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Polarized O K a and Cu L a x-ray emission spectra of Bi-Sr-Ca-Cu-O single crystals
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Polarized soft-x-ray emission measurements of the high-temperature superconducting
Bi, ,Sr; 3Cay ,Cu, 4O, compound are presented. The O Ka spectrum shows a strong anisotropy and
three main features can be identified. When the ¢ axis of the crystal is nearly perpendicular to the polar-
ization vector e(cle) of x-ray radiation, the O Ka spectrum shows the main peak at 3.8 eV from the Fer-
mi level and a shoulder at about 1.4 eV, correspondingly. It is assumed that this shoulder can be as-
signed to the po, , states in the CuO, plane which form a o bond with the Cu 3d_ 2,2 states. In the case

of ¢ axis almost parallel to the polarization vector (c||e) the spectrum consists of the main peak at 3.4 eV
and a feature at about 6.0 eV from the Fermi level. The possible explanation for this 6.0-eV feature is
the po, component associated with the Cu 3d 32,2 orbital. It should be mentioned that this notation

also contains the in-plane po, , orbitals. The most striking property of the Cu La spectrum is the ener-
gy shift between the main peaks in the case of the two different polarization directions. It turns out that
when c le the peak energy is larger than that for c||e. This is in accordance with the suggestion that the
largely m-bonded Cu 3d,, states should have a smaller binding energy than that of the corresponding Cu
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3d,,,,. states.

INTRODUCTION

One of the copper oxide-based high-transition tempera-
ture superconductors with T, exceeding the temperature
of liquid nitrogen is Bi,Sr,CaCu,0;. This compound has
the property that it contains two CuO, layers whereas the
Cu-O chain is missing in contrast with the YBa,Cu;0,
metal. Recently, some soft-x-ray emission studies have
appeared which give information on the electronic struc-
ture of the occupied valence band of the Bi-Sr-Ca-Cu-O
system.! ™3 In this paper we study polarized O Ka and
Cu La spectra which show strong anisotropic features.
As far as the oxygen 2p states are concerned our results
agree very well with the previous angle-resolved photo-
emission spectroscopy (ARPES) spectra, which are per-
formed in normal emission.* ¢

By now there is still some discussion about the effect of
the doped holes on the CuO, planes. This issue can be
studied by using the polarized x-ray emission spectrosco-
py (PXES), which projects the ¢ axis of the crystal per-
pendicular to the polarization vector e(cle) or parallel to
the polarization vector (c|le). In the case of cle the spec-
tra give information about the electronic states in the
CuO, plane, whereas c||e is connected with the states nor-
mal to the plane (out of plane). Furthermore, the dipole
selection rules are applied.

It is found that the polarized O Ka spectrum of Bi-
Sr-Ca-Cu-O is very similar to the recent ultraviolet-
photoemission spectroscopic (UPS) measurements of the
same compound. This is because the photoionization
cross section of the O 2p states is much larger than that
of the Cu 3d orbitals in the case of the photon energy
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21.2 eV.”"® The low-binding energy features less than 2
eV below the Fermi energy have been previously inter-
preted as being due to Cu 3d°—O 2p hole local singlets in
the CuO, plane, whereas the larger structures with the
binding energy higher than 2 eV have been suggested to
be caused by the states in the Bi—O plane.” The origin of
the above features are now discussed in the light of
PXES. It seems that the impurity Anderson model’
description, which contains the CuQO, plane, is good as a
first approximation. The adjacent Sr-O plane to the
CuO, plane may give a contribution to the O Ka spec-
trum as well, especially when e||c.

Also, the Cu La spectra show a strong anisotrgpic be-
havior. The fine structures of the main lines are not so
pronounced as for O Ka. This might be caused by the
less covalent character of the Cu 3d—O 2p bond as com-
pared with those of the La,_,Sr,CuO, and YBa,Cu;0,
compounds, for instance.

EXPERIMENTAL

The nearly polarized Cu La, Cu Lj3, and O K a spectra
of the Bi-Sr-Ca-Cu-O compound were obtained by using
an Applied Research Laboratory (ARL) electron mi-
croprobe analyzer (EMX-SM) equipped with a RAP
analyzing crystal. The voltage and the current were 5 kV
and 200 nA, respectively, at standard vacuum conditions
(1073 Pa). The polarized spectra were measured for two
special positions of the ¢ axis of the emitting sample rela-
tive to the polarization vector e, parallel position c|le and
perpendicular to the plane cle. The polarized O Ka and
Cu La x-ray emission spectra have been registered at

7718 ©1991 The American Physical Society



44 BRIEF REPORTS

Bragg angles 0 of 64.5° and 30.7°, respectively. Both an-
gles deviate from the ideal polarization case of =45,
Nevertheless, the essential features can be obtained from
the measurements. The energy resolution is about 0.4
and 0.7 eV for O Ka and Cu L a respectively.

The sample was made by Easterling et al.!° The size of
the single crystal used in our experiment was about
1.0X0.5 mm?. The stoichiometry and phase purity was
checked by electron probe microanalysis (EPMA).

RESULTS

It is assumed that the system contains two holes both
in the intermediate and the final state of the x-ray emis-
sion process. This means that for the O Ka line the
relevant transition would be O 1s Cu 3d°->3d°L where
the hole is transferred from the O 1s level to the O 2p
band of the ligand atom in which L denotes the ligand
hole.!'. It should be noted that the other hole is located
in the Cu 3d band overlapping with the O 2p states.

The nearly polarized O Ka spectra of the Bi-Sr-Ca-
Cu-O system are shown in Fig. 1. The weak line at about
532 eV is caused by an instrumental effect which is due to
the RAP analyzing crystal. The RAP crystal contains
oxygen and the O K absorption edge appears at this ener-
gy. It is assumed that the position of the Fermi level is at
528.7 eV in Fig. 1. This value has been deduced on the
basis of the recent x-ray photoemission (XPS) and x-ray
absorption (XAS) measurements.!>!> The energies of the
different features are expressed relative to this Fermi level
value. Let us first consider the case elc in Fig. 1. This
means that the polarization vector e is essentially in the
CuO, plane. The weak structure at about 1.4 eV from
the Fermi level in Fig. 1 coincides quite well with the re-
cent UPS results which show a similar feature for the Bi-
Sr-Ca-Cu-O compound including two CuO, layers.” The
origin of this shoulder seems to be the oxygen 2p, , states
which is also in agreement with the previous ARPES
data.*” ¢ It turns out that these O 2p,, states together
with the Cu 3d ,_ , orbitals give rise to local singlets

' 4, which possess the lowest binding energy in the case
of the d°L configuration.’ Also, the main peak at about
3.8 eV shows a good overall agreement with the corre-
sponding UPS result as far as the energy position and the
shape of the spectrum are concerned.

Figure 1 shows also the situation when the polarization
vector e is almost parallel to the ¢ axis (~e|c). In that
case the O Ka spectrum gives information mainly on the
p, states (off plane). Indeed, there exists a shoulder at
about 6.0 eV. This feature is now largely attributed to lo-
cal triplets B, where the extra hole can be expressed in
terms of the Cu 3d, , . states combined with the oxy-

gen p, and p, , states.'* Of course, the p, component will
dominate when ~e||c. It should be noted that the three
essential features of the UPS spectrum with the energies
at 5.8, 3.3, and 1.6 eV,!” respectively, can be identified in
the polarized O Ka spectra of the Bi,Sr,CaCu,0, com-
pound as well.

Let us now turn to the Cu La spectra of the
Bi-Sr-Ca-Cu-O high-temperature superconducting oxide.
It is assumed the main contribution to this line comes
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FIG. 1. The upper O K« spectrum shows the situation when
the polarization vector e is nearly parallel to the ¢ axis. The
shoulder at about 6.0 eV is associated with local triplets *B;.
In this case the Cu 3d-O 2p band with 3(17322_r2 and 3dx2?y2
symmetry orbitals has po, holes mainly in the Sr-O plane. The
lower spectrum corresponds to the case when the polarization
vector e is almost perpendicular to the ¢ axis. The 1.4 eV
feature is attributed to local singlets ! 4, where the Cu 3d-O 2p
band consists of two 3dx2_y2 symmetry orbitals. The po,,
holes are now in the CuO, plane. The assumed energy position
of the Fermi level is described by a dashed vertical line.

from the transition Cu 2pd '°L —d°L '%, in which the in-
termediate state'® corresponds to the final state of the
XPS Cu 2p core line. The final-state configurations d®
and d°L? are also possible in addition to the d °L one for
the XES spectrum in the case of the two-hole state.!”
Also, the configuration Cu 2pd 9 which is associated with
high-binding energy satellite of the Cu 2p XPS spectrum,
can contribute to the final result. Because the energy
difference between this satellite and the (XPS) valence-
band satellite with the configuration Cu 3d?® is somewhat
larger (~1 eV) than the corresponding energy difference
of the main peaks for the 2p core level and valence band,
respectively, the high-binding energy satellite is missing
in the case of Cu La spectrum as seen in Fig. 2, although
it is observed in the XPS valence-band spectrum. In-
stead, on the basis of the above considerations, high-
energy satellite features are expected. Indeed, some struc-
tures can be observed on the high-energy side of the main
line. In Fig. 2 the energy of the Fermi level is supposed
to be 933.1 eV according to the recent XPS measure-
ments for the Cu 2p; , core line.!®> The striking property
for the nearly polarized Cu La spectra is the energy shift
of the main line. It turns out that when ~elc the energy
difference between the peak and the Fermi level is about
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3.5 eV which is considerably smaller than the corre-
sponding energy difference 4.4 ¢V for ~e|lc. The possible
reason for this is that the component Cu 3d,, (elc) has a
smaller binding energy than the components Cu 3d,, ,,
(e]lc) in the ground state.'® It should be noted that these
states are 7 bonded to the O 2p, |, states.!* Furthermore,
the hybridization is weak for this 3d-2p band, which
would partly explain the deviation of the shape between
the Cu La and O K a spectra.

DISCUSSION

The ground state of the undoped system is usually sup-
posed to have one hole which is shared between the Cu
3d and the O 2p states. This state is a linear superposi-
tion of the 3d° and 3d'°L configuration. There is a hy-
bridization (mixing) between these two configurations.
The weight of the former case (3d°) has generally been
assumed to be about two times larger than that of the
later one (3d'°L)".

Let us now turn to the O K« spectra. It is now plausi-
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FIG. 2. The upper spectrum contains the Cu La line when
the polarization vector e is nearly parallel to the c axis. Now,
the dominating state is suggested to be *E in which the relevant
symmetries are d,, ,, and dey » whereas the pw, , states are in

the Sr-O plane. It should be noted that the 3d character of the
hole is more pronounced than the oxygen 2p contribution. The
lower spectrum has the polarization vector e almost perpendic-
ular to the c axis. The state 3 4, is now the strongest component
consisting of 3dx27y » and 3d,,. The corresponding pw, , orbit-
als are in the CuO, plane. The energy separation of the nearly
polarized Cu L« lines from the Fermi level is also shown.
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ble to suggest the transition O 1s Cu 3d°—Cu 3d°L for
this line which means that the Cu 3d° configuration
remains essentially unchanged during the x-ray process.
This is supported by the fact that XPS O 1s line exhibits
no strong satellite structure on the high-binding energy
side of the main line.'?> Of course there is a mixing of the
d®, d°L and d'°L? configurations in the final state of the
O Ka spectrum but it seems likely that 3d °L is dominat-
ing. It should be mentioned that the above
configurations are characteristic for the ground state of
the high-T, system, in which an extra hole is doped.!’

Recently, Eskes and Sawatzky have performed an An-
derson impurity model calculation for the CuO, plane.’
In this model the Cu 3d band is assumed to be a localized
state whereas the O 2p band possesses a strong disper-
sion. The local symmetry was Dy, in square planar coor-
dination. They showed that the doped holes can be ex-
pressed in terms of local singlets ! 4, largely in the d°L
configuration for the charge transfer high-7, oxides. The
feature at about 1.4 eV below the Fermi level in Fig. 1,
when ~cle is a good candidate for singlets ! 4, in the
CuO, plane. It should be noted that the oxygen charac-
ter is dominating for this state instead of the Cu 3d,
which further supports the above assignment. In prac-
tice, the 3B, state contains a hole both in p, and Dx,, Sym-
metries. This state has two main features at about 6.0 eV
and 2.5 eV below the Fermi level in which the latter one
is more intense.” The O Ka spectrum in Fig. 1 shows a
clear shoulder at about 6.0 eV when ~c|le. Indeed, trip-
lets >B, should be expected for c|le.!® Furthermore, the
small energy shift (~0.4 eV) of the main peak might be
due to the stronger 2.5-eV component of triplets >B.
This would explain the energy difference of the O Ka
spectra, because the 2.5-eV component shifts the peak en-
ergy closer to the Fermi surface when c|je. It seems that
there is a good overall agreement between the polarized
O K a spectrum and the calculation.

In the case of the Cu La spectrum the situation differs
from the previous one. Because of the core ionization the
valence electron moves from the ligand atom to the Cu
atom for charge transfer oxides such as Bi,SrCa,Cu,Oyq.
That is why the dominating transition should be Cu
2pd'°L —d°L for the Cu La line. If we compare the en-
ergy position of the main peak with that of the O K«
spectrum it can be observed that the energy distance
from the Fermi level is larger for the Cu L line. This is
in agreement with the fact that the XPS valence band
possesses a slightly larger binding energy than the corre-
sponding UPS spectrum.!>?° In the case of the XPS
valence-band spectrum the d character of the photoion-
ization cross section increases at the expense of the O 2p
states when the energy of the ionizing radiation will be

‘larger. Furthermore, the polarized Cu L a spectra in Fig.

2 are peaked, which suggests that the Cu 3d -2p hybridi-
zation is not so strong for the copper line. It is therefore
tempting to assume that when the polarization vector e is
nearly parallel to the ¢ axis ( ~e|c) then the largest con-
tribution to the Cu La spectrum comes from the >E sym-
metry whereas the component >4, would dominate in
the case of the situation when the polarization vector e is
almost perpendicular to the ¢ vector (~elc). This is also
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in accordance with the recent theoretical estimates based
on the Anderson impurity model which were made for
the La,CuO, compound.?! A considerable energy shift
was calculated between these two symmetries, the state
3E possessing a larger binding energy than the state 3 43!
The trend is therefore the same as in Fig. 2 for the Bi-Sr-
Ca-Cu-O compound. This indicates that the main
features of the polarized Cu La spectra could be largely
explained in terms of the Anderson impurity model as
well. It seems that the d character is dominating for the
d°L configuration in the case of the Cu La final state
whereas the oxygen 2p states are more pronounced as far
as the O Ka spectrum is concerned which would be ex-
pected.

Finally, let us consider the O Ka spectra in terms of
the one-electron approximation. It is evident that in the
case of the Bi,Sr,CaCu,04 compound there exist three
different oxygen layers consisting of Cu-O1, Sr-O2, and
Bi-O3 planes:**?* Provided the calculated O 2p densities
of states by Krakauer and Pickett?* are shifted about 1
eV to higher binding energy'> a good overall agreement
between theory and experiment is achieved as far as the
energy position of the three essential features of the po-
larized O K« spectra in Fig. 1 is concerned. The shoul-
der closest to the Fermi level when the polarization vec-
tor e is nearly perpendicular to the ¢ axis (~elc) coin-
cides very well with the main structure of the O 2p states
calculated in the Cu-O(1) plane. This supports the as-
sumption that the 1.4 eV feature in Fig. 1 is due to local

7721

singlets ' 4, in the CuO, plane. Furthermore, the O 2p
band of the Sr-O 2 plane possesses two essential features.
The stronger one has a slightly smaller binding energy
than the main peak of the O Ka spectrum whereas the
structure with the higher binding energy agrees well with
the 6.0- eV shoulder (*B,) in Fig. 1 when the polarization
vector e is almost parallel to the ¢ axis (~e|c). This sug-
gests that the p, component of the *B; symmetry would
be in the Sr-O plane rather than in the CuO, plane. On
the basis of the band calculations®*?* one could also ex-
pect that the oxygen in the Bi-O plane would to some ex-
tent affect the main feature of the O Ka spectrum.

In conclusion we can say that our experimental results
for the Bi-Sr-Ca-Cu-O compound are consistent with the
assumption that the first ionization state would corre-
spond to local singlets ' 4, in the CuO, plane. Further-
more, some features in the O Ka spectrum could be as-
signed to local triplets *B, which would indicate that the
Sr-O plane gives a contribution to the spectrum as well.
The polarization dependence of the Cu L a spectra shows
that there might be a clear energy splitting between the
3d,, and the 3d,,, 3d,, states of copper.
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