PHYSICAL REVIEW B VOLUME 57, NUMBER 17 1 MAY 1998-I|

Electronic structure of the Cu;0, plane of BaCu30,Cl,: Experiment and theory
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We present a detailed joint experimental and theoretical investigation of the valence band electronic struc-
ture of single crystals of the model cuprate,88,0,Cl,. This oxychloride system possesses a@uplane
which can be regarded as a superposition of two subsystems;@Quprate plane and an extra gsite, and
thus represents an ideal trial system for assessing the impact of deviations from thel&uwOstoichiometry
upon the electronic structure in cuprate materials. From polarization-depetdmuolved photoemission
measurements the dispersion relations and symmetry of a number of the observed valence band features are
determined and compared with the results of band structure calculations carried out within therUSDA
formalism, which include a detailed analysis of the character and symmetry of the individual bands. Upon
electron removal, the extra copper site makes its presence felt via the formation of a second Zhang-Rice singlet
located on the Cgl subsystem, in addition to that originating from the,Od subsystem. The main valence
band edge at-2 eV binding energy is shown to be mainly due to bands involving combinations g§,Q 2
orbitals, some of which exhibit essentially pure @ éharacter. These low-lying oxygen bands are different in
origin from the nonmixing O P states observed, for example, at,{) in SL,CuO,Cl,, as the orbital combi-
nation responsible for the latter is involved in BaxO,Cl, in the formation of the Zhang-Rice singlet state on
the Cy sublattice [S0163-182@08)00717-6

[. INTRODUCTION and a sublattice based upon the additional@toms. Both
of these two sublattices are 2D sgin-quantum
Despite the tremendous experimental and theoretical efantiferromagnet8 although they have widely differing N
fort which has been dedicated to the study of the hightemperatures. First, the @D, sublattice orders at 330 Ka
temperature superconductofsiTSC’s) over the last ten Tﬁ typical for cuprates with strong superexchange coupling
years!~3 there is still no microscopic theory explaining the via 180° Cy-O-Cu, interactions. Second, the gsublattice
high transition temperatures of these materials. One aparders at a much IoweTﬁ of 31 K.! The Cy spins are
proach is to study model cuprates, in which the properties ofrustrated with respect to the gspin system, and can only
an isolated copper oxide plane can be investigated both exouple with it via 90° Cig-O-Cu, interactionsgthus involv-
perimentally and theoretically. The strategy is such that the
understanding gained from the study of these materials can
be transferred to the more complex real highmaterials.
One such class of model cuprates are the oxychlorides
which include the compounds &uO,Cl, and BaCu;O,Cl,.
The former possesses single Gyilanes separated by Sr-Cl
block layers, and has been the subject of much attention as a
near ideal representative of a 2D sginHeisenberg
antiferromagnet. Ba,Cu,0,Cl, shares the same tetragonal
symmetry, but has GO, planes whose electronic states are
highly two dimensional as a consequence of the lack of api-
cal atoms directly above the Cu sitek the CyO, plane of
Ba,Cu;0O,Cl,, two thirds of the copper atoms occupy the
usual cuprate site, denoted Guwith the remaining third of FIG. 1. A schematic representation of a unit cell the
the copper atoms being located at an additional site, denoteti,0,-plane in BaCu,0,Cl,. O : cupratelike Cy; [ : additional
Cug (see Fig. 1 This geometry can be thought of as two Cug; @ : oxygen.M, andM, represent the two mirror planésee
interpenetrating sublattices: a cupratelike,Oy sublattice  text). The O 2, and Cu 3l,2_,. atomic orbitals are also shown.
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ing orthogonal O p orbitalg. Thus measurements at or near
room temperature probe a system with an antiferromagneti-
cally ordered ClO, and a paramagnetic GLsublattice. In
terms of the local Cu@geometry, however, the two copper
sites are identical and both are formally in the?Cwalence
state.

Angle-resolved photoemission spectroscOpRPES is a
powerful spectroscopic tool in the study of the electronic
structure of solids. Despite the fact that the model cuprates
are undoped, information relevant to the hole states formed

sample

<—— mirror plane

upon chemical doping can be obtained via ARPES measure- ,/
ments, as photoemission necessarily involves the creation of 4

. d o analyzer hv
a hole in the electron system under investigation. Such mea- P,

surements are thus equivalent to the examination of the elec-
tronic structure of the system in the limit of extremely low  FIG. 2. A sketch of the experimental geometry. The incoming
chemical doping. Therefore ARPES investigations ofsynchrotron radiation and the electron energy analyzer are situated
Ba,Cu;0,Cl, represent an ideal method with which to assesdn a mirror plane of the sample surface. The polarization vector of
the impact of the different Cu-O p|ane geometry upon thethe radiation can lie either I(‘P”) or out of (PL) the mirror plane.
electronic structure of a cuprate. This has been demonstratdde magnitude of the wave vector is controlled via the polar angle
recently in a study of the dispersion of a hole in the highes@-
occupied valence band of Baw0,Cl,.2 In this paper we
compare further polarization-dependent ARPES experimentduces an error in the absolute BE's which we estimate to be
on BgCu;0,Cl, with the results of band structure calcula- +0.1 eV. The spectra are normalized to have equal maximal
tions carried out within the local spin-density approximationintensity in the energy region shown.
in which the effect of strong electron correlation on the qua- The experimental geometry is sketched in Fig. 2. The
siparticle self-energy has been taken approximately treatesample was oriented such that the incoming radiation and the
(LSDA+U). photoelectron energy analyzer are situated in a mirror plane
of the Cy0O, plane. The polarization direction of the incident
radiation could then be independently switched by using ei-
ther the vertical or the horizontal undulator. In this manner
Single crystals of Bgu;0,Cl, were grown from the additional information regarding the orbital symmetry of the
melt. Clean surfaces were prepared for photoemission binitial states can be attained, as they can be classified as
cleaving in an ultrahigh vacuum, whereby the quality andeither even or odd with respect to reflection in the mirror
orientation of the resulting surface were checkeditu us- plane!! When the polarization vector of the radiation lies in
ing low-energy electron diffraction. The crystals cleave parthe mirror plane, excitation is only possible from initial
allel to the Cy4O, planes. During the experiment the samplestates with even symmetry with respect to reflection in this
was held at 360 K, which was found to minimize chargingplane. Alternatively, when the polarization vector is perpen-
effects and prolong the lifetime of the surface. Spectra werdlicular to the incidence-emission plane, only excitation from
also recorded at 295 Ki.e., belowTy), and were identical initial states with odd symmetry is possible. The;Oklplane
within the experimental error to those presented Refee  0f Ba,Cus0,Cl, contains two inequivalent structural mirror
base pressure in the ARPES chamber was belowl@ '©  planes which can be used in such an experiment, which are
mbar and the spectra did not show any changes under thek¥eledM; andM, in Fig. 1.
conditions for at least two days. All spectra were recorded The band structure calculations were carried out in the
for a number of cleavages. Monochromatized synchrotrofocal spin-density approximation plus on-site correlation
radiation with an energy of 35 eV from the crossed-undulatof LSDA+U) using the linear combination of atomiclike or-
beamline U2-FSGM? at the BESSY electron storage ring bitals (LCAO) method. For the LSDA, the parametrization
facility in Berlin was used as the photon source. The angula@f von Barth and Hedin was used and a scalar relativistic
resolution of the electron energy analyzer, which is situateg¢gcheme with a minimum basis was applied. The states Cu
at an angle of 60° with respect to the incoming synchrotror(4s,4p,3d), O (2s,2p), Cl (3s,3p), and Ba (6,6p,5d)
radiation, was set ta- 1° (corresponding to & resolution of ~have been taken as valence basis states, while the lower-
0.16 «r/a) and the overall energy resolution of the systemlying states were treated as core levels. For taking into ac-
was chosen to be 160 meV. Due to charging effects, théount the strong correlation at the copper sites, we applied a
absolute binding energ¢BE) scale was determined in two downward shift of the Cu @ projected self-energy for all
steps: first a self-consistent relative BE for the ARPES seriegccupied band states with respect to an antiferromagnetic
was obtained using the spectra recorded for the energy répin order of the Cy sublattice, and a ferromagnetic order
gion of the Ba % doublet(BE 12—20 eV for each emission 0f the Cus, which provides the correct translational symme-
angle directly after the respective valence band measurdty for the Cus sublattice. As the photoemission experiment
ment. An absolute BE scale was then derived by extrapolawas carried out at temperatures well in excessTRf the
ing the BE of the Ba p doublet to zero incident photon Cug sublattice is in fact paramagnetic, with the local spin of
intensity and correcting the ARPES valence band spectrthe Cu 3 (Ref. 9 state fluctuating. This fluctuation is ne-
correspondingly. However, this procedure necessarily introglected in our treatment. The unoccupied minority spin Cu 3

IIl. METHODS
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FIG. 3. Valence band photoemission spectra 0§@g0,Cl,
recorded at thé" point with an angular resolution af 11°. P|M:
®; PL M;: O. The intensity is normalized at the Bg$, peak at A A
13.8 eV binding energynot shown. (n.1) (n.1)
d orbitals were shifted upwards in energy. The shift was
adjusted such that the chemical potential is correctly locate:
in the emerging charge transfer gap. For an assuthed 8 ¢
eV, an upward shift of the unoccupied Cd,3_,2 by 2 eV B
and a downward shift of the occupied, majority spin Cu ,
3d,2_y2 orbitals as well as both spin directions of the Cu e r N r
3dyy xzyz,3:2—r2 States by 6 eV resulteld.Using these shifts, 4 B‘3dm z (lv 0 4 3 2 1 0
the LSDA+U calculations were carried out self-consistently. inding cacrgy (¢V) Binding energy (¢V)

FIG. 4. Polarization-dependent ARPES spectra of®g0,Cl,
Ill. RESULTS AND DISCUSSION recorded along the two high symmetry directiot@®.I"— (,0), P

. I o LMy (b)) T'—(m0, P[My; (¢ T'—(mm), PLMy (d) T
In the following we will first present our polarization- (7 ) p|M..

dependent photoemission data of,88,0,Cl, followed by
the results from the LSDAU calculations. We then com- and shows five features located at about 1.2(aY, 2.4 eV
pare the photoemission and band structure data and discudd), 3.2 eV(C), 4.5 eV (D), and 5.5 eV(E) binding energy.
parallels with the Cu@ plane system S$EuO.Cl, before ~ Features A to C show considerable polarization-dependent
summarizing. intensity changes, whereby feature A loses the major part,
and B and C about half of their intensity when the polariza-
tion vector lies in the mirror plan# ;.

In Fig. 4 angle-resolved spectra\ §=*+1°) in a nar-

The lattice constant in the @0, plane of BaCu;0,Cl, is  rower binding energy range are presented. In pafaland
5.51 A (Ref. 5, which, together with the plane geometry (b) the wave vector is along thE— (,0) direction of the
sketched in Fig. 1 gives a square two-dimensid@8&)) Bril- Bz and the polarization vector of the exciting radiation is
louin zone(BZ) of length~0.57 A~%. The edge of the BZ is  either perpendiculata) or parallel (b) to the mirror plane
at 45° with respect to the Cu-O bonds. In order to easev,. For initial states of odd symmetry with respectNby
comparison between the two oxychloride systems, we pointFig. 4(a)], we observe three features which have minimal
out here that the Brillouin zone of Bau;O,Cl, is rotated by  binding energies of about 0.9 é¥), 2.2 eV(B), and 3.2 eV
45° and has half of the area of that of,SuO,Cl,, with the  (C). All features disperse by around 300 meV and show
result that the 4,0) point of the C4yO, BZ coincides with  particular for peak A strongk-dependent intensity modula-
the (w/2,7/2) point of the Cu@ BZ. Figure 3 shows photo- tion. For even initial statefFig. 4(b)], only one featurdla-
emission spectra of the entire valence band, recorded witbeled B is clearly visible as a peak and has a minimal BE of
the polarization vector of the synchrotron radiation either~2.2 eV close to th€2,0) point and a dispersion of 400
perpendicular or parallel to the mirror plaig,. These spec- meV. This peak is superimposed upon a broad structure
tra were recorded at normal emission, with the angular acwhose intensity reaches up into and beyond the binding en-
ceptance of the electron energy analyzer settdl®, such ergy region of feature C. We note that in FigbXthere is no
that we average over a significant portion of the BZ, thussignal corresponding to feature A. The significant intensity
approximating a density of staté®OS) measurement. The differences(for example, for feature Boetween the spectra
valence band of B&£usO,Cl, is approximately 6 eV wide recorded at equivalent symmetry poirtesg., thel” point in

A. Experimental results
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Binding energy (eV)

the first and second BZndicates the strong dependence of
the photoemission matrix elements, which is a common fea- 1.0
ture in the cuprate high-temperature superconductors. ] H
{1 A
ing spectra for the wave vector along the- (7, ) direc- 1.57
tion. For initial states of odd symmetry with respectNb, ]
1B
former has a minimal BE of-2.2 eV at thel' point and 2'0:
disperses upwards in BE by300 meV on going fronT" to ] +%
2.5 %
~3.2 eV BE, shows no significant dispersion. There are ]
signs of a weak, broad feature between 1-2 eV BE, which 1
sion relation of feature A alond’— (7, 7) is difficult, a
rough analysis shows that between theoint and ¢r,7) A
than that of the corresponding feature along the (,0) (2|11:,0) (n',o) (0,0 (m,m)
direction[Fig. 4@)]. For initial states of even symmetry with Wave vector
B is resolved as a peak &t2.2 eV near the£,) point. As FIG. 5. Experimental dispersion relation of the main features in
in Fig. 4(b), this peak sits upon a broad background structurehe photoemission spectigabeled A, B, and € Solid symbols
are also indications of a weak, broad feature at lower BE’sand the open symbols parallel to the relevant mirror plane, respec-
which we label A. tively. Thek range includes th& point in the second BZ in order
cuss bne_fly.the possible ongin of.the featgres 0 bserved in th traightforward interpretation of the features in the photo-
photoemission data shown in Fig. 4. It is widely accepte bmission spectra alon§— (r, ) is hampered by the fact
. . ya 13 .
Zhang-Rice singleteZRS'S. ~ Indeed, the singlet nature of - «eyen” |abel with regard to its behavior on reflection in
these states has been verified for copper o#El€0).™ Fur- o mirror planeM,. This is a consequence of the antiferro-
sion from the undoped Cuyand CyO, plane oxychlorides  the symmetry inM,.1” A way of envisaging this is to con-
Sr,CUuOLl; and BaCu0,Cl, has been studied recently us- sider whether a translation parallel to the relevant mirror
Ba,Cu;0,Cly, two possible ZRS's exist, located on either the and spin-down sublatti¢end a reflection in the same mirror
Cu, (ZRS,) or Cug (ZRSg) subsystem8.By comparison plane can be temporally exchanged or not. If they can, then
sion relations of each of these ZRS'’s depends critically orplane must be eigenfunctions of the reflection operator and
the spin background of the respective subsystem, wherelgan thus be classed as either symmetric or antisymmetric
tively paramagnetic spin backgroufdConsequently, the not for M,. Nevertheless, even fde alongT' — (7, 7) the
bandwidth of ZRS is proportional to the exchange integral states which areothybridized with Cy, do maintain a clear

In panels(c) and(d) of Fig. 4 we present the correspond-
[Fig. 4(c)], we observe two main features B and C. The
(m,7), while its intensity decreases. Feature C, located at
we label A. Although an accurate evaluation of the disper- 3.0-:

sty

disperses by maximally 150 meV, which is significantly less 3.5
respect taM, [Fig. 4(d)], only a single clear feature labeled
stretching beyond the measured binding energy range. Therepresent measurements with the polarization vector perpendicular,

Before going further, it is instructive at this stage to dis-to show the symmetry around ther,0) point.
that the first electron removal states in undoped cuprates atfiat it is not possible to give every initial state a clear “odd”
thermore, the dispersion of the ZRS’s formed by photoemis-magnetic spin structure of the Gsubsystem which breaks
ing angle resolved photoemissidi>'® In the case of plane(simulating the splitting of the Cusites into a spin-up
with model calculations, it could be shown that the disper-all wave functions with a wave vector parallel to the mirror
ZRS, experiences an antiferromagnétimd ZRS; an effec-  with respect to the mirror plane. This is the caseNby, but
between Cy sitesJ, whereas the dispersion of ZRSs  symmetry.

given by the effective hopping integral between (Csites In the remainder of this paper, however, we focus mainly
tg. These two different ZRS's are the origin of the feature Aon the valence band states at higher binding energies, such as
observed at lowest binding energy in Figay features B and C in Fig. 4. These higher lying states in the

The dispersion relations of the three main features ob€uO, plane oxychloride SCuO,Cl, have recently been the
served in the photoemission spedtfa B, and Q are shown subject of an ARPES study.In this case, the next two fea-
as symbols in Fig. 5. The majority of the data are from Figstures lying at higher BE than the ZRS were attributed to
4(a) and 4c) (filled symbolg, and represent measurementsstates which, at particular locationskrspacg I, (,0), and
with the polarization vector perpendicular to the relevant(s,7)], possess practicallypure O 2p character. For
mirror plane, whereas the open symbols are from Fi¢s. 4 Sr,CuO,Cl, the first of these, located at 2.85 eV, has in-plane
and 4d) in which the polarization vector lies parallel to the character, whereas the second feature ateV should have
incidence-emission plane. These data are the first measureut-of-plane character at.!® These nonmixing O states are
ments of the dispersion of the valence bands af®80,Cl,  essentially uncorrelated in nature and were suggested to be
alongI'—(r,). In order both to emphasize the symmetry the origin of the so-called “1 eV peak” in the highz cu-
of the measured dispersion relations arountOf as well as  prates, which had been discussed either in terms of an intrin-
to take advantage of the different matrix elements, the data isic feature of the electronic structuf&or in terms of a sur-
Fig. 5 are also shown fromw,0) to theI" point in the second face staté? It is of interest, then, to examine whether
BZ [labeled(2,0)]. The dispersion of feature A betwe&n analogous oxygen states exist in the ;OQu plane of
and (m,0) has already been discussed above and in Ref. 8. 8a,Cu;0,Cl..
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-10-8-6-4-202 463810 3, the calculated valence band width of about 5 eV is in
excellent agreement with experiment. Interestingly, in com-
Energy (eV) parison to SYJCuO,Cl,, the Cl 3p states are calculated to lie
FIG. 6. Total and partial densities of states from the LSBA  at significantly lower BE in the barium oxychloride, but do
band structure calculation for Bau,0,Cl,, summed over both spin NOt however have significant intensity for the photon energy
directions. The total DOS is given per cell, and the partial DOS petised in the experimefit. Ba states only contribute signifi-
atom. cantly at higher binding energies. As in other cuprates, the
partial DOS of BaCu;O,Cl, clearly shows the strong hy-
On inspection of the data in Fig. 4, it is clear that thebridization of Cu 3 and O 2 states in the valence band.
features B and C are energetically not so distant from the The band structure itself for one spin direction is pre-
nonmixing O states observed in,8uO,Cl,, and that under sented in Fig. 7 which includes a detailed analysis of the
certain conditions, their intensity is maximal at the high sym-orbital character and the mirror symmetfwith respect to
metry pointsl’, (7,0), or (,7). Given this initial similarity M1 and M) of a number of the bands. These data can be
between the data from the two oxychloride systems, we haveompared with earlier LDA calculatior$,both of which
carried out calculations of the band structure ofgive a valence band composed of states resulting from hy-
Ba,Cu;0,Cl,, in order to obtain a more detailed picture of bridzation of Cu 81, O 2p, and Cl 3 orbitals. However, the
the impact of the additional Gyion its electronic structure, €lectron correlation makes itself felt in the LSBAJ case
and in particular in order to try to identify the bands giving Via the lowering in energy of the Cud3states. This means
rise to features B and C in the ARPES spectra. that the bands just below the chemical potential have a high
degree of oxygen character. In addition, the LSB\4 cal-
culation delivers a better agreement with the observed dis-
persion of the valence band features. There is a certain range
The treatment of the quasiparticle band structure byof U (6 to 10 eVj for which the LSDA+U results for the
LSDA+U as described above results in an insulating bandirst few eV below the chemical potential are insensitive to
structure for BaCu;O,Cl, in which an upper Hubbard band the precise value dfl, and in the following we will discuss
(UHB) appears and most of the occupied Cdi lBands are the case ofJ= 8 eV as a representative example.
shifted downwards in energy. The DOS resulting from the In order to help interpret the polarization dependences
band structure as a sum of both spin directions is shown i@bserved in experiment, it is important to understand the
Fig. 6. Also shown are the basis orbital projected DOS commirror symmetries of the calculated bands shown in Fig. 7.
ponentdin the case of Cy we sum over the two Cysites As mentioned earlier, the wave functions alohig-(r,0)
in the antiferromagnetiCAFM) unit cell]. The states below can be classed as either symmetric or antisymmetric with
about 8 eV in the DOS would correspond to th#f 3atellite  respect tdVl; and thus strictly can only be observed with the
observed at about 14 eV in the photoemission spectra gfolarization vector of the exciting radiation either parallel or
cuprates. The reasons for this discrepancy in energy are diperpendicular to the incidence-emissifmirror) plane, re-
cussed, for example, in Ref. 20. As can be seen from a conspectively. Thus, all bands running along the»(,0) di-
parison of the DOS with the overview spectra shown in Fig.rection in Fig. 7 can be labeled as eittf®&f{symmetri¢ or A

B. Band structure calculations
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TABLE I. A summary of the low-lying Cu and O-derived in-plane valence bands ¢€B#®,Cl, at the
three high symmetry pointg, (7,0), and (7,7) from the LSDA+U band structure calculation for one spin
direction. Shown are the energy in eV, the name of the band inv@besiFig. 8 and the respective weights

for the orbitals or orbital sets O, O, Cu, 3d,2_y2, Cu, 3d

xy» CUg 3d,2_2, and Cys 3d,, . In addition,

the symmetry of each band with respect to the mirror pldigsand/orM, is shown:A=antisymmetric S
=symmetric, andV =mixed. The bands are listed in order of decreasing energy at each &f ploints
considered. The corresponding bands with in-plangp®, Zharacter shown in Fig. 7 can be easily identified.

r

Energy O, O, Cup3de_y2 Cup3dyy, Cug3dey2 Cug3d,, M; M,
1 -2.568 0 0.994 0 0 0.165 0 A S
2 -3.832 w, 0.449 0.593 0 0 0 0 A M
3 -3.832 7, 0226 0.593 0 0 0 0 S M
4 -3.983 o, 0.548 0 0.460 0 0 0 A A
5 -5.594 7, 0 0.539 0 0.238 0 0 S S
6 -6.568 o, 0.422 0.242 0 0 0 0 A M
7 -6.568 5, 0277 0.242 0 0 0 0 S M
8 -7.162 5, 0231 0 0 0.025 0 0.400 S A

(m,0)

Energy Q, 0, Cup3de_y2 Cup3dy, Cug3de_y2 Cug3d,, M;
1 -2.969 o, 0.514 0.270 0.143 0 0 0 A
2 -3.148 my 0 0.844 0.025 0 0.177 0 A
3 -4650 m, 0.191 0.606 0.065 0 0 0 A
4 -4.990 772 0.051 0.649 0 0.080 0 0 S
5 -5.465 7, 0.117 0.494 0 0.107 0 0.011 S
6 -5.982 o, 0.585 0.025 0.154 0 0.023 0 A
7 -6.415 5, 0284 0.057 0 0.052 0 0.253 S
8 -7.379 5, 0376 0.022 0 0.011 0 0 S

(7,)

Energy Q, O, Cup3de_y2 Cup3dyy, Cug3deey2 Cug3d,, M,
1 -4.050 m 0 0.732 0 0 0.229 0 S
2 -4.315 0 0.824 0 0.102 0 0 M
3 -4.385 772 0 0.831 0 0.081 0 0 M
4 -4.865 &, 0.624 0 0 0 0 0.149 A
5 -5.307 o, 0.362 0 0.252 0 0 0 M
6 -5.719 o, 0.626 0 0 0 0 0 A
7 -5.809 ;}1 0 0.583 0 0 0 0 S
8 -7.291 5, 0431 0 0.084 0 0 0 M

(antisymmetri¢ (see Table I for the assignment of the indi- composed primarily of CI B, , orbitals. As discussed above,
vidual bandg In the I'— (7, 7r) direction, for whichM,, is
the relevant mirror plane, no such clear parity exists. Neverergy used hefé means that the Cl (3-derived bands play
theless, those bands which arise from thegGubsystem
retain a high degree of parity, as it is only Cwhich breaks
the M, reflection symmetry. Thus, for example, gu
3d,2_2 is even with respect td1, and Cy; 3dyy is odd.

Consequently, the bands alohg- (7, 7) can be labeled as

S (dominantly symmetrig A (dominantly antisymmetrjc or

M (of mixed symmetry, i.e., hybridizing mainly with the

Cu, subsystem

the low cross section for Cl8emission at the photon en-

little role in the experimental spectra.

The oxygen bands can be separated into two subgroups
corresponding to out-of-plane OpZ2 and in-plane O B, ,
orbitals. Four bands in Fig. 7 arise from the former but, upon
consideration of the experimental geometry sketched in Fig.
2, one would expect zero intensity for, states for the po-
larization vector of the synchrotron radiation oriented per-
pendicular to the incidence-emission plaégs. 4a) and

The reflection symmetry of the individual bands was ana-4(c)], as the polarization vector is then orthogonal to phe
lyzed via their orbital character. In the energy region dis-orbitals. When the polarization vector of the radiation is
played in Fig. 7, we find bands with dominantly Gb®r O
2p character which have an admixture of Cd 8haracter.

We could identify six Cl ® bands, two of which have pre-

aligned in the incidence-emission pldiégs. 4b) and 4d)],
emission from thep, orbitals will be possible, but will be
increasingly supressed at higher values of the polar afigle

dominantly Cl 3, character—the remaining four being as the sample is rotated away from normal emission in order
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5 symmetry points, as well as their symmetry properties with
respect to the mirror planéd; andM, as drawn in Fig. 8.

W
‘.Qn J. @ We now work our way progressively through the band struc-
$----M1 $ $ ture, starting at the states with lowest BE.
O.. % Only the m; combination hybridizes with the Gu

é 3d,2_y2 orbital, and forms the lowest BE band among all of

shown here is in rough agreement with the model
calculation® but the bandwidth is strongly overestimated in
the LSDA+U calculation. It should be noted that at the

@ é é ’.0 @ spin-down bandstructure above the Fermi lwnelt shown],
$(\ Op$ $>I:I $ we conclude that ther; band represents the ZRSwithin
$ culation in Ref. 8, the ZRS; bandwidth would be much
q‘éof é spin-down sublattice. Once again, the form of the dispersion
point, a clear indication exists only for a ZRSinglet band.
As can be seen from Fig. 7 and Table [Tathere is no band
NS

the oxygens bands. As the spin of the; band is antipar-
O’D‘.Q our simple picture. Upon an improved treatment of the
smaller than that shown in Fig. 7. Nevertheless, the form of
I & o

allel to that of the Cy 3d,2_,2 UHB [which appears in the
strong electron correlatiorisee, for example, our model cal-
the dispersion should be conserved. In a similar way, one can
also identify the ZRg. It has lowest BE at£,0) as theo,
$ o u ) spin-up oxygen band which hybridizes with the £8d,2_ 2
o 9

at this energy with appreciable Gucharacter. This lends
weight to the arguments put forward above that also along
I'—(m,7) feature A results from both ZRSand ZRS.

With increasing BE in Fig. 7 we then find &t a doubly

) o degenerate band of pure oxygen character which is com-
FIG. 8. Sketch of the different combinations of planar oxygen

orbitals involved in the band structure. The shading indicates th(QOsed r:rlalnly ofr, and , orbitals with some admixture of
sign of the orbital wave function® : Cu,; [ : Cug; @ : oxygen. 0 ando,. A little below these states dt, there is a third
M, andM, are the two mirror planes parallel to the correspondingoxygen band ¢,), which is antisymmetric with respect to
wave vectors 4,0) and (7,7), respectively. The spin direction of both M; and M,. These three oxygen bands together com-
the antiferromagnetically ordered @sublattice is schematically prise the edge of the main valence bandlatAlong I'
indicated by the arrows. Orbital combinations directed tg, @ue —(,0), the valence band edge is built up of two nonbond-

denotedo, and those directed to Guare denote_dr, whereby the' ing oxygen bands: one is Symmetriaz() and the other is
presence orllacl'< of a tilde denotes tho§e which are symmetric Oéntisymmetric[o-l, going over to ar, band at ¢r,0)]. Both
antisymmetric with respect i, respectively. bands intersect along this line knspace such that the anti-
to alter k. Consequently, in the discussion of the O Symmetric band has smaller BE at,0). Along I'— (7, ),
2p-derived states below, we concentrate on those from ththe valence band edge is composed of theband, which
in-plane O 2, , orbitals. has mixed character.

In order to discuss these bands, it is useful to introduce Next in binding energy comes the nearly dispersionless
the notation shown in Fig. 8. Since there are four oxygeri, band which, at least alorig— (,0) has symmetric char-
atoms in the unit cell of the GO, plane and two in-plane O acter with respect to the incidence-emission plane.ADJ
2p orbitals at each site, we have eight in-plane oxygerfor still higher BE's lies a second band, which derives
bands. In the following, the O 2 orbitals which point to-  from the hybridization of ar orbital combination with Cy
wards the Cy atoms are denoted as and those pointing at (the first being the ZR§). A detailed inspection shows that
right angles to Cy as 7 (see also, Ref. 23 These orbital 4t (77,0), the o, orbital combination hybridzes with the Gu
sets Eanfe furtrler split between those which are Symmetrigq , . orbitals, but in contrast to the, (ZRS,) band dis-

(74, 7y, 01, ando,) or antisymmetric {r,, m,, o1, ando,) cussed above, with the spin-up Cwsublattice. This entity

with respect taV ;. The orbital setsry, 7, o1, ando;, have  then possesses parallel oxygen and copper spins and there-
a defined parity with respect thl,, the others do not. For fore we can interpret the-; band around 4,0) as a spin

our symmetry analysis of the in-plane @ dands, we cal- triplet state of the Cy subsystem.

culated the corresponding orbital projections of all of these
groups of states. At each of the high symmetry points it is
possible to determine with which of the in-plane Cay3 2

or 3d,, orbitals the oxygen combinations shown in Fig. 8 ~We deal here first with the dispersion of feature A along
can hybridizé* The corresponding weights are shown inI'—(,), and argue that this weak feature corresponds to a
Table I. combination of ZRQ and ZRS, whereby the relatively

Thus following these procedures, we can determine botltarge errors in the determination of its energy make the ex-
the orbital character of the in-plane oxygen bands at the higperimental distinction between the two Zhang-Rice singlets

C. Comparison of experiment with the calculated bands
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impossible. As a consequence of the even symmetry of theSDA+U calculation is borne out in the presence of spectral
Cug 3d,2_2 orbital with respect td, we expect to observe structures for both orientations of the polarization vector of
the ZRS; for the polarization vector of the synchrotron ra- the synchrotron radiation.
diation parallel toM,. This then corresponds to feature Ain  An attempt to make a more quantitative comparison be-
Fig. 4d). However, the ZRg has no clear parity fok along  tween the experimental dispersion relations such as those
I'—(m,), and should therefore be visible for bof{M,  shown in Fig. 5 and the results of the LBAJ calculation is
andPL M,. Indeed, a weak feature A is certainly visible for of limited value, as the electron correlation effects have been
the polarization vector perpendicular¥b, in Fig. 4c). The  taken into account via a relatively crude procedure in terms
relatively flat dispersion of the ZRS betweErand (rr,77), at ~ of a single parametdd in a mean field manner. The inclu-
least in comparison to that alodig— (7,0) observed in Figs. ~sion of additional correlation termtsuch adJ,, or U4, for
4 and 5 is also in agreement with the predictions for thenstance would be expected to lead to a better quantitative
dispersion of a single hole in a Cy(plane from thet-J agreement between theory and experiment. However, such
model, which is more successful in treating the strong elecrefinements are beyond the scope of this paper which aims to
tron correlation present in these cupratés. provide an initial analysis of the rather complex valence
In the following we compare the experimental photoemis-band structure of B&£u,O,Cl,, utilizing the ability of the
sion spectra in the energy regions of features B and C with SDA+U calculations to accurately predict the character
the calculated LSDAU bands. The situation fok along and Symmetry of the electronic states in question_
I'—(r,0) with polarization perpendicular to the mirror plane |t js evident from the discussion above that the band struc-
[Fig. 4@)] is the most clear. In this geometry tpestates do  tyre within the first few eV of the chemical potential in
not contribute to the spectra and thus in the experiment W845,Cu,0,Cl, is considerably more complex than that of the

measure mainly the planar oxygen-derived bands which arg,,, plane oxychloride SCUO,Cl,. In particular, it is clear
antisymmetric with respect i, As can be seen from Fig. g, Fig. 8 that the set of O 2 orbitals which are free to
7 and Table I, apart from the ZRS’s, there are two further,

bands with the correct symmetry betweénand (w,0), f%m; tlhe nonrr;:xmg op sta.lteds. ath(T’Tr) n Srﬁfu%(?lzh
which in the notation of Fig. 8 are labelet, ando; at the (Ref. 16 are otherwise occupre Int e B‘T" oxychior e: these
high symmetry point £,0). The agreement with experiment corresponq o ther, orbitals shown n Fig. 8 which form,
here is good insofar as Fig(a} contains three clear features togethe_r with the Cy 3d,2_2, the basis for the ZRS.

A, B, and C which would then correspond to the ZRS bands _ '€ impact of Cy has also been observed on the low
(m, ando,), and the oxygen bands, ando,, respectively. lying .unoccup|ed electronic states in a compar%'glve x-ray ab-
In addition, the fact that the antisymmetric bamglswaps in ~ Sorption study of SCUQ,Cl, and BaCuO,Cl,"" In this
energy with the symmetrie-, band, such that the former lies case, the upper Hubbard band feature seen in e &b-

at lowest BE at {r,0), is consistent with the observation that §orpt|on spectrum' of BEUO,Cl, is both brqader aqd more

at (w,0) a significant part of the peak intensity of feature B is INt€Nse than that in the CyQlane oxychloride, which is a
only observed foPL M. In the energy region corresponding "€Sult of the presence of two UHB's in the & plane

to feature B, the calculation also predicts only a single symMaterial corresponding to the two copper subsystems. In ad-
metric band with respect tM, betweenI’ and (r,0) (la- dition, the higher lying unoccupied states are also affected by

beled7,), which is also consistent with the single edgelike thiS: in that the hybridization between the in-plane @, 2
structure observed in Fig(d). As mentioned above, at{0)  &"d Cts 3d,2_y2 orbitals which gives rise to the UHB
o, is the spin triplet band of Cy, which thus gives an deprives the Ba & levels of hypr|d|zat|on partners. This
experimental singlet-triplet splitting of around 2.5 eV. This |eads to a reduced spectral weight for planar @ Sates

is slightly less than the value of 3 eV arrived at in the above the UHB in BgCu;0,Cl,, whereas in SCuO,Cl, the
LSDA+U calculation. Calculations for a Cuxluster give in-plane and out-of-plane spectra above the UHB are essen-
an energy separation of 1.5 and 3.4 eV betweerlthe(zZR) tially equivalent’

singlet and the’B; and 3A; triplet states, respectivefy. The Thus, we are able to develop a detailed picture of the
spin triplet band of the Cgisystem is seen in our calculation impact of the altered Cu-O plane geometry and stoichiom-
only in the band structure of the spin direction not shown inetry on the electronic states of a cuprate plane.

Fig. 7 (the band structure is ferromagnetically split with re- (i) The lowest lying electron removal states in both the
spect to Cuy). It lies in between the nonbonding, orbital CuG, and CuO, plane materials are Zhang-Rice singlets.
combination and the Cu spin triplet o; seen in Fig. 7 at  This follows, at least in part, from the identical local geom-

(7,0). etry of the CuQ plaquettes which form the building blocks
Due to the lack of pure parity for some bands with respecbf both Cu-O planes.
to reflection inM,, the data alond”— (7, 7) are more dif- (ii) Each of the two copper subsystems in the@uplane

ficult to interpret. This situation is further complicated for gives rise to a different Zhang-Rice singlet in photoemigsion
P|M, by the additional presence of emission from the bandsind a different upper Hubbard bafi{dThe dispersion rela-
derived from O 2, orbitals. Nevertheless, one contact pointtion and symmetry of the ZRS from the gD, subsystem of
between the calculation and experiment is the predicted reBa,Cus0,Cl, is very similar to that of a single hole in a
duced bandwidth alond’ to (,7) in comparison to that normal antiferromagnetic CyOplane, whereas the disper-
alongI' to (7,0), whereby in the experiment practically no sion of ZRS; reflects the lack of spin order on the gu
dispersion is observed alongr (). Furthermore, the mixed subsystem, and thus scales with the hopping integral between
symmetry character alond —(m,7) predicted in the Cug sitestg.
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(iii) The electronic states further away from the chemicalpersion relations, their symmetry characteristics, and their
potential are also affected by the presence of Cin par-  spin-singlet nature are all evident in the mean field calcula-
ticular, the Cy offers the surrounding O orbitals an ad- tion. The comparison of the photoemission data with the re-
ditional hybridization partner. This results in significant dif- sults of the LSDA-U calculation allows the determination
ferences in the occupied nonbonding oxygen-derived statesd the identity of the deeper-lying valence bands. For ex-
between BgCu;0,Cl, and SyCuO,Cl,, as well as in the an- ample, alongl’— (7r,0) the three structures observed in ex-
isotropy of the unoccupied electronic states above the UHB’geriment forPL M, correspond to the ZRS bands{ and

of the two oxychlorides. o,) and the oxygen bandsr, and o,. The observed
polarization-dependence of these features is also consistent
V. CONCLUSIONS with this assignment. In general, the states making up the

o i main valence band edge &t2 eV binding energy could be

We have presented a detailed joint experimental and theshown to be mainly due to states involving in-plane combi-
oretical investigation of the valence band electronic structure,stions of O D, orbitals, some of which exhibit essentially
of the model cuprate BE€u;O,Cl,. This oxychloride system pure O D charéycter.
possesses a @, plane which can be regarded as a super-  powever, the particular O |2 orbital combinations re-
position of two copper subsystems: a “normal” (I, CU-  gponsible for the most striking of the nonmixing oxygen
prate plane and an extra, magnetically frustrateq; Gite.  states at -, ) in Sr,CUO,Cl, are occupied in the formation
Thu§ BqCu3Q4CI2 represer)ts. an ideal trial system for as- 5 the ZRS on the Cy sublattice in BaCu;0,Cl,. The
sessing the impact of deV|a_t|ons from t_he Guane sto- deeper lying valence bands in £,0,Cl, generally in-
ichiometry upon the electronic structure in cuprate materialsygjye more hybridization with the CucBlevels than those

From polarization-dependenk-resolved photoemission pearer the chemical potential, and include a state observed
measurements we have determined the dispersion relatiogg e 3(2.5) eV below the ZRS state in the calculatiéex-
and symmetry of the different valenqe bands. The experinerimeny, in which the spin of the O B, and Cu 3le_,2
mental data have been compared with the results of bangates are parallébpin tripled. Thus, despite the shortcom-
structure calculations carried out within the LSBA for-  jhgq inherent in the theoretical mean-field treatment of a cor-
malism, which included a detailed analysis of the charactefe|ated electron system, we show that in particular the com-
and symmetry of the individual bands involved. The calcu-pination of the experimental and theoretical data allow the
lated overall bandwidth agrees well with that observed iNdevelopment of a comprehensive picture of the impact of the

experiment, as does the hybridized @/€u 3d nature of the  gytra copper site on the electronic structure of a Cpfane.
majority of the valence band states.

The lowest lying electron removal states observed in the
photoemission spectra represent Zhang-Rice singlets formed
on the two sublattices within the @D, plane. Their disper- This work was partly funded by the BMB®5-605BDA)
sion relation is intimately linked to the spin backgroundand the Fonds der chemischen Industf®.K.). M.S.G.
prevalent in each of the Cu subsystefasitiferromagnetic  gratefully acknowledges the HCM program of the EU
for Cup; paramagnetic for Cg), and can be well repro- (ERBCHB1CT94113pand S.H. and H.R. are grateful to the
duced in model calculatiofsWhile the bandwidth of these Graduiertenkolleg der TU DresddéBFG) for financial sup-
strongly correlated states imot unexpectedlypoorly de-  port. We thank V. Yu. Yushankhai and S.-L. Drechsler for
scribed in the LSDA-U calculation, the form of their dis- fruitful discussions and W. Hapner for technical assistance.
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