energy-momentum relation of the hole thus created can
layered cuprate compounds composed of Cu-O planes withe measured, which in the case of the lowest electron
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meV, respectively>* which is an order of magnitude
smaller than the exchange interaction normally encountered
in systems of corner-sharing CyOplaquettes J~125
meV).!® These compounds also offer the exciting possibility
of the determination of the dispersion of a Zhang-Rice sin-
glet moving in an antiferromagnetic (G subsystermand

(a) a paramagnetic (GO subsystembackground in a single
room-temperature photoemission experiment. This has been
carried out for BaCu;O,Cl, (Ref. 8 and corresponds to the
simultaneous study of the low- and high-doping limit of a
CuG, plane as far as the magnetic background is concerned.
In this paper, we examine the unoccupied @ and Cu
3d-derived electronic  structure of S£uO,Cl, and
Ba,Cu;0O,Cl, using polarization-dependent O sland
Cu 2p3, XAS at room temperature and band-structure cal-

(b) culations in the local-density approximatignDA ).

Il. EXPERIMENTAL AND THEORETICAL METHODS
FIG. 1. Sketch of the Cu-O plane geometrigs.CuO, plane of

SpCuOCl, (® Cu atoms,O O atoms. (b) Cu;04 plane of Sr,CuO,Cl, single crystals were grown by the traveling-
Ba,Cu;0,Cl, (® Cu, atoms,[J Cug atoms,O O atoms. solvent floating-zone technique and had dimensions up to
10xX5xX1.5 mm. The BgCu;O,Cl, single crystals were
removal states corresponds to a determination of the dispegrown from the melt, their typical dimensions being 2%
sion of a Zhang-Rice singletn an antiferromagnetic back- x 0.7 mm.
ground (if the size of the “magnetic polaron” is much  The XAS measurements were performed with linearly po-
smaller than the antiferromagnetic correlation lefipttEx-  larized synchrotron radiation obtained from the SX 700/l
periments of this kind have not been possible up to now withmonochromatdf operated by th&reie Universita Berlin at
the insulating parent compounds of the high-temperature sihe Berliner Elektronenspeicherring” fuSynchrotronstrahl-
perconductors, because they do not satisfy the high demandsig (BESSY). Total electron yield TEY) as well as fluores-
of photoemission spectroscopy on surface qudiiticontrast  cence yield FY) have been applied to monitor the absorption
to SLCuG,Cly). at the O 5 and Cu 2 edges, the energy resolution being set
Representatives of th&,Cu;0,X, compounds are the te- to 280 and 660 meV for the Osland Cu 2 absorption
tragonal insulators B&£u;0,Cl, and SgCu;0,Cl,.1° They  thresholds, respectively. Cleaved and as-grown surfaces were
are composed of G0, planes[Fig. 1(b)] as fundamental used for the FY measurements of ,8u0,Cl, and
building blocks, which in contrast to Cuplanes have two Ba,Cu;0,Cl,, respectively. For the surface-sensitive TEY
different copper sites: two-thirds of the Cu atoms gfoc-  measurements only cleaved surfaces were used. The single
cupy the Cu sites of the familiar Cy@lane, while one-third  crystals were cleaveih situ at a base pressure o210 1°
of the Cu atoms (G) reside in the center of every second mbar by means of a cantilever attached to the top of the
CuQ, square. The distances from the Cand Cy atoms to  sample, resulting in a cleavage plane which is parallel to the
their apical ions (Cp-Clapex: 3.46 A, Clg-Bagpex: 4.99 A CuQ,/Cu;0,4 planes. All measurements were performed at
are even larger than the Cu-£l, distance in SICuG,Cl,. room temperature.
These compounds exhibit interesting magnetic properties In order to study the polarization dependence of the XAS
which are directly related to the existence of two different Cusignal, different angles of incidence of the x-ray beam with
sublattices. Two antiferromagnetic transition temperaturesespect to the CugCu;O, planes were used. In the geom-
have been measured: the first transition occuring at 320 anetry of normal incidence, the electric-field vector of the in-
380 K for Ba,Cu;0,Cl, and SpCu;0,Cl,, " respectively.  coming radiation lies in the CulCu;0, planes(“in-plane
These temperatures are comparable to thel Menperatures geometry”). In the case of SCuO,Cl,, spectra for the
of other cuprates and are ascribed to antiferromagnetic ordeflectric-field vector perpendicular to the Cy@lanes(“out-
in the Cuy, sublattice. The second transition is at 30 K for of-plane geometry) were extrapolated from measurements
Ba,Cu;0,Cl, and 40 K for SsCu;0,Cly,**~*3and marks the  at grazing incidence at three different incidence an¢es,
onset of antiferromagnetic order in the CCsubsystem. In the 55°, 65°) with respect to the Cy(planes. In the case of
temperature range between the two antiferromagnetic transBa,Cu;O,Cl,, FY measurements in out-of-plane geometry
tions a weak in-plane ferromagnetic component has alswere performed at a side face of the crystals at normal inci-
been found which has been explained by a pseudodipolatence. The data have been corrected for the time dependence
coupling between the Cu subsystems in the case obf the incident photon flux by means of the simultaneously
Sr,Cu;0,Cl,.13 According to magnetization and neutron measured ring current of the synchrotron. The energy depen-
scattering experiments, both the Cy and Cy subsystems dence of the incident photon flux was taken into account via
of Sr,Cu;O,Cl, represent further examples 8&1/2 two-  division by an XAS spectrum of a clean gold foil recorded in
dimensional quantum antiferromagnets. Thg Gubsystems the same energy range. A linear background has been sub-
of Sr,CuzO,Cl, and BaCu;O,Cl, are especially interesting tracted. Additionally, the spectra were normalized to calcu-
because of their weak exchange interactidn-(0 and 17 lated atomic O & and Cu 2 photoionization cross
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sectiond” ~70 eV above the absorption threshold. This far AR R IR I IS I
above the threshold, the final states are practically free- :
electron-like and thus isotropic. Self-absorption effects were
taken into account according to a procedure described
elsewheré® and the energy calibration was checked by com-
parison of CuO Cu @3, TEY data measured during these
experiments with corresponding data in the literatdre.

The density of stateOS) and the partial DOS for both
compounds were calculated in the LDA using the linear
combination of atomic orbitals method. Due to the relatively
open structures, four and eight empty spheres per unit cell
have been introduced for £2uO,Cl, and BaCu;O,Cls, re-
spectively. The calculations are scalar relativistic and a mini-
mal basis was chosen consisting of Csép,3d),
0(2s,2p), Ba(6s,6p,5d), Sr(5s,5p,4d), and Cl(35,3p). The
lower-lying states were treated as core states. To optimize
the local basis a contraction potential has been used at each
site?® The Coulomb part of the potential was constructed as
a sum of overlapping spherical contributions and the ex-
change and correlation part was treated in the atomic-sphere

DOS
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corresponding hole occupation numbers are calculated as net AR SRR AL R
guantities. In order to facilitate comparison with experiment, 520 525 530 535 540 545 550

the calculated partial DOS were broadened by convolution Energy (eV)

with a Lorentzian and a Gaussian to account for lifetime

effects and the experimental energy resolution, respectively. FIG. 2. O Is x-ray absorption spectra of S2uG,Cl,. -@- :

A linear energy dependence of the lifetime was assumed. electric-field vector in the Cu@plane; O- : electric-field vector
perpendicular to the CuOplane. The solid lines show calculated
O 2p, and O D, partial DOS as indicated in the figure. In order to
Ill. RESULTS AND DISCUSSION illustrate hybridization effects the calculated Sd 4nd Cu 4,
partial DOS are included as dotted lines. They should not be di-

In XAS experiments, core electrons are excited into un'rectly compared with the experimental data which are a measure of

OCC,“Pied state; by absorpt.ion of photolns. T.his. leaves thﬁle unoccupied O 2 partial DOS. The DOS curves are broadened
solid in an excited state which decays via emission of fluoty |ifetime effects and resolution and are shifted in energy to fa-

rescence photori§Y) or electrondTEY), whose intensity is ilitate comparison with experimefiior details see text

measured as a function of the energy of the incoming pho-

tons. The mean escape depth of the electrons is of the ordenly contributions from unoccupied in-planp orbitals

of 10 A. Therefore TEY is a surface-sensitive method in(px.py) and unoccupied in- and out-of-plang orbitals
contrast to FY which probes bulk propertiésean escape (dy2_y2,d3,2 ,2) to the O Is and Cu 2 x-ray absorption
depth of soft-x-ray photons: 10 000 AAs core electrons are spectra, respectively, while for the electric-field perpendicu-
localized, the local unoccupied electronic structure is probedar to the Cu@/Cu;O, planes only out-of-plane orbitals
(XAS is site-selective The transitions of the core electrons (p,,ds,2_,2) are probed.

into the unoccupied states are governed by dipole selection Figures 2 and 3 present polarization-dependent ©O 1
rules. Therefore, in recording an G 1Cu 2p) x-ray absorp- x-ray absorption spectra(FY) of Sr,CuO,Cl, and

tion spectrum one measures mainly the @(Zu 3d) orbital  Ba,CusO4Cl, for in- and out-of-plane geometry. In addition,
contributions to the matrix-element weighted unoccupiedcalculated Sr d/Ba 5d, O 2p, ,, O 2p,, and Cu 4, partial
density of state8! under the supposition that the influence of DOS are shown. All of the calculated partial DOS are shifted
the core hole in the final state on the x-ray absorption spedn energy by the amount necessary to get best agreement
trum can be neglected. It is generally accepted thabetween the calculated Op2partial DOS and experiment.

O 1s x-ray absorption spectra of cuprates are not distorted bifhe overall shape of the experimental ©xtray absorption

the interaction with the core hole. This is not true for Qu 2 spectra is essentially the same for both compounds: they con-
x-ray absorption spectra, where spectral weight is shiftedist of a broad absorption feature -at 534 and~ 533 eV
from higher energies to the threshold due to the interactiomnd a prepeak at 529.4 and 529.8 eV foyGRrO,Cl, and

of the localized excited-electron with the core hole to give BaCu;0,Cl,, respectively. Both compounds show anisot-
the so-called “white-line.” The spectral weight thus no ropy in intensity between absorption spectra taken in in- and
longer reflects the detailed shape of the unoccupied €u 3out-of-plane geometry; this is especially distinct in the case
derived electronic structure, but its intensity is neverthelessf the prepeaks, which are considerably stronger when the
related to the number of holes in the Cdi ghell! The usage electric-field vector is in-plane.

of polarized radiation and a single-crystalline sample im- The prepeaks are associated with the @@ntributions
poses further restrictions on the symmetry of the unoccupietb the upper Hubbard bartcand the anisotropy between in-
states which are observable in an absorption spectrum: if thelane and out-of-plane geometry reveals that these are pre-
electric-field vector is in the CuCu;0, plane, there are dominantly from in-plane oxygen orbital®© 2p,,0 2p,),
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TABLE I. Calculated total number of holes in the Cd,3Cu
4p, Cu 4s, and O 2 orbitals for SsCuO,Cl, and BgCu;O,Cl,,
and the corresponding hole numbers for the upper Hubbard band

8 alone.
(=]
Orbital SpLCuG,Cl, Ba,Cu;O,Cl,
2 UHB Total UHB Total
3 § Cup 3dy2_y2 0.65 0.69 0.48 0.52
% % Cu, 3d32 (2 0.07 0.34
E Cu, 3d,y
S ‘é Cup 3dy,y, 0.02 0.02
g8 Cug 3d,2_y2 0.74 0.75
= Cug 3dg,2_,2 0.11
Cug 3dyy
8 Cug 3d><z,yz
o et Cun 4pyy 1.87 1.92
AL SR S R Cu, 4p, 191 1.94
520 525 530 535 540 545 550 Cls 4y 1.95
Energy (eV) Cug 4p, 1.95
FIG. 3. O k x-ray absorption spectra of B@u;O,Cl,. -@- : Cun 4s 1.58 161
electric-field vector in the G©, plane; ©O- : electric-field vector Cug 4s 1.63
perpendicular to the GO, plane. The solid lines show calculated O 2pyy 0.08 0.63 0.17 0.69
O 2p, and O P, partial DOS as indicated in the figure. In order to O 2p; 0.32 0.20

illustrate hybridization effects the calculated Bd &nd Cuy, g 4p,
partial DOS are included as dotted lines. They should not be di-
rectly compared with the experimental data which are a measure of (b) The calculated O g hole occupation numbers are
the unoccupied O 2 partial DOS. The DOS curves are broadened given for symmetrized oxygen orbita{inear combinations
for lifetime effects and resolution and are shifted in energy to fa-of two oxygen orbitals This means that in the case of the
cilitate comparison with experimeior details see text UHB of Sr,CuQ,Cl, the value given for the hole occupation
number of the O P, , orbitals has to be multiplied by a
while out-of-plane oxygen orbitaléO 2p,) contribute sig- factor of 2, because only one oxygen orbital per symmetrized
nificantly less. A comparison of the spectral weights of theorbital is hybridized with a Cu 8,2_y2 orbital **
prepeaks for in- and out-of-plane geometry yields values of Returning to the XAS spectra, the prepeak of the
0.13 (SECuO,Cl,) and 0.09 (BaCu;0,Cl,) for the ratio of  BaCusO4Cl; O 1s x-ray absorption spectrum is consider-
the O 2, to the total O D orbital contributions to the upper ably broadeffull width at half maximum, FWHM= 1.6 eV)
Hubbard band, these values are comparable to that measurén its SsCuG,Cl, counterpafFWHM = 1.1 eV) and has
in the cuprate high-temperature superconduct@se has to  gained~20% in spectral weight. Its shape is consistent with
keep in mind that the values given for the relative contribu-the presence of two peaks associated with the UHB's of the
tions of the out-of-plane orbitals are upper limits because offus-O and Cig-O networks which are energetically slightly
the possibility of a small misorientation of the crystals andoffset. As all oxygen sites in B&u;O,Cl, are equivalent,
the finite degree of linear polarization of the radiati®@%), this shift must be related to a difference in the energies of the
so the true values may even be smaller. In Table | the calcucu, and the Cy 3d,2_2 levels, a finding which has also
lated hole occupation numbers of the @,2Zu 3d, Cu 4s, been deduced from a tight-binding fit to an LDA band-
and Cu 4 orbitals are given. No O 2, orbital contribution ~ structure calculation from which an energy difference of
to the UHB is found for both compounds which is in quali- ~0.4 eV was found?
tative agreement with the experimental results. Two remarks In the O 2p-derived absorption fine structure above the
concerning the result of the calculations have to be made: UHB (above 532 eV, there are marked differences between
(a) The calculations predict a paramagnetic and metallicS,CuQ,Cl, and BgCu;O,Cl,: in Sr,CuG,Cl, a rather iso-
behavior. This is a typical result for an LDA calculation and tropic peak is visible at~534 eV, while its counterpart in
shows the necessity to deal with the electron correlations in Ba,Cu;0,Cl; is located at~533 eV and is much stronger in
more direct way. However for the higher-lying unoccupiedout-of-plane than in in-plane geometry. Above 533/534 eV
DOS considered here the correlations are not so importarihe O 1s x-ray absorption spectra of f£uO,Cl, and
due to the small Cu @ character of the higher lying bands. Ba,Cu;0,Cl, are qualitatively similar with both having
The main feature which will occur if we introduce the cor- more spectral weight due to o2, than O 2, orbitals.
relations explicitly is the splitting of the bands crossing the The occurrence of O [2-derived absorption fine structure
Fermi level into a lower and an upper Hubbard b&déiB).  above the UHB is not compatible with models of the low-
The hole occupation number for a certain orbital contributionlying unoccupied electronic structure of the Cu-O planes of
to the UHB is therefore calculated by summing up the cordayered cuprates which only take into account hybridization
responding partial DOS from the Fermi level to the upperbetween the O @, , and the Cu 8,2_,2 orbitals. Therefore
band edge of the Cud32_,2-O 2p, , band. there must be additional hybridization of @ 2rbitals with
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orbitals other than the Cud32_,2. To gain information
about the character of the other states hybridized with the O
2p orbitals, we compare the x-ray absorption spectra with
the calculated partial DOS. The calculated partial DOS show
that there is hybridization between the @ and all the
other orbitals[Cu(4s,4p,3d), Sr(5s,5p,4d)/Ba(6s,6p,5d),
Cl(3s,3p) ] which have been included in the calculation. In
the following, the discussion will be limited to the dominant
orbital contributions to the absorption fine structure above
the UHB.
In the case of B&Lu;0,Cl, (Fig. 3), the O 2, , orbitals
hybridize predominantly with the Badborbitals, while the
O 2p, orbitals hybridize strongest with the &y 4p, orbit- JJ\
als. The Cy g 4py,y unoccupied partial DO$nhot shown in Cuds ~ X5
Fig. 3 is of similar magnitude to the Gus 4p, partial DOS
(see Table ), but has negligible weight where the | Cu3d  / X
O 2p,, partial DOS has appreciable weight, therefore it is S e e
concluded that the hybridization between the,Gu4p, , 920 930 940
and the O , , orbitals is relatively weak. The calculations Energy (eV)
correctly display the observed polarization dependence: the
peak at 533 eV, which is only visible in out-of-plane geom—ele;'r_Gc- f”_félgu itsgrx:?k/m ;‘bg'og);‘:; ;pgtra;‘;ﬁ?ﬁgé- \'/:C't;r
IC-TI Vi | u y - -
ﬁ;ﬁec?gfscggjsatfd Sgté(syc’;n?;%zn%csalﬁél nggcig perpendicular to the Cupplane. The s_oliq Iines_ show _calculated
negligible at this energy, being of importance at higher en—Cu 4s and Cu 33,22 partial DOS as indicated in the f'gure: The
4 : - .— 'DOS curves are broadened for lifetime effects and resolution and
ergies, where the in-plane Gsk-ray absorption spectrum IS "are shifted in energy to facilitate comparison with experiméot
indeed stronger than the out-of-plane spectrum. The relatlvgetails see text
intensities of the calculated g 4p, partial DOS also ex-
plain why the peak at 533 eV is not broadened with respect The differences between the G X-ray absorption spec-
to its SpCuG,Cl, counterpart due to the two different Cu tra above the UHB of $SCu0,Cl, and BagCu;0,Cl, could
sites(in contrast to the UHB this peak corresponds to states have their origin in the presence of the extra;@tioms and
whose O 2,/Cug 4p, hybridization is negligible with re- the correspondingly more closed structure of the;@u
spect to the O R,/Cu, 4p, hybridization, so there is no planes in BaCu;O,Cl,: because of the extra hybridization of
influence of the possible differences in the on-site energies ab 2p, , orbitals with the Cy 3d,2_,2 orbitals, the hybrid-
the Cy, 4p, and Cy 4p, levels. Hybridization between O jzation with the Ba 8l orbitals is weaker than it would be
2p, and Cy 4p, orbitals becomes more important at higher without the Cy atoms. Therefore the spectral weight in the
energies and may give rise to the weak shoulder at 535 €9 1s x-ray absorption spectrum, which is related to the hy-
on the high-energy side of the 2/Cu, 4p, related peak. bridization of the alkaline-earth atoms with the ®,3 or-
While the calculated partial DOS are qualitatively in goodbitals, is smaller(or even absent as the peak at 534 @V
agreement with the experimental results, this is not the casBa,Cu;0,Cl, compared to SCuO,Cl,, while the UHB-
for the calculated O @, , and O 2, hole occupation num- related spectral weight is larger. The larger alkaline-earth-
bers above the UHBRef. 23 (Table )): a value of 0.38 is  oxygen distance in BEW0,Cly (dgao: 2.74 A, dg,.o: 2.6
predicted for the ratio of the Off to the O %,, hole  A) may reinforce this effect.

——e— in-plane
—o— out-of-plane

Normalized intensity (arb. units)

DOS

(2}
£

w
o

[d

*
2]
©

occupation numbers, while the ratio of the integratedea- Figures 4 and 5 present the polarization-dependent Cu
sured out-of-plane to in-plane spectral weights above the@p,, x-ray absorption spectra of &uO,Cl, (TEY) and
UHB is close to unity. Ba,Cu;O,Cl, (FY) for in- and out-of-plane geometry and

In the case of SICUO,CI, (Fig. 2) the situation is less the calculated Cu@®,,2_,2 and Cu 4 partial DOS. All of the
clear. The Sr 4 partial DOS peaks at 534.3 eV as does thecalculated partial DOS are shifted in energy by the amount
O 2p, partial DOS, while the Cu @, partial DOS has a peak necessary to get the best agreement between the calculated
at 533.9 eV. In the O 4 x-ray absorption spectrum there is a Cu 3dg,2_,2 partial DOS and experiment. FY measurements
corresponding peak at 534.3 eV in the in-plane spectrunare shown for BsCu;O,Cl,, because it was not possible to
while it is slightly displaced in the out-of-plane spectrum to perform TEY measurements in out-of-plane geometry on the
lower energy (~534 eV). It is therefore assumed that, as in Ba,Cu;0,Cl, single crystals: they were too small for grazing
the case of BgCu;0O,Cl,, the O 2o, orbitals hybridize incidence measurements at the cleavage plane of the crystals.
mainly with the Cu 4, orbitals while the O P, , orbitals  On the other hand, there was no possibility of the preparation
hybridize strongest with the Srddorbitals. As in the case of of a cleavage plane at 90° to the Oy planes where TEY
Ba,Cu;O,Cl; the calculated O @, Sr 4d, and Cu $, partial  measurements in an out-of-plane geometry could be accom-
DOS correctly display the experimentally found polarizationplished by a normal-incidence measurement. For the FY
dependence. The calculated ratio of the @ ® the O 2, mode cleaved surfaces are not necessary, we have therefore
hole occupation numberg0.58 is as in the case of performed the Cu @3, x-ray absorption spectra in in- and
Ba,Cu;0,Cl, too small[experimentRef. 24: ~1.0]. out-of-plane geometry in the FY mode on as-grown surfaces
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L T T polarization-dependent absorption step at 938 and 936 eV,
—e—in-plane respectively. According to the observed polarization depen-
—o— out-of-plane .
dence and matrix elements, these steps must be related to
transitions mainly into unoccupied Cwg,._,2 states. The
two steps differ in their shapes and their relative intensities:
(a) there is one peak and one shoulder visible in the
Sr,CuG,Cl, absorption stefat 938.6 and 936.7 eV, respec-
tively), while there are two peaks in the case of
Ba,Cu;0,Cl, at 936.5 and around 940.7 eV.
(b) the ratio of the integraté Cu 3d5,2_,2-derived spec-
tral weight of these absorption steps to the integrated Cu
3d,2_ ,2-derived spectral weight of the UH@Ref. 29 is 0.24
and 0.47 for S;«CuG,Cl, and BaCu;O,4Cls,, respectively.
Absorption steps of this kind have also been seen in other
cuprates. From a comparison to the calculated partial DOS
we conclude that(in the case of SCuG,Cl, and
Ba,Cu;0,Cl, at least they are due to Cu @, 2 states
which become unoccupied by hybridization with Cs 4
slaéc') """" ééc') """" é"“') """ states, because the calculated Q4,3 ,2 and Cu 4 partial
DOS show excellent mutual agreement in shape and ener-
Energy (eV) getic position. Furthermore it is evident that the first peak in
the absorption step of B&u;O,Cl, at ~ 936.5 eV is domi-
FIG. 5. Cu o3 x-ray absorption spectra of B@usO,Cl,. nated by contributions from Gu3ds,2_,2 orbitals hybrid-
-@- : electric-field vector in the GO, plane; O- : electric-field  jzed with Cy, 4s orbitals, while the peak at 940.7 eV is from
vector perpendicular to the @0, plane. The solid lines show cal- 3d,,2_,2 orbitals from either Cyand Ci which are hybrid-

culated Cy g 4s and Cuy g 3d3,2_2 partial DOS as indicated in ized with Cu 4s and Cuw 4s orbitals. respectively. The
the figure. The DOS curves are broadened for lifetime effects andZ . A ® ' P Y.
ratios of the calculated total Cud3,2_,2> to the calculated

resolution and are shifted in energy to facilitate comparison with .
experiment(for details see text total Cu 3,2_2 hole occupation numbe(§.10 and 0.44 for

Sr,CuG,Cl, and BaCu;0,Cl,, respectively confirm the ex-
o perimental results qualitatively and in the case of
of the BgCu;O,Cl; crystals. The white line of the Cu@,  Ba,Ccy,0,Cl, even quantitatively. A possible cause for the
FY x-ray absorption spectrum of Bau;O,Cl; is especially  jifference in the Cu 85,2 2/Cu 3d,2_.2 anisotropy be-
affected by self-absorption effects because of its high intengyeen the two compounds could be aéain the more closed

sity. A comparison of the Cu &, FY and TEY spectra giyycture of a CyO, plane with respect to a Cyplane.
taken in in-plane geometry shows that the FY in-plane spec-

tra after correction for self-absorption are nevertheless
equivalent to their TEY counterparts. For the Cpsg2 ab-
sorption spectra recorded in out-of-plane geometry in the FY
mode, there are no pronounced self-absorption effects ex- To summarize the results, direct experimental information
pected because of the low intensity. We assume therefore ibout the unoccupied electronic structure of isolated un-
the following that we can rely on the relative intensities of doped Cu-O planes in the environment of layered cuprates
the BgCuz;O,Cl, Cu 2p5, FY spectra. has been presented. The unoccupied electronic structures of
The experimental spectra show a narrow peak at 931.4 e%r,CuO,Cl, and BaCu;O,Cl, are very similar. The UHB’s
(the white ling, which is associated with the CudXontri- are dominated by contributions from Opgy and Cu
butions to the upper Hubbard bah@he spectral weights of 3d,2_y2 orbitals thus being electronically two-dimensional
the white lines recorded in in-plane geometry are muchas is the case for the UHB’s of the high-temperature super-
larger than those in out-of-plane geometry, showing that theonductors. The most important finding of this work is that
Cu 3d contributions to the upper Hubbard band are alschybridization with Cu 8,2_,2 orbitals is not the only
mainly from in-plane Cu 8,22 orbitals. A comparison of mechanism by which the Oorbitals of these oxychlorides
the spectral weights of the white lines recorded in in- andbecome partly unoccupied. Comparison to calculated partial
out-of-plane geometry yields for the ratio of the Cd;2_ 2 DOS data reveals that intra- and interplane hybridization
to the total Cu 8 orbital contribution a value of 0.05 for with Cu 4p, and Sr 4l/Ba 5 orbitals is also important.
both SpCuO,Cl, and BaCu;0,Cl,.2° The white line of These results are directly relevant to the high-temperature
Ba,CuwO,Cl, is (as in the case of the prepeak of the ® 1 superconductors because of the close similarity of the copper
x-ray absorption spectraignificantly broade(FWHM= 1.6  oxychlorides to their undoped parent compounds. Therefore
eV) than that of SfCuO,Cl, (FWHM=1.1 eV). This again the absorption fine structure encountered in the high-
is related to the presence of the extrag@ network in  temperature superconductors in the ® x:ray absorption
Ba,CuzO,Cls. spectra above the UHBRef. 1) is not solely due to oxygen
The Cu 25, X-ray absorption spectra of S2u0,Cl, and  atoms located outside the Cy@lanes(e.g., in the block
Ba,Cu;0,Cl, also show—besides the white line—a strongly layers but is also derived from oxygen atoms in the Cu-O

Normalized intensity (arb. units)
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