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Polarization-dependent x-ray-absorption spectroscopy on the 0 1s and Cu 2p edges using the non-
surface-sensitive fluorescence method has been performed on single crystals of La& „Sr„Cu04+z,
R2 „Ce Cu04 z (R =Nd and Sm), and the insulating compound Cao 86Sro,4CuO, . The experimental
results support the picture of a doped charge-transfer insulator. The symmetry of hole states on 0 and
Cu sites has been determined. These have predominantly in-plane, i.e., 0 2p ~ and Cu 3d 2 2 charac-

X

ter. In p-type doped cuprates for 0&x &0.15 about 8% of the total number of hole states on 0 sites
have 0 2p, character, which probably originates from apical 0 sites. At higher dopant concentration,
this number increases. In the n-type doped system 4—11 % of the 0 2p states in the energy range of the
upper Hubbard band have 0 2p, character. In nearly all the systems investigated in this work the frac-
tion of unoccupied Cu 3d 2 2 states with respect to the total number of Cu holes in the upper Hubbard

3Z

band is 3 3%. At higher energies a high spectral weight with Cu 3d 2 2 character (about 40% of the
3z —I'

total amount of unoccupied Cu 3d states in the upper Hubbard band) is observed, which is probably
caused by a hybridization with Cu 4s and 4p states. The implication of holes in nonplanar orbitals on
high-T, superconductivity in cuprates is discussed.

I. INTRODUCTION

It- is generally believed that the CuOz planes are the
essential ones for superconductivity in cuprate supercon-
ductors. Due to strong on-site correlations on the Cu
sites, the electronic structure of these Cu02 planes is
difBcult to describe theoretically. Therefore, approxima-
tions are introduced. Very often, among the many orbit-
als which may be important for the electronic structure
of cuprates, only Cu 3d 2 2 and 0 2p„~ orbitals, which

point towards the Cu atoms (O 2p ) are taken into ac-
count. This leads to the three-band Hubbard model in-
troduced by Emery' and by Varma, Schmitt-Rink, and
Abrahams.

The parameters of the model Hamiltonian, as derived
from experiments or from local-density approximation
(LDA) band-structure calculations, indicate that the un-

doped parent compounds such as La2Cu04 or Nd2Cu04
can be viewed as charge-transfer insulators in the

classification scheme of Zaanen, Sawatzky, and Allen.
The high-T, superconductors are then reached by p- or
n-type doping, leading to holes in the valence band with
predominantly 0 2p character or electrons in the conduc-
tion band (upper Hubbard band) with predominantly Cu
3d character, respectively. The strongest and most direct
evidence for this comes from electron energy-loss spec-
troscopy (EELS) and x-ray absorption spectroscopy
(XAS). " In the case ofp-type doping, the formation of
holes on 0 sites can be directly measured while in the
case of n-type doping a reduction of empty Cu 3d states is
observed.

Although it is now generally believed that the states
close to the Fermi energy EF are mainly due to in-plane
Cu and 0 orbitals, there is lively debate as to whether
other orbitals such as Cu 3d 2 2, apical O 2p„or in-

plane 0 2p„, (~ bonded to Cu 3d) are important for
transport properties and superconductivity in cuprates.
An enhancement of T, by the anharmonicity of vibra-
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tions of apical oxygens has been proposed by Muller. ' A
model of high-T, superconductivity based on d-d excita-
tions was established by Weber. ' Kamimura and Eto'
have proposed that the mobile holes in p-type doped
high-T, superconductors are hybrids of Cu 3d & 2 and

apical 0 2p, orbitals. In their model, in the supercon-
ducting state, these mobile holes are paired due to the in-
teraction with localized hybrids of Cu 3d 2 2 and 0 2pX

orbitals. The importance of Cu 3d & 2-0 2p, hybrides

and the formation of an "anti-Jahn-Teller" polaron was
also stressed by Anisimov et al. ' Their calculations pre-
dict an equal spectral weight of Cu 3d 2 2 states and 0
2p, states for the triplet spin polaron. On the other hand,
other theories have predicted a suppression of supercon-
ductivity due to the inAuence of nonplanar orbitals.
Maekawa and his co-workers' found a correlation be-
tween T, and the energy difference between apical 0 2p,
states and planar 0 2p states. From their analysis they
concluded that in high-T, compounds the Zhang-Rice
singlet' formed of Cu 3d 2 2 holes and 0 2p holes is

x —y
stable. T, is reduced due to a destabilization of the sing-
let by a mixing with apical 0 2p, states. Also Di Castro,
Feiner, and Grilli' have explained the suppression of T,
above a certain dopant concentration by the occupancy
of holes on Cu 3d 2 2-apical 0 2p, hybrids. The ques-

tion whether a multiband approach is required has also
been discussed by Eskes and Sawatzky. ' Recently,
Grant and McMahan have stressed the importance of ap-
ical 0 2p, states in determining the nature and the
dispersion of quasiparticle states of p-type doped cu-
prates. From their limited-configuration-interaction cal-
culations beyond Hartree Fock with an eight-band Ham-
iltonian for La2Cu04, they give detailed values for the
number ofhole states in Cu 3d ~ 2, Cu 3d 2 &, 0 2p

and apical 0 2p, states for undoped and doped cu-
prates.

Experimentally, most of the studies on the symmetry of
hole states in cuprates have been performed on the
BizSr2CaCu208 system using XAS (Refs. 21 —25) and
EELS. There is a general agreement among the various
groups that holes on 0 have predominantly 0 2p„char-
acter. The number of holes in O 2p, states with respect
to the total number of holes on 0 sites is less than 2.5%.
The holes on Cu sites have predominantly Cu 3d &x —y
character. On the other hand, the number of Cu
3d 2 & states and a possible energy shift between the

2p-3d 2 & and the 2p-3d 2 & transition remain contro-
x —y 3z p

versial. The ratio of the number of unoccupied Cu
3d 2 2 states with respect to the total number of unoc-

cupied Cu 3d states varies between 4% and 20%. There
have also been studies ' on the symmetry of hole states
in YBa2Cu3O7 but in this case the problem is complicated
due to the existence of Cu03 chains.

In this contribution, we describe investigations on the
syrnrnetry of hole states on O and Cu sites in single crys-
tals of La2 „Sr„Cu04+s ( T phase) and R 2 „Ce„Cu04
(R =Nd, Sm) (T' phase) using XAS in the fluorescence-
yield mode. Similar measurements on films of

La2 Sr Cu04+& have been performed recently. XAS
in the Auorescence-yield mode is not surface sensitive in
contrast to most of the other high-energy spectroscopies.
In addition, it offers the possibility of measuring in a
site-selective manner the local unoccupied density of
states as well as the symmetry of the orbitals contributing
to these states. In particular, when measuring 0 1s and
Cu 2p absorption edges in the cuprates, 0 2p and Cu 3d
states are probed, which predominantly determine the
electronic structure of cuprates close to the Fermi level.

II. EXPERIMENT

Large single crystals ( —5 mm X 20 mm) of
Laz Sr„CuO&+& (x =0, 0.1, 0.15, 0.2, and 0.3) were
grown by the traveling solvent Aoating-zone method us-

ing an NEC SC-15HD-II apparatus. The inhomogenei-
ty of the Sr concentration was less than +0.01 for
x =0.15 and 0.2 increasing to +0.02 for x =0.3. For the
La& 9Sro &Cu04 single crystal, the estimated uncertainty
in x was 0.09~x &0. 12. The 0 content of all samples
was close to 4. The undoped sample was annealed to re-
move excess 0 and to increase the Neel temperature. For
x =0.1, 0.15, and 0.2, superconducting transition tem-
peratures T, =26.8, 35.7, and 32.6 K, respectively, were
detected and a shielding signal of almost 100% was ob-
served by means of dc susceptibility measurements. For
x =0.3 superconductivity could not be detected for
T & 4.2 K. Single crystals of Ndz Ce Cu04
(x =0.025, 0.15, and 0.22) were grown using a CuO-
based Aux method. The crystals for x =0.15 showed a
sharp transition at T, =24 K after annealing in a reduc-
ing atmosphere. Single crystals of Sm2 „Ce Cu04 & for
x =0 and 0.15 were grown by a modified Aux-How

method. ' After the reduction process, the crystal with
x =0. 15 showed superconductivity below T, = 19.5 K.
Meissner fractions of about 25% indicate that the crys-
tals were bulk superconductors.

0 1s and Cu 2p absorption edges were recorded using
synchrotron radiation from the SX700/II monochroma-
tor operated by the Freie Universitat Berlin at BESSY.
The exit slit was set to 17 pm and the illumination of the
ellipsoidal mirror was chosen to be 17%, yielding an in-
strumental energy resolution of b E —740 meV (full width
at half maximum) at —870 eV as derived by measuring
the Ne 1s absorption line using a gas ionization cell.
From the bE ~E law, valid in the grazing-incidence
range for a plane-grating monochromator, a resolution of
hE =350 and 820 rneV was estimated for the energies of
the O 1s and Cu 2p absorption thresholds, respectively.
The measurements of the Nd2 Ce Cu04 & and
Cao 86Sro &4Cu02 were performed with an energy resolu-
tion reduced by a factor of 1.5. The energy calibration
was again performed by a measurement of the Ne 1s ab-
sorption line using the gas ionization cell. The intensity
variation of the photon beam as a function of energy in
the range of the 0 1s absorption threshold was derived
from total-electron-yield measurements of a clean Au sur-
face. All 0 1s absorption edges were corrected for this
intensity variation. The XAS spectra were recorded via
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the Auorescence-yield, using a windowless intrinsic Ge
detector. The fiuorescent x rays have a typical escape
depth of 2000 A. Therefore, this technique is not as sur-
face sensitive as the partial electron-yield method where
the escape depth is typically 50 A. Compared to EELS in
transmission with primary electron energies 100 keV,
which is also not surface sensitive, the two yield methods
in XAS have the advantage of much more straightfor-
ward sample preparation. For polarization-dependent
EELS studies, single crystalline free-standing films are re-
quired, which are easy to prepare only in case of
Bi2Sr2CaCu208.

For the Auorescence-yield studies the Ge detector was
placed at an angle of 45' with respect to the incoming
photon beam. The samples were mounted on a manipula-
tor by which they could be rotated around the horizontal
and vertical axes. In the case of La2 Sr CuO4+&, large
crystals were available allowing the preparation of a, c
oriented slabs using an ultramicrotome with a diamond
knife. The surface quality and the orientation were
checked by polarization-dependent optical reAection
spectroscopy, which has roughly the same sampling
depth as XAS in the fluorescence-yield mode. In order to
perform orientation-dependent XAS measurements, the
surface was oriented perpendicular to the incoming beam
and the a or c axis was turned parallel to the E vector of
the synchrotron radiation which lies in the horizontal
plane. In the case of the R2 „Ce Cu04 & crystals, only
thin plate1ets with a, b surfaces were available. There-
fore, spectra for Elc were taken with the c-axis parallel to
the incoming photon beam. The sample was then rotated
around the vertical axis by up to 85' in order to take
spectra close to Elle.

Several experimental problems are encountered when
monitoring small XAS signals parallel to the c axis in the
presence of a large XAS signal parallel to the a, b plane.
First, due to the finite vertical entrance aperture of the
monochromator and due to a possible misalignment of
the monochromator relative to the plane of the electron
storage ring, the E vector of the synchrotron radiation
has a small vertical component E, in addition to the
predominant horizontal component Eh. A linear polar-
ization P =

I Ei, I
/( I Eh I

+ E, I ) =97+1% was estimated
for the experimental configuration used. Second, the
alignment of small crystals relative to the E& vector of
the synchrotron radiation is difficult to achieve. An
alignment error of +5 has been assumed. This value and
the nonperfect polarization contribute to the error bars of
the intensity ratio between states in orbitals parallel to
the c axis to those perpendicular to the c axis. Further
uncertainties may arise from misaligned grains or from
polycrystalline or Cu02-Aux inclusions in the single crys-
tals.

For XAS recorded in the transmission mode or in the
electron-yield mode, as well as for EELS in transmission,
it is well established that the measured absorption spectra
are proportional to the absorption coefficient p„(E) of
the absorbing element. In the case of the Auorescence
detection the analysis of the measured spectra can be
more complicated. The incoming photon intensity is at-
tenuated by the total absorption coefficient, pT(E), re-

& n;s IH''In&p„) = Mpin8 co—s@,

& n, sIH'In&p» ) = . Mpin8 sin@-,
& n;s IH'In', ~ = —M~os8,

&n;p IH'ln&d ~ 2) =
—,'&2Mpin8cosC,

& n;p l~'In&d& ~ 2 ) =
—,'&6Mpin8cos@,

& n;p» H'In fd 2 2) —,
' +2M pin8 sin@,

&n;p»IH'In&di & 2) = —,'&6M,pin8sin&b,

&np, lH'lnfdp 2 2) = —
—,'&6Mgos8 .

(2b)

(2c)

(2d)

(2e)

(2g)

(2h)

H' is the Hamiltonian describing the electron-photon
interaction, n; and n& are the principal quantum numbers
of the initial and the final state, respectively, and M,& is
determined by the reduced matrix elements. From the
matrix elements given in Eqs. (2) the contributions of 0
2p, final states in 0 1s absorption edges and of Cu
3d 2 2 and Cu 3d 2 & final states in Cu 2p absorption

suiting from all elements in the sample. When the core
hole created by the absorption process at the atom of in-
terest decays radiatively, the resulting fluorescence x-ray
emission is proportional to the absorption cross section
pz(E). The fluorescence x rays are then attenuated on
their way to the surface by the total absorption coefficient
pz. (Ez ) at the energy of the lluorescent radiation, Ez. In
the case of almost completely filled valence shells, such as
those of 0 or Cu +, Ez is below the absorption thresh-
old for the majority of the Auorescence radiation. A sim-
ple calculation shows that the intensity of the emitted
Auorescence radiation, Iz, is then proportional to

pw(E)4 "iof
p7 (E)lcosa+pT(E~ ) IcosP '

where Io is the primary intensity, f is the fluorescence
yield, a is the angle between the incoming beam and the
surface normal, and P is the angle between surface nor-
mal and the outgoing beam towards the detector. Only
in the limit of pz(E) ((pT(E) is the intensity of the
Iluorescence radiation proportional to p„(E). This holds
for the 0 ls preedges in cuprates, where pT(E) is dom-
inated by absorption due to Cu and R atoms. In the case
of the Cu 2p absorption edges, p „(E)in the range of the
2p-3d excitonic line is of the same order of magnitude as
the absorption due to R elements and therefore the spec-
tra have to be corrected according to Eq. (1). The ab-
sorption coefficients were taken from standard tables.
In the case of Cu0 near the 2p-3d excitonic line, p„(E) is
close to pT(E) and much higher than pT(Ez ). Accord-
ing to Eq. (1), the energy variation of the fluorescence
yield is therefore strongly suppressed, requiring large
corrections.

Using Fermi's "golden rule" the transition matrix ele-
ments relevant in this work with initial s and p states and
linear polarization photons with the polarization vector
in the direction n=(sin8cos@, sinOsind&, cos8) can be cal-
culated:
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FIG. 4. Polarization-dependent 0 1s x-ray absorption spectra
of Nd& 975Cep pp5Cu04 ~ as a function of the angle, a, between
the E vector of photons and the Cu02 planes.

for E~~c (8=0) while for Elc (8=90') s-p„and s-p~ tran-
sitions are possible. In the latter case, for a square x,y
plane, the transitions should be independent of
(sin P+cos (t = 1) and only one half of the final states are
seen in a given Elc spectrum. For example, for E~~a, only
unoccupied p states are observed but for a square x,y
plane there are as many unoccupied p states.

For the La2 Sr Cu04+& system the spectral weight
above 531.5 eV is almost independent of the doping con-
centration, x. As in previous investigations, ' this
spectral weight is therefore mainly attributed to the LaO
planes, i.e., 0 2p states hybridized with La Sd and 4f
states or La 5d and 4f wave-function tails with p-like
projection around 0 sites. Since the two LaO block lay-
ers per unit cell are also two-dimensional entities, they
show considerable anisotropy between Elc and E~~c. For
Elc, broad peaks at 532.4, 535, 541.5 (not shown), and
545 eV (not shown) are observed, while similar peaks ap-
pear for E~~c at 533, 534, 536, and 541 eV (not shown).
The anisotropy decreases with increasing energy above
threshold. Similarly, the spectral weight above 532 eV
for the R 2 „Ce Cu04 5 (R =Nd, Sm) systems is in-
dependent of x. This fact and the comparison with previ-
ous EELS measurements of the 0 1s absorption edge of
Ndz03 indicates that the intensity above 532 eV in the
spectra shown in Figs. 2 and 4 is predominantly due to
NdO planes, respectively. In Nd2 Ce„Cu04 &, for Etc,
broad peaks occur at —531, 533, 537, 540, 543 (not
shown), and 549 eV (not shown). For E~~c, similar peaks
are observed at —532, 536.5, 542 (not shown), and 549
eV (not shown). Similar spectra are observed for
Smz „Ce„Cu4 s for Elc and E~~c (not shown). For
Ca086Sro &4Cu02 the spectral weight above 531 eV can
only be caused by 0 sites in the Cu02 planes since the
block layers formed by the Ca and Sr ions contain no O

atoms. Therefore, this spectral weight is caused by 0 p
states hybrized with Cu 3d, Cu 4s, Cu 4p, Ca 3d, and Sr
4d states.

In contrast to the higher-energy transitions, the
preedge features in the 0 1s absorption spectra for
La2 „Sr„CuO~+& (E (531.5 eV) and R2 Ce„Cu04
(R =Nd, Sm) (E (532 eV) depend appreciably on dopant
concentration and polarization. They do not appear in
the 0 1s absorption spectra of Nd203 and are therefore
believed to originate from the Cu02 planes. The preedge
features are shown for the La system and for the Nd sys-
tem in Figs. 5 and 6, respectively, as a function of doping
concentration and for the polarization directions Elc and
E~~c. For the undoped crystals (x =0) in both systems,
the preedge features are almost identical. A peak at
530.2 eV for the La system and at 529.1 eV for the Nd
system is observed. These peaks are assigned to transi-
tions into the conduction band (upper Hubbard band)
with predominantly Cu 3d character and an admixture of
about 20% 0 2p states. The energy di6'erence between
the preedge features of the La and the Nd systems agrees
roughly with the one observed in previous unpolarized
EELS studies. It is due to both a reduced energy gap
when going from the La system to the Nd system and to
a chemical shift of the 1s level of 0 atoms in the Cu02
plane.

In the La system, for Elc, the preedge peak at 530 eV
decreases in intensity and is shifted to higher energies
with increasing x, in agreement with previous unpolar-
ized EELS and XAS studies on polycrystalline sam-
ples. ' A new peak, roughly proportional to x, appears
at 528.5 eV upon doping. According to previous stud-
ies, ' this low-energy prepeak is assigned to transitions

La2 „Sr„Cu04+5

EJc
0.3

Elle

0.2
0.3

0.15
0.2

0.1
0.15

0.1

I I I I I [ I

526 528 530 532 526 528 530 532
ENERGY (eV)

FIG. 5. Polarization and concentration-dependent 0 1s x-ray
absorption spectra in the preedge region of La2 Sr„Cu04+z
for EJ.c and E~~c. The spectra are labeled by the concentration
X.
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states with respect to the total number of unoccupied 0
2p states is shown in Fig. 7(b) for the valence band as a
function of doping concentration x together with analo-
gous data of Chen et al. Note that in Ref. 28 intensity
ratios between transitions into 0 2p, states to those into
0 2p or 0 2p states are given. Therefore, the fraction
R given in the present investigation is about half as large
as the ratio given in Ref. 28. For the conduction band,
the fraction R is slightly above 10%%uo, almost independent
of the doping concentration, x. The numerical values for
R are given in Table I.

In contrast to the preedge features for the p-type doped
La system, those for the n-type doped Nd system exhibit
no preedge features due to hole states in the valence band
(see Fig. 6). This is in agreement with previous EELS
(Refs. 7 and 38) and XAS (Refs. 39 and 40) studies. For
Elc there is a slight increase of the intensity at 529 eV as
a function of doping concentration. It is remarkable that
in the spectra for Elc, a peak at 531 eV is well pro-
nounced in the undoped system and becomes progressive-
ly washed out at higher dopant concentrations. In previ-
ous EELS studies of the Nd system it was realized that

FIG. 6. Polarization- and concentration-dependent 0 1s ab-
sorption edges in the preedge region of Nd2 Ce„Cu04 z for
Elc and QE,c=8'. The spectra are labeled by the concentra-
tion x.

(a)

into unoccupied 0 2p states of the valence band. For E~~c
the spectral weight of the preedge features is strongly re-
duced but shows a similar dependence on doping concen-
tration. Furthermore, an energy shift of —0.3 eV is ob-
served for the absorption edge, defined as the energy at
half maximum, for doped samples of the La system be-
tween EJ.c and E~~c. Since it is believed that these edges
correspond to transitions into unoccupied 0 2p states at
the Fermi level, the observed shift can be explained in
terms of a chemical shift of the 0 1s level between in-

plane 0 sites and apical O sites. This view is supported
by LDA band-structure calculations which predict that
for La2Cu04 the binding energy of the 1s level for 0 sites
in the LaO planes should be smaller than that for 0 sites
in the Cu02 planes. Therefore, the spectral weight of the
valence-band peak for Elc is assigned to unoccupied 0
2p„» states in the plane, while that for E~~c is assigned to
unoccupied 0 2p, states from apical 0 sites. The same
probably holds for the conduction-band states in the un-

doped samples, for which a chemical shift for the absorp-
tion thresholds of —0.3 eV is also observed between Elc
and E~~c. The intensity of the two prepeaks due to transi-
tions into the valence band and to the conduction band as
a function of x was determined by integrating the spectral
weight of the difference between the x =0 spectrum and
those with finite x up to 529.7 eV and between 529.7 and
530.7 eV. The results are shown in Fig. 7. In 7(a), the in-

tensity of the valence band peak and that of the upper
Hubbard band peak is plotted as a function of x for E~ ~c

and Elc. In addition, the fraction R of unoccupied 0 2p,

20-

~C)

O 10-

0

0 0.1 0.2 0.3 0.4

Sr CONTENT x

FICs. 7. (a) Intensity of hole states on 0 sites in

La2 Sr„CuO&+z as a function of Sr context x. Closed (open)
circles: valence band, 0 2p„y (0 2p, ) symmetry. Closed (open)
squares: upper Hubbard band, 0 2p„y (0 2p, ) symmetry. (b)
Fraction R of unoccupied 0 2p, with respect to the total num-

ber of unoccupied 0 2p states in the valence band of
La& „Sr„Cu04 z. Closed circles: present investigation; open
squares: data of Chen et al. (Ref. 28). Note that the values of
Chen et al. are reduced by a factor of about 2, since in this

present diagram the ratio of the number of holes on 0 2p, states
to the total number of holes on 0 sites (0 2p „and 0 2p, ) is

plotted. The curves are guides to the eye.
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TABLE I. Experimental fractions (in %%uo) of holes in 0 2p, states with respect to the total number of
O 2p hole states (columns 4 and 5) and holes in Cu 3d 2 2 states with respect to the total number of

3z

Cu 3d hole states (column 6) for La& „Sr Cu04+z, Nd2 Ce Cu04 q, and Sm2 „Ce„Cu04 q, 5&0an-
nealed in argon, 6=0 as prepared. UHB, upper Hubbard band (defect states in this energy range may
be included); VB, valence band; ga, E~~c measured at grazing angle; a, c, measured with E in the a, c
plane.

Sample

La2 „Sr„CuO&+|;

Sm2 Ce CuO&

Nd2 „Ce Cu04

Cao. 86Sro. &4Cu02

0
0.1
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0.2
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0.025
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0.22
0

0
0
0
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&0
0

&0
0

&0
&0
&0
&0
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1+1

9+1
7+1

11+1
13+1

0 2p, /0 2p

UHB VB
Cu 3d» /Cu 3d

UHB
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3+1
2+1
3+1
5+1
5+1
2+1
3+1
5+1
0+1
0+1
0+1
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a, c
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v}
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FIG. 8. Polarization-dependent O 1s x-ray absorption spectra
in the preedge region of Sm2Cu04 q and Sm& 85Ceo»Cu04
As-grown samples: 6=0; reduced samples: 5 & 0.

upon doping with Ce, additional spectral weight with
strong 0 2p, character appears at —530 eV. Since this
was not observed in Th-doped samples, it was ascribed to
Ce 5d and/or Ce 4f states hybridized with 0 2p states.
In the right-hand panel of Fig. 6, this spectral weight is
clearly visible in the spectra recorded with E- ~~c. Its in-
tensity increases with increasing x.

Since superconductivity appears in the n-type doped
systems only after annealing in a reducing atmosphere,

i.e., after 0 release, we have studied polarization-
dependent preedge structures of as-grown and reduced
crystals. Spectra of Sm2 Ce Cu04 & are shown for
x =0 and 0.15 and 6 =0 and 6 )0 in Fig. 8. Compared to
the spectra of Nd2 „Ce Cu04 & shown in Fig. 6, the
data in Fig. 8 were taken with an improved energy reso-
lution (see Sec. II). Once again, the spectral weight of O
2p„states of the upper Hubbard band slightly increased
upon doping for Elc. Within error bars it does not
change upon treatment in a reducing atmosphere. On the
other hand, the peak at 531 eV is broadened not only
upon doping but also upon O release. For E—

~~c we
clearly observed a peak at 529 eV for the undoped as-
grown sample. From the fraction R of this peak for E~~c
and Elc we conclude that about 10%%uo of the 0 2p states
in the energy range of the conduction band have 0 2p,
character, while the rest has 0 2p„» character. For E~~c
the peak at 529 eV seems to be only weakly inAuenced by
doping and reducing; for x =0.15 and/or 6) 0, spectral
weight appears at 529.5 eV. This indicates that similar
unoccupied impurity states close to EF with 0 2p, char-
acter are formed upon both doping with Ce and 0
release.

In Fig. 9(a) we show the intensity of unoccupied 0
2p states and 0 2p, states in the range of the upper
Hubbard band for Nd2 Ce„Cu04 & and
Sm2 „Ce CuO& s. In Fig. 9(b) the fraction of 0 2p,
holes with respect to the total number of holes on 0 sites
is plotted as a function of x. Note that, not only 0 2p
states of the upper Hubbard band but also defect states
due to Ce ions or due to O defects contribute to the ob-
served 0 2p and 0 2p, states.

In Fig. 10 we show Cu 2p3/2 absorption edges of insu-
lating La2CuO4+ & and superconducting
La& s&Src &5Cu04+s for EJ.c and E~~c. Similar data are
presented in Fig. 11 for insulating, as-prepared
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be attributed to transitions into in-plane Cu 3d 2x —y
states, indicating that most of the Cu 3d holes, indepen-
dent of x, have 3d 2 2 character. This is in agreementx —y
with several previous investigations. Since the Cu
2p-3d transitions have strong excitonic character due to
the interaction of 3d states with the 2p core hole, detailed
information on the density of unoccupied 3d states can-
not be derived from Cu 2p absorption edges. Neverthe-
less, the intensity in this excitonic line will be proportion-
al to the number of 3d holes close to the Fermi level (i.e.,
in the upper Hubbard band). After background subtrac-
tion these intensities have been evaluated as a function of
the dopant concentration for the La, Nd, and Sm systems
as well as for Ca086Sr0 &4Cu02 for the two polarization
directions. The number of holes close to EF on Cu sites
with 3d 2 2 and 3d 2 2 symmetry, as derived from the

X 3z r
intensity of the excitonic line, is shown in Fig. 13(a) for
the La system. In addition, the fraction R of 3d3
hole states with respect to the total number of Cu 3d hole
states is shown in Fig. 13(b), together with similar data
from Chen et al. Analogous data for the
R z Ce„CuO& s (R =Nd and Sm) series of compounds
are displayed in Figs. 14(a) and 14(b). The numerical

FIG. 9. Dependence on the Ce content x of (a) intensity of
hole states on 0 sites contributing to the upper Hubbard band
or 0 2p states in the same energy range due to defect states re-
lated to dopant ions. Circles: Nd& Ce„Cu04 q (5&0, an-
nealed in a reducing atmosphere); diamonds: Sm2 „Ce„Cu04
(6=0, as prepared); squares: Sm, ,Ce Cu04 z (5&0). (a)
Closed symbols: 0 2p„~ states; open symbols: 0 2p, states. (b)
Fraction R of unoccupied 0 2p, states relative to the total num-

ber of unoccupied 0 2p states. The curves are guides to the eye.

(a) La2Cu04+ ~

Sm2Cu04 & and superconducting Sm &»Ce0»Cu04
Finally, we show in Fig. 12 polarization-dependent Cu
2p 3/2 absorption edges for Ca0. 86Sr0. 14Cu02 All the
spectra in Figs. 10, 11, and 12 are normalized in the ener-

gy range close to 1000 eV and are not corrected for self-
absorption. After that corrections the intensities of the
first peak in the Elc spectra will increase by a factor of
1.3 for the La and the Sm system. Due to a different ex-
perimental geometry, for Ca086Sr0, 4Cu02 the correc-
tions are considerably smaller.

According to Eqs. (2), for Elc (8=90 ), transitions into
unoccupied Cu 3d 2 2 states and Cu 3d3 2 2 can be ob-

x —y 3z —r

served, in the Cu 2p absorption edges assuming that other
orbitals such as Cu 3d states, for example, are almost
completely occupied because they are lower in energy.
The square of the transition matrix element is three times
larger for 3d 2 2 orbitals than that for 3d 2 & orbitals.

X 3z —r
Using Eqs. (2) and the same assumptions, for E~~c only
transitions into Cu 3d 2 & states are possible. Thus,
transitions into Cu 3d & 2 states and Cu 3d3 2 2 can bex —y 3z —r
separated from the two spectra. In all spectra for Elc a
pronounced peak at about 931 eV is observed. Since this
peak is rather small for E~~c, wh re only Cu 3d
states are probed, a large fraction of the peak for EJ c can

CG
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ENERGY (eV)

FIG. 10. Polarization-dependent Cu 2p3/2 x-ray absorption
spectra of La cuprate single crystals: (a) insulating La&Cu04+q,
(b) superconducting La& »Sro»Cu04+ z. Closed circles: Elc;
open diamonds: E~~c.
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FIG. 14. Dependence on Ce context x of the intensity of hole
states on Cu sites contributing the excitonic line in

Nd, „Ce„Cu04 z (circles), as prepared Sm, Ce„Cu04
(5=0, diamonds), and annealed Sm2 „Ce„Cu04 z (5=0,
squares). (a} Closed symbols: Cu 3d» states; open symbols:

X

Cu 3d & 2 states. (b) Fraction R of unoccupied Cu 3d

states with respect to the total number of unoccupied Cu 3d
states (near the Fermi level). The curves are guides to the eye.

IV. DISCUSSION

The present results support the general view that the
hole states in the undoped parent compounds of cuprate
superconductors and the extra holes formed upon p-type

matrix elements for 2p-4s transitions are about a factor of
30 smaller than those for 2p-3d transitions ruling out
such an explanation. It is diScult to evaluate the amount
of these unoccupied Cu 3d & 2 states, since it is not

clear how far up in energy these states extend. Further-
more, above -950 eV the spectral weight due to Cu

2p3/2 3d transitions is obscured by Cu 2p»2-3d transi-
tions. A rough estimate gives that the amount of unoccu-
pied Cu 3d 2 & states in the energy range between 933
and -945 eV is about 40%%uo of the number of unoccupied
Cu 3d states in the upper Hubbard band. The threshold
for this spectral weight for La2 Sr Cu04+& is 937 eV,
independent of x. For Sm2 Ce Cu04 &, the threshold
is at 935 eV for the undoped sample with 5=0 and al-
most 1.5 eV lower for x =0 (5)0, reduced sample),
x =0.15 (5=0), and x =0.15 (5)0, reduced sample) (see
Fig. 11). The same shift is observed for the threshold be-
tween the undoped and metallic samples (x =0.15 and
0.22, 5) 0) of Ndz Ce„CuO~

doping consist predominantly of in-plane orbitals in the
Cu02 plane, with Cu 3d 2 2 and 02p ~ symmetry. The
number of hole states in other orbitals, such as 0 2p, or
Cu 3d & 2, is about one order of magnitude lower. Ad-

ditionally, band-structure calculations in the LDA have
shown that the states near the Fermi level are dominated
by Cu 3d 2 2 orbitals strongly hybridized with 0 2p„
orbitals. The fact that the great majority of the hole
states in cuprate superconductors are made up by in-
plane orbitals explains why there is almost perfect agree-
ment between the present data for E|cand previous mea-
surements on polycrystalline samples. '

To demonstrate this in detail, we first discuss the
present 0 1s absorption spectra of Laz Sr Cu04+& for
Elc and compare them with previous EELS and XAS
measurements on polycrystalline samples. ' The spec-
tral weight for the addition of an electron to a Cu02
plane (what is actually measured in XAS spectra neglect-
ing core-hole effects) has been evaluated as a function of
dopant concentration by cluster calculations in the
framework of the three-band model. A detailed cal-
culation of 0 1s absorption edges including the effects of
core holes has been presented by Hybertsen et al. In
agreement with the experimental results, the calculations
predict that the undoped compound is a charge transfer
insulator with an upper Hubbard band composed of
about 80%%uo Cu 3d &, and 20% 0 2p„» states. The

latter can be seen in the 0 ls absorption edges (see Fig. 5,
EJ.c and x =0). Upon doping, the Fermi level is pushed
into the valence band, which has predominantly O 2pz y
character. To be more explicit, there is an exchange in-
teraction between the holes on 0 and holes on Cu sites,
the latter already being present in the insulating parent
compound. In this way singlet and triplet states are
formed. The singlet states are split off from the valence
band and upon doping, the Fermi level moves into these
split-off states. This leads to the low-energy prepeak in
Fig. 5, the intensity of which grows roughly in proportion
to x (see Fig. 7). This does not hold for x =0.3, probably
as in this case some of the hole states are filled due to an
0 deficiency (5(0). The threshold of the preedge for
x & 0 is shifted to lower energies since with increasing x,
the Fermi level is pushed more and more into the valence
band or rather into the split-off states of the valence
band. A key signature of the correlated band situation
together with strong covalency between Cu 3d and O 2p
states is the observed transfer of oscillator strength from
the second prepeak to the first prepeak for x )0, clearly
seen in Fig. 5. In a one-band Hubbard picture without
hopping, starting from the insulating half-filled case,
upon forming a hole in the lower Hubbard band the
upper Hubbard band loses one state while the lower gains
two unoccupied states. ' The fluctuations introduced by
hopping lead to an additional dynamic transfer of oscilla-
tor strength which further enhances the strength of the
low-energy peak at the expense of the higher-energy
peak. The situation is quite different from the uncorre-
lated insulator, where in a first approximation, the spec-
tral weight of the conduction band would be unchanged
and the number of holes in the valence band would be
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proportional to x. Finally, we also mention that the shift
of the conduction band to higher energies is explained by
the calculation of Ref. 50.

In summary, the spectra for Elc as a function of x can
be quantitatively explained in terms of a three-band Hub-
bard model using parameters derived from quantum-
chemical calculations and which also fit other experimen-
tal data such as resonant photoemission measurements of
cuprates. Within this model, the Cu 2p3/2 absorption
edge for Elc (see Fig. 10) can also be understood. The
excitonic line is due to transitions into the upper Hub-
bard band having predominantly ( —80%) Cu 3d, 2 or-

x —y
bital character. The intensity of this line is not changed
substantially upon doping (see Fig. 13), since the excess
holes are formed on 0 sites. Only the shape of the line is
changed upon doping due to the inAuence of holes on 0
sites to the Cu 2p3/2 3d transitions.

Now turning to the n-type doped Nd and Sm systems,
the 0 1s absorption edges for Elc in the prepeak region
(see Figs. 6 and 8) are again very similar to spectra mea-
sured by EELS and XAS on polycrystalline samples. '

The slight increase with increasing dopant concentration
may be explained by defect states in the same energy
range, having also 0 2p„character. The number of 0
2p states hybridized to the upper Hubbard band does
probably not change.

While discussing the prepeak of the 0 1s absorption
edges of Nd2 Ce„CuO4 &, we should explain the
second peak in Fig. 6 for Elc. According to the calcula-
tions of Ref. 50 it is due to the upper edge of the conduc-
tion band. In the La system, the spectral weight due to
rare-earth 4f and 5d states is much closer to the upper
Hubbard band than in the Nd system, and so the second
peak is not visible in Fig. 5. Due to excitonic effects this
peak is probably more pronounced in the insulating com-
pound than in the metallic compounds.

Finally, we mentioned that in the Cu 2p3/2 edges of the
Nd system, the intensity of the excitonic lines due to Cu
2p z/z-3d 2 & transitions decreases with increasingx —y
dopant concentration (see Fig. 14), indicating a filling of
Cu 3d states upon n-type doping. This is in agreement
with previous EELS and XAS measurements on poly-
crystalline samples. '" This result on the Cu states to-
gether with the fact that unoccupied O 2p states in the
upper Hubbard band are not changed has been explained
in terms of an n-type doped charge-transfer insula-
tor. "' The decrease of unoccupied Cu 3d states upon
n-type doping is not observed for the Sm system. The
reason for this is not clear at present.

In the following we discuss hole states in nonplanar or-
bitals. For the undoped La system about 12% of the to-
tal amount of 0 2p states hybridized to the upper Hub-
bard band have p, character. As mentioned before, the
spectral weight of these 0 2p, holes is probably caused by
the apical-0 sites. Band-structure calculations in the
LDA approximation for LazCu04 predict that 8% of the
total amount of Q 2p states (predominantly in in-plane 0
2p states) are in apical 0 2p, states, in fair agreement
with the present experimental results. However, we note
that the limited configuration interaction calculations

beyond Hartree Fock for an eight-band effective Hamil-
tonian for La2Cu04 by Grant and McMahan give no
evidence for any significant 0 2p, hole states. Neverthe-
less, the error bars for the experimental ratios of 0 2p, to
0 2p hole states is about 1%, i.e., much smaller than the
value of 12%. In addition, Chen et al. reported a simi-
lar value. Thus, the experimental results clearly indicate
the admixture of a considerable amount of 0 2p, states to
the upper Hubbard band. In Nd2Cu04 and Sm2Cu04 the
amount of 0 2p, states hybridized to the upper Hubbard
band is 3 (extrapolated to x =0) and 6%, respectively, of
the total number of unoccupied 0 2p states. These high
numbers, in particular for Sm2CuO&, are difficult to un-
derstand since in these compounds there are no apical 0
sites. The distance of the 0 sites in the NdO planes to
the Cu sites is much larger than the apical-0 to Cu dis-
tance in La2Cu04. Therefore, the hybridization of 0 2p,
states from 0 sites in Nd0 or SmO planes to the upper
Hubbard band is very unlikely. The spectral weight of
the prepeak for E~~c may then be explained by 0 2p,
states from the CuO planes. This is supported by the fact
that in Sm2Cu04 no chemical shift between the prepeaks
for Elc and E~~c is observed. To our knowledge, there ex-
ist no band-structure calculations on the T' phase which
give detailed numbers on the orbital- and site-selective
character of unoccupied 0 2p states.

The extra holes formed in the valence band upon p-
type doping the La system have predominantly 0 2p
character. For x ~0. 15, about 8% have 0 2p, character
(distributed over the two apical 0 sites per unit cell), the
majority originating from in-plane 0 2p states. For
x =0.3, a fraction of 13% of 0 2p, states has been deter-
mined. These values are in excellent agreement with
those reported by Chen et al. The present value of
about 8% for x ~ 0. 15 (low doping concentration) agrees
perfectly with the value of 8% calculated by Grant and
McMahan for the single hole-doped insulator using an
eight-band Hamiltonian. It is interesting to note, howev-
er, that LDA band-structure calculations predict 25%
of the additional unoccupied 0 2p states, formed upon Sr
doping with x =0.15, to have apical 0 2p, character, in
clear disagreement with the experimental results.

For the n-type doped cuprates, the 0 2p, fraction in
the upper Hubbard band remains constant with doping.
However, additional 0 2p, states appear upon doping, at
about 0.5 eV higher energies leading to an increase of the
observed intensity in this energy range for E- ~~c. These
have been previously ascribed to Ce 5d and Ce 4f hybri-
dized to 0 2p states. In band-structure calculations, us-
ing a supercell, Ce 5d states have been predicted close
to the Fermi level. This additional spectral weight ap-
pearing upon Ce doping has also been observed in EELS
measurements on both polycrystalline and single-
crystalline samples. The assignment of the extra 0 2p,
states to Ce-induced impurity states is supported by the
fact that these states are not observed in Th-doped
Nd2Cu04. It is interesting to note that similar impurity
states appear at the same energy upon annealing in a re-
ducing atmosphere, i.e., by 0 release. There is almost no
change of this spectral weight when a Ce doped sample is
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reduced. Treatment of a doped sample in a reducing at-
mosphere is essential for the appearance of superconduc-
tivity. The present measurements do not give a clear in-
dication of a significant change of the electronic structure
at the Fermi level of doped samples during the annealing
process. More systematic measurements are necessary to
solve this problem.

The fractions R of unoccupied Cu 3d 2 2 states in

the energy range of the excitonic line with respect to the
total number of unoccupied Cu 3d states given in Table I
and in Figs. 13 and 14, are 3+3%. In the Sm systems
these values are considerably larger. The reason for this
is not clear. The present results for the La system agree
with the data of Chen et al. , which gave a smaller
value of R for low dopant concentrations. The larger R
value for x =0.3 supports the simple picture that due to
the increasing number of holes on 0 sites in the Cu02
plane, the crystal field at the Cu sites changes in such a
way as to lower Cu 3d & 2 states and raise the Cux —y
3d 2 2 states. This leads to an increasing number of

3Z —T

holes on Cu 3d 2 & orbitals with increasing dopant con-
3Z —T

centration. On the other hand, the weak Cu 3d3
character of the upper Hubbard band is in agreement
with the calculations of Grant and McMahan, which
give R =0.3% and R =1.9% for the undoped and the
hole-doped compounds, respectively. LDA band-
structure calculations on La2 „Sr,CuO~ predict -4%
(x =0) and 5% (x =0.15) of the unoccupied Cu 3d
states to have Cu 3d 2 2 character. To our knowledge,

no detailed numbers for the T'-phase compounds are
available.

The well-pronounced edges in the Cu 2p3/2 absorption
spectra several eV above the excitonic line have predom-
inantly Cu 3d & 2 character. According to Grioni

et al. , these states may be strongly hybridized with Cu
4s states. Mei and Stollhoff have performed ab initio
calculations on the charge distribution and orbital char-
acter of these states in (Cu 0„)clusters. Without taking
into account Cu 4s, 4p orbitals, the number of unoccupied
Cu 3d 2 & states was found to be negligible. However,

the addition of Cu 4s and Cu 4p orbitals induced a reduc-
tion of the filling of Cu 3d 2 2 states due to hybridiza-

tion with the former orbitals. Then, about 20% of the to-
tal number of holes on Cu sites have 3d 2 & character.

3Z —I

Probably, a large fraction of the spectral weight in the Cu
2p edges between 933 and 940 eV is due to these Cu
3d 2 & states hybridized with Cu 4s, 4p states. On the

other hand, a hybridization with other states, such as La
5d, may also be possible. The shift towards the excitonic
line upon reducing and/or doping in the Sm system (see
Fig. 11) may indicate that the Cu 4s band or other states,
such as Ce 5d or 4f, may shift towards the Fermi level.
The additional spectral weight observed in the 0 1s ab-
sorption edges upon reducing and/or doping may be re-
lated to such a shift of electronic states towards the Fer-
mi level.

The present results rule out theories for high-T, super-
conductivity which are based on a large fraction of Cu
3d 2 2 holes close to the Fermi level. Such theories in-

3Z —1'

elude, for example, the formation of mobile holes on p-
type doped cuprates by Cu 3d 2 2 and apical 0 2p, hy-
brids. ' In the model for high- T, superconductivity
based on d-d excitations, ' unoccupied Cu 3d 2 & states

3Z l'

would enhance the oscillator strength of d-d transitions.
Moreover the small number of unoccupied Cu 3d

3Z

states near the Fermi level does not support the forma-
tion of "anti-Jahn- Teller" polarons.

On the other hand, there are theories which claim that
superconductivity is suppressed by holes on apical-O
sites. ' ' Although the present results do not provide a
clear correlation between the number of 0 2p, holes and
T„ the fact that the number of these holes increases at
high-dopant concentration (x -0.3 ) supports such
theories. However, recent investigations of T, as a func-
tion of x, indicate that superconductivity is suppressed at
x -0.25 due to a phase transition from the orthorhombic
to a tetragonal structure. The fact that the number of
0 2p, states is considerably lower in Bi2Sr2CaCu208
(T, —80 K) compared to La, s~Sr~ »CuO~ (T, =35 K)
can also be taken as evidence that holes on apical O are
detrimental to superconductivity. Further systematic
studies on other systems are necessary to obtain a clear
answer to the question as to whether holes on 0 2p,
states influence superconductivity in cuprates. Certainly
the increase of holes in apical 0 sites with increasing x
can be related to the fact that metallic conductivity paral-
lel to the c axis is observed at higher dopant concentra-
tions.

V. SUMMARY

Using polarization-dependent XAS measurements of 0
1s and Cu 2p3/2 absorption edges on single crystals of cu-
prate high-T, superconductors and their insulating
parent compounds, the symmetry of states close to the
Fermi level has been determined. It has been clearly
shown that these states have predominantly in-plane 0
2p and Cu 3d 2 2 character.

About 12% of the total number of 0 2p states hybri-
dized with states of the upper Hubbard band of undoped
La2Cu04 have 0 2p, character. For x (0.2 about 8% of
the total number of holes on 0 sites formed upon p-type
doping have 0 2p, character. In the p-type doped cu-
prates, these holes are probably formed on the apical 0
sites. The hole states on Cu close to the Fermi level,
which are already present in the insulating parent com-
pounds, have about 3% Cu 3d 2 2 character. Probably
due to hybridization with Cu 4s and 4p states, there is a
considerable amount of unoccupied Cu 3d 2 2 states

3Z —1'

several eV above the Fermi level. The experimental re-
sults on nonplanar contributions to hole states close to
the Fermi level with the exception of O 2p, states in the
upper Hubbard band agree qualitatively with recent
theoretical cluster calculations based on an eight-band
effective Hamiltonian.
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