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Abstract. The electronic structure of high-temperature superconduclors
near the Fermi level which is of primary interest for the understanding of
the mechanism of superconductivily, is not yet well understood. Most
Lheoretical investigations deal with Cu3dy.y and O2py y orbitals at Ep,
but whether or not 02p, and Cu3dy, , orbitals contribute to states at I
1s slill under discussion. The contribution of states with out-ol-plane
orbital character has been investigated by polarized x-ray absorption
spectroscopy (XAS) on LITSC single crystals. For Las (SryCuQ4 a small
contribution from O2p, orbitals (8% of holes in O2p valence band states)
was observed which increased to about 13% on 30% Sr doping. In n-Lype
doped HTSC there is no clear evidence for O2p, orbitals at Ep but states
are observed slightly above 15 with O2p, character depending on the
doping and annealing conditions. An observed admixture of Cu 3ds,.,
slates to the predominant 3d,. hole states at Ep of a few percent did not
significantly exceed the expermental error limits.

I. Indroduction

The commonly accepled picture for the electronic structure of CuOplances
in LayCuOy as derived [rom cluster calculations gives a lower occupied Cu
3d band, the lower Hubbard band, and an occupied O2p band separated by
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a charge transfer gap from the unoccupied upper Hubbard band. On p-Lype
doping, states with Cu3d,2.,2-O2p, yo symmetry having strong Zhang-
Rice singlet [1] character form in the gap. These states may be related to
superconductlivily. This picture satisfactorly describes the observed Ols
absorption edges for LaSrCuO. Upon Sr doping O2p hole states at the
top of the valence band are formed and the transfer of spectroscopic weight
from the upper [Hubbard hand to stales at IS are observed as measured by
Romberg et al. |2] and Chen et al. [3]. According to Khomskii et al. [4],
upon p-type doping the cuprates the ecnergy of the 3dy2.,2 states are
lowered, while stales with 3d3,2..2 orbital character crosses Ep. Mackawa
et al. [5] point out thut the increase of apical O2p, states to the in-plane
holes may destabilize the Zhung-Rice singlets and thus may destroy
superconductivity. On the other hand, electron-phonon Jahn-Teller
interactions involving the apical oxygen was at the origin of the search
for the cuprate superconductors [6]. In the d-d model of Weber [7] holes in
the O2p band pair mainly via virtual excitations of d-d transitions on Cu
sites. Kamimura et al. |8| have proposed a spin-polaron model with high-
spin hybrides of Cu3ds,2,2 and O2p, orbitals for p-type doped cuprales
and ol Cu3dy2,2 and Cuds orbitals for n-type doped cuprates.
sxperimental investigations of the symmetry and orbital character of the
states necar to Lthe IFermi level are very valuable as they allow
discrimination between different models.

2. Experimental

Las ,Sr,CuQy4 crystals used in this investigations were large enough to
cul a,c-oriented surfaces. The other cuprate samples studied were thin
single crystalline platelets with a,b oriented surfaces. The crystals were
plued to Pt-covered sample holders and clean, flat and mirror-like surface
were produced using an ultramicrolome with a diamond knife. Finally,
they were mounted on a manipulutor which can be rotated around the
horizontal and the vertical axes to adjust the crystal axis under
investigation so as Lo be parallel to the electrical field vector of the
incident light. Bulk sensitive, polarized XAS measurements were
performed at the SX700/11 monochromator at BESSY using a Germanium
fluoreseence detector. The energy calibration and resolution were
monitored with the help of a low-pressure Ne gus cell. The energy
resolution used was 340 meV (780 meV) for most Ols (Cu2p)
investigations. The Ols ubsorption measurements were corrected for the
intensity variation of the photon beam as a function of energy with the
help of a normalizing speclrum derived from total electron yield
measurements ol a clean Au surface. Scll ubsorption correctlions had to be
appliecd to the Cu2p absorption datla considering the different
experimental gecometries.
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3. Results

I*ig.1 shows the [Tuorescence yicld spectra of Lag 4SryCuO4 for x =0, 0.1
0.01, 0.15 * 0.01, and 0.3 £ 0.02 for the polarization vector E of the
incident synchrotron light perpendicular and parallel to the
crystallographic c-axis. IFor ELc and x = 0 there is a peak at 530.2 eV
assigned to transitions to O2py, states hybridized with Cu3dy.y states
in the conduction band (i.c., the upper Hubbard band). This is lollowed by
a steep risc at 531 ¢V duc to transitions into unoccupied O2py y states
hybridized to La4f and 5d states. IFor x > 0 a new peak due to hole states in
the valence band (I£ ~ 529 ¢V) and a transfer of spectral weight from the
conduclion band Lo valence band states is observed. These results agree
with previous investigations on polycrystalline samples [2,3] and with
theoretical investigations [9,10]. For I || ¢ the spectral weight below 531
eV is strongly reduced, but shows a similar x-dependence. A chemical shift
0of 0.3 eV is observed for the absorption threshold energies between the
E |l ¢ and E L ¢ spectra. This indicates that the absorption edges originate
from dilferent O sites, that for £ L ¢ from the in-plane O sites and that for
IZ || ¢ from the apical oxygen sites. I'rom an analysis of the pre-peak at 529
¢V we inler an O2p character relative to the total number of O2p holes
induced by doping of 9%, 7%, and 13% f{or samples with x =0.1, 0.15,
and 0.3, respectively. The absence of Op, holes in BipSrgCaCugOg (T, =85
K)|11]and the lower T'. < 40 K for Lag_ (SryCuO4 samples with about 8%
of upex holes may be taken as an argument for the destabilization of the
Zhang-Rice singlet due to holes on the apical oxygen.

In contrast Lo the Ols spectra of Lag 4SryCuOy4 those of the n-Lype
doped (Nd, Sm)y_xCe,CuOy.y show no unoccupiced states in the valence
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IMig.1:  Ols x-ray absorption speclra of Lag.4SryCuQOy4 for x = 0, 0.1, 0.15,
and 0.3 measured for polarizations E L cand E || c.
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[Fig.2: Ols x-ray absorption spectra of Ndg.,CeyCuQOyg_s for x = 0.025, 0.15
and 0.3 measured for polarizations E L cand E || c.

band. The relative intensity of the conduction band states for in plane
(E_Lc) excitations does nol change significantly with Ce doping. Despite
the absence of apical oxygen sites there is some absorption observed for
E || ¢ in the energy range of the conduction band (528-5630.5 eV) even for
the undoped samples. In Ndy 4CeCuOy4 (FFig.2), the absorption for E || ¢
scems Lo increase proportional to the doping concentration x. Hence, the
observed 02p, states could be assigned to hybridization of O2p states with
Cedfl and Ceb5d stales. Cebd stales are predicted by band structure
calculations [12] to be close to the Fermi level. On the other hand,
investigations on SmyCuOy.s (Fig.3) show that a similar increase in' the
I || ¢ absorption can he observed on reducing an undoped crystal. The
similarity of the spectra for undoped, anncaled and for x =0.15 doped
Smy.,Ce,CuQy indicate that similar defect states at ~529.5 eV can be
induced by oxygen defect states produced in a reducing atmosphere.

In I'ig.4 we show the Cu2p absorption edges of SmCeCuO for E L
¢ and E || ¢. For E L ¢ the transition into empty Cu3d,2,2 states is
observed and assigned to the upper Hubbard band. For E || ¢ a strongly
reduced peak is obseved at the same cnergy. This transilion is commonly
assigned to Cu3ds3,2,2 stales. In Table I the ratio of Cu3ds,2,2 to Cu3d
(total) holes are given for cuprates [rom Lhe present XAS investigations.
These values represent upper limits, since syslematic errors as
misorientation of the whole crystal or local misorientation and non-perfect
polarization of the photon beam will result in the inclusion of part of the
3dy2.y2 spectrum in the E || c-spectrum.

In Fig.4, above 932 ¢V, a clear edge is observed for E || c. In the
undoped as prepared sample the edge appears at ~935.2 ¢V, while it is
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Iig.3: Polarized Ols x-ray absorption spectra of Smy.,CeyCuQOy4.5 for x=0
and x=0.15. Samples with § > 0were annealed in argon.
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CuZp absorption speetra of Smy_,CeyCuQOyq.5 with x=0 and x=0.15,
sumples with §>0 were annealed in argon. The spectra are not
corrected for self-absorption, which would enhance the E L ¢
spectrum by a lactor of 2.8 in the maximum.

by ~2eV to lower energy upon reduction and/or doping. These

cdges may be assigned to Cu3d2,2 character probably hybridized with a
broad Cu4s band. This would indicate that the Cuds band would be shifted
towards the Fermi level upon reducing and/or doping. The additional
intensity formed upon doping or annealing as observed in the Ols
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Tablel: Experimental radio R = holes 3d3,2..2/holes in 3d
(a = annealcd in argon; g.a.: ¢ in grazing angle; a,c: a,c-plane)

sample x R(%) geom.
Cay . SryCu0y 0.14 1 g.a.
Lay. (SryCuQy 0.0 1 a,c
0.1 4 a,c
0.15 2 a,c
0.3 4 a,c
'P]zBilgCaCUQOB 1 g.a.
Smy (Ce,Culyp 0 3 g.a.
0, a 1 g.a.
0.15 2 g.a.
0.15,a 3 g.a.
Ndg ,CeyCuOyg 0 1 g.a.
0.15,a 1 g.a.

1

0.22, a g.a.

absorption edges for E || ¢ (Figs.2 and 3) may be related to this shift of the
Cu4s band to lower energies.

4. Conclusions

Common te most actual models for the high temperature superconductors,
the states near Ep have dominant in-plane character. The contribution of
Cu3djz,2..2 to 3d stales in the upper Hubbard band is small or zero. In
Lay xSryCuQy, about 8% of holes on oxygen-sites have O2p character. At
x = 0.3 this number is slightly incrcased to 13%. These results are in
qualitative agrecement with those reported by Chen et al. [13]. For the n-
type doped T' phase cuprates there are O2p states in the energy range of
the upper Hubbard buand close to E independent of doping. At slightly
higher energy additional O2p states are formed upon doping.
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