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The character of unoccupied and occupied states in Bi2SrCaCu20s+s and Tl2Ba;CaCu,0g was
investigated by measuring O 1s x-ray absorption and O K« x-ray emission spectra. To record the
latter, various excitation energies around the O 1s edge were used. An appreciable excitation energy
dependence for the emission spectra was observed and it was attributed to changes in the relative
number of excited inequivalent oxygen atoms. It was found that the first, second, and third prepeaks
near the O 1s edge of the Tl-based cuprate are mainly related to the oxygen atoms in the CuOx2,
BaO, and TIO planes, respectively, whereas, the single prepeak in the O 1s absorption spectrum
of BizSr2CaCuz0s4s is due to transitions to the in-CuO;-plane oxygen 2p states. Analysis of the
results obtained suggests that there are doping-induced holes on all the types of the O atoms in
T12Ba;CaCuz0s and only at in-CuO32-plane oxygen sites in BizSr2CaCu20s4 5.

I. INTRODUCTION

BisSryCaCuz0g,45 and Tl;Ba;CaCuy0g have a simi-
lar crystal structure (see, for example, Ref. 1) with three
types of oxygen atoms located in CuO, [O(1)], Sr(Ba)O
[0(2)], and Bi(T1)O [O(3)] layers. However, in spite
of this similarity there are differences in the electronic
structure and superconducting properties. The Bi-based
cuprate has a transition into the superconducting state
at ~85 K;2 for Tl;Bay;CaCuy0g, T, has been found to
be ~110 K.> While Bi has the valency states 3+ (as in
BizSraCaCu;0sg45) and 5+, Tl can exist in the form of
T1* and T13* ions. In fact, in T1;Ba;CaCuy0g a mixed
valency state for T1 atoms has been found.? The out-of-
plane bond lengths of TI-O(2) and TI1-O(3) are shorter
than the in-plane bond lengths of T1-O(3),! making
charge transfer and interlayer coupling quite probable.5:¢
In turn, in the Bi-based oxide the interlayer distance be-
tween Bi and O(3) is longer than the in-plane Bi-O(3)
distance.!

The unoccupied states of Bi;SrpCaCu;0gys and
T1,Ba;CaCu;0g have been investigated in a number
of publications using x-ray absorption” ! (XAS) and
electron-energy-loss®!2 (EELS) spectroscopies. It has
been found that the O 1s-edge XAS or EELS spectra
of these two compounds are different. For the Tl-based
cuprate, three prepeaks at ~527.8 eV, 529.0 eV, and
530.5 eV are observed whereas in the Bi-based oxide only
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one prepeak appears at ~528.5 eV.

However, these techniques probe only the symmetry of
unoccupied states (in the case of polarization-dependent
measurements) and cannot distinguish between inequiv-
alent O sites. In order to assign features in the O 1s
absorption spectra to different O atoms one should know
the O 1s binding energies for these atoms. Referring
to the O 1s chemical shifts estimated from the local-
(spin)-density-approximation [L(S)DA] calculations®!3
Rémberg et al.’ have attributed the three prepeaks near
the O 1s edge of Tl;Ba;CaCu;0g to transitions to the
0O(1), O(2), and O(3) 2p states, respectively. In contrast
to these assignments, the O 1s binding energies for O(2),
O(1), and O(3) have been concluded to be 528.1 eV, 528.9
eV, and 529.7 eV, respectively, based on the analysis of
x-ray photoemission spectroscopy (XPS) data. Further-
more, a similar sequence of the O 1s levels has also been
suggested for leBazcach3010.l5

For BiySr;CaCuy0g4s, the O 1s chemical shifts for in-
equivalent atoms have also been discussed in a number of
publications.1® 23 However, the reported values which we
summarize in Table I are inconsistent and contradictory.

Since the charge carriers in p-doped high-T, super-
conductors have mainly O 2p character, it is important
to make an O-site identification for features appearing
in the O 1s absorption spectra. Such an identification
helps to draw the picture on the induced-hole distribu-
tion over different O atoms and can clarify the role of
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TABLE I. The O 1s binding energies (eV) reported for
inequivalent O sites in BizSroCaCuz0s4 5.

Reference CuO, SrO BiO
17 lowest +1.06 +1.57
14 529.1 528.4 529.9
18 527.9 529.1 528.6
19 527.9 529.4 528.7
20 529.2 528.5 528.5
21 531.0 528.9 531.9
22 528.3 528.3 529.0; 530.0
23 528.45 528.95 528.95

these atoms in high-7,. superconductivity. In the case
of Bi;SroCaCuy0g4s and Tl;Ba;CaCuzOg the reviewed
variety of reported data on the O 1s binding energies
for inequivalent O sites hampers an interpretation of the
O 1s absorption spectra and requires the application
of a technique which provides the opportunity to probe
the contributions of different O atoms in one or another
way. Such information can be obtained with soft x-ray
emission spectroscopy (XES) with tunable excitation, as
shown for Las_,Sr,Cu04.2% This method is based on the
analysis of the profile of the O Ka (1s-2p transition) x-
ray emission spectra recorded at different excitation en-
ergies through the O 1s edge and it is most efficient when
there is a strong difference in the x-ray absorption cross
sections for inequivalent O atoms as well as in their 2p
contributions to the emission spectra. For such an analy-
sis, several ways can be used to identify the O Ka emis-
sion spectral profile corresponding to different O sites.
One can tune the excitation energy to the region of the
O 1s edge where a predominant contribution of specific
sites is expected because of the admixture of unoccupied
O p states to the states of one of the cations. Thus,
in Laz_,Sr,Cu04,2* the O Ka band for apical oxygen
atoms has been recorded by tuning the excitation energy
to the region of the O p states hybridized with the La 5d
states. Other ways to obtain site-selective O K« spectra
are to study the model systems [e.g., (Ca,Sr)CuO; for
O(1)] or to use theoretical considerations and the results
of band structure calculations.

In this paper the results of the O 1s x-ray absorption
and selectively excited O Ka x-ray emission measure-
ments for Bi;SroCaCuz0g4s and Tl;Bay;CaCuzOg are
presented. It is shown that, by virtue of the difference
in the O K absorption cross section between different in-
equivalent O atoms and for different excitation energies,
one can preferentially excite one or the other oxygen site
by tuning the excitation energy, thereby separating the
p contributions of these particular atoms at the Fermi
level and in the conduction band. For T1;Ba;CaCuzOg
the first, second, and third prepeaks near the O 1s edge
are found to be mainly related to transitions to the O(1),
0O(2), and O(3) 2p states, respectively. In turn, a single
prepeak in the O 1s edge of the Bi-based cuprate mainly
originates from the O(1) states. It is suggested that the
unoccupied oxygen states at the Fermi level have O(1),
0(2), and O(3) 2p character in T1,Ba;CaCu;0g whereas
they only have O(1) 2p character in BizSroCaCuzOgys.

S. M. BUTORIN et al. s1

II. EXPERIMENT

The synthesis of the Tl;Ba;CaCu;0Og sample was car-
ried out using a two-step procedure. In the first step sto-
ichiometric amounts of Cu(NO3),-3H,0, Ba(OH),-H,O,
CaO, and Tl;03 were milled in an agate mortar using
ethanol as a milling aid. The dried powder was trans-
ferred to an alumina crucible covered by a tight-fitting
lid, the lid being put under pressure. The closed crucible
was fired at 760 °C for 2 h. In this step water vapor, NO
and O, escape from the reactant mixture and the sample
is converted into oxide form. In the second step of the
procedure the product from the first heat treatment was
milled and formed into pellet shape. The pellet was then
transferred to an alumina crucible with a polished rim
fitted with a gasket made of gold sheet and a polished
alumina lid. The container was placed in a ceramic jig
and the seal was put under compression during the sub-
sequent firing. The closed crucible was fired at 880 °C for
3 h. The total thallium loss during synthesis corresponds
to less than 0.3% of the thallium content. After synthesis
the sample was annealed in oxygen at 300 °C for 72 h.

Sample purity and lattice parameters were determined
by the Guinier film technique using Cu Ka; radiation
and with Si as an internal standard. The cell constants
were a=3.8539(1) A and c¢=29.3169(6) A. Besides a small
amount of barium carbonate (about 1%) there was no ev-
idence of any crystalline impurities in the sample. The
transition to the superconducting state was determined
by susceptibility measurements and was found to be 98
K (onset). The results of a detailed structure determina-
tion by neutron diffraction of the same sample (B6) are
reported in a paper by Stréom et al.?%

The growth and  characterization of the
Bi;Sr;CaCuy0g4s single crystal, used in the present
study, have been described elsewhere.2é The sample was
not post-annealed in oxygen.

The experiments were performed at the undulator
beam line X1B of the National Synchrotron Light Source,
Brookhaven National Laboratory. The O Ko x-ray emis-
sion spectra were recorded using a high-resolution grazing
incidence grating spectrometer with a two-dimensional
detector.2” The incidence angle of the photon beam was
about 20° to the sample face plane. The x-ray fluores-
cence was detected in the horizontal plane and at 90°
to the incidence photon beam. The resolution of the
monochromator was set to 0.5 eV for 530 eV photon en-
ergy. The O Ka x-ray emission spectra were recorded
using a 1200 lines/mm grating (R = 5m) in the first or-
der of diffraction with the spectrometer resolution set to
1.2 eV. Zn L3 3 x-ray emission lines were recorded in the
second order of diffraction and used for energy calibra-
tion.

The O 1s x-ray absorption spectra were measured by
the total-x-ray-fluorescence-yield method, again with a
0.5-eV resolution of the monochromator.

III. RESULTS AND DISCUSSION

In Fig. 1 the O 1s x-ray absorption spectra of
T1,Ba;CaCu;0g and BiySroCaCuy;0g s are shown. The



51 ELECTRONIC STRUCTURE OF Bi,Sr,CaCu,03.5 AND ...

O 1s L

Tl,Ba,CaCu,O4

|

2
&
Q
g |
Bi,Sr,CaCu,Oy4 4
525 530 535 540
Energy (eV)

FIG. 1. O 1s x-ray absorption spectra of Tl;Ba;CaCu20s
and Bizsrzcacuzos+5.

results obtained are very similar to those reported
elsewhere.” 12 The photon energies, used to excite the
O Ka x-ray emission spectra in both compounds, are
marked by arrows.

A. leBaz CaCuQOs

The emission spectra detected for Tl;Ba;CaCuyOg are
displayed in Fig. 2. As one can see, they exhibit an appre-
ciable variation in their profiles with excitation energy.
The energy position of the main peak, the full width at
half maximum (FWHM), and the intensity of the low-
energy shoulder of the O Ko spectra vary with energy
of the incoming photons. When the excitation energy is
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FIG. 2. O Ka x-ray emission spectra of Tl;BazCaCuz0s
recorded with various excitation energies (open circles) and
the ones calculated for the inequivalent oxygen atoms (Ref.
13) (solid curves).
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tuned to the energy of the first prepeak (528.0 eV) near
the O 1s edge, the O K o emission band is broad and has a
pronounced shoulder on the low-energy side. In turn, the
529.5-eV-excited O Ka spectrum is a narrow line with
a weak low-energy tail. The maximum is now shifted to
the lowest energy (525.7 eV) in comparison with other
spectra. A similar spectrum is also obtained for an ex-
citation energy of 534.9 eV. However, when tuning the
monochromator to the third prepeak in the O 1s x-ray
absorption spectrum (531.0 eV) the O Ko maximum is
at 526 eV, the emission line becomes asymmetric, and the
FWHM increases. At high excitation energies the spec-
tra look similar to what has been measured with electron
excitation.?®

What is the origin of the observed variation in the O
Ka profile? Similar measurements of the O Ka emis-
sion spectra were made for Cu; O, Cu0,?° and LaCuO3,%4
where all the oxygen atoms are equivalent or almost
equivalent. Those spectra only slightly change with ex-
citation energy.

As shown for Las_,Sr, CuO4,24 the main reason for the
high O Ka sensitivity to the energy of incoming photons
is an inequivalence of the O sites. When the excitation
energy is tuned to different structures in the x-ray absorp-
tion spectrum, core holes are created at specific oxygen
sites. The relative number of excited inequivalent atoms
depends on the character of the conduction-band states
and the cross section of x-ray absorption.

Another question is how an increase or decrease in
the relative number of excited atoms of the same sort
affects the O Ka profile. Due to strong Cu 3d,4s-O
2p hybridization® the occupied O(1) 2p states form a
wide band, split into bonding and antibonding subbands.
Therefore, one can expect a rather broad O Ka spec-
trum for O(1).%:2¢ Indeed, such a spectrum obtained for
Ca.875r0.13Cu0; (Ref. 29) (Fig. 3), containing only oxy-
gen atoms of the O(1) type, exhibits a two-subband struc-
ture. The low-energy shoulder is quite pronounced, giv-
ing rise to the large FWHM. Together with this spectrum,
one of single-crystal Tl;Ba;CaCu;0s,3° excited with the
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FIG. 3. O Ka x-ray emission spectra of Cag.s7Sr0.13CuO2
and Tl;BazCaCu20s recorded at the excitation energies of
532.5 eV and 528.2 eV, respectively, with resolution of the
spectrometer and monochromator set to 0.5 eV and 0.7 eV,
respectively (the feature at ~528.2 eV in the spectrum of
Tl2BazCaCu20s is due to elastically scattered radiation).
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528.2-eV photon beam, is displayed. A strong similarity
observed in the profile of both spectra gives evidence for
the O(1) 2p origin of the first prepeak near the O 1s edge
in the Tl-based cuprate.

In order to understand which O K« profile one can ex-
pect for O(2) and O(3) in T1;Baz;CaCuz0g we will briefly
discuss the O Ka spectra of the s,p-metal oxides. Al-
ready in 1940 O’Bryan and Skinner®! pointed out that in
such oxides with a covalent character of the metal-ligand
bonds the main O Ka peak is located on the high-energy
side of the O K« spectrum, while in ionic compounds it
appears on the low-energy side. According to the results
of more recent x-ray emission measurements32:33 the O
Ka spectra of ionic Li; O, CaO, SrO, and BaO are narrow
lines around 525 eV. The characteristic for the ionicity
of the chemical bonds in these oxides is the existence
of strong high-energy multiple excitation satellites.3® On
the other hand, in covalent BeO, MgO, and Al,O2 the
main O Ka peak is at ~526 eV and the shoulder with a
relative intensity of (10-15)% appears on the low-energy
side.

Now if we consider T1,Ba;CaCu;0g, the 6s electrons
of Tl ions are covalently bonded to O(3).% This suggests
the O(3) Ka profile to be qualitatively similar to those
of the covalent s, p-metal oxides. In Fig. 4 the 531.0-eV-
excited O Ka spectrum of Tl;Ba;CaCu,0gs is displayed
together with the one of Tl303,3* recorded with the 5-
keV electron beam excitation. In spite of the difference
in the crystal structure and some contribution of O(2)
to the former spectrum (see below), one can see that the
spectra strongly resemble each other. It is not surpris-
ing because the Madelung potential, depending on the
crystal structure, shifts the core and valence levels of O
by approximately the same value and the energy of the
1s-2p transition and the profile of the O K« spectrum do
not change much if the character of the chemical bonds is
the same. The observed similarity of the spectra in Fig. 4
indicates the essential O(3) contribution around 531 eV
in the O 1s absorption spectrum of T1;Ba;CaCuy0s.

In turn, the O(2) atoms have the main chemical bonds
with Ba which are highly ionic, and although the O(2)
bonding with Cu and T1 somewhat distorts the pure ionic
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FIG. 4. The 531.0-eV-excited O K« x-ray emission spec-
trum of Tl;Baz;CaCuz0s and the one of Tl;Os (Ref. 34)
recorded with 5-keV electron beam excitation.

S. M. BUTORIN et al. 51

picture for O(2) chemical bonds, one can expect the O(2)
K a band to be narrower than those for O(1) and O(3). A
decrease in the FWHM is observed for the 529.5-eV- and
534.9-eV-excited O Ko spectra of the Tl-based cuprate,
suggesting an increase in the relative number of the ex-
cited O(2) atoms.

The above made analysis of selectively excited O K«
x-ray emission spectra in Tl;Ba;CaCuy0Oyg is in qualita-
tive agreement with the results of LDA band structure
calculations for this compound.® According to these cal-
culations the occupied O(1) 2p states form a wide band,
split into two subbands, bonding and antibonding. For
O(2) and O(3) atoms the essential contribution to the
spectral weight comes from nonbonding states, forming
narrow peaks in the 2p density of states (DOS).

One can argue that x-ray emission spectra can be influ-
enced by an attractive potential of a core hole in the inter-
mediate state and that the LDA-calculated O 2p density
of states cannot represent the O 2p removal weight for
highly correlated electron systems. However, it has been
shown by von Barth and Grossmann®® that with many-
body theory one can justify the final state rule for the
x-ray emission process and transition matrix elements
can be calculated from wave functions obtained in the
potential of the final state, i.e., without a core hole.3¢

Neither can one expect a dramatic modification of the
O Ka emission spectra in divalent copper oxides due to
correlation effects. Though the on-site Coulomb O 2p in-
teraction (U,) has been estimated to be fairly large37-38
(~5 eV), the O 2p spectral weight is not sensitive to it3®
because of the low hole occupation number per O site
and the large width of the O 2p band. Nevertheless,
due to the O 2p—Cu 3d hybridization the O Ka pro-
file can be affected by two-electron interactions within
the Cu 3d band (Ug). In Fig. 5 the O Ka spectrum of
Cag.57510.13Cu0 (Ref. 29) is compared with the partial
O 2p DOS calculated using the LDA method without3®
and with*® U;. The DOS were broadened with a Loren-
zian with the energy-dependent FWHM and with a Gaus-
sian to simulate the lifetime and experimental broaden-
ing. One can see that agreement between standard LDA
calculations and experiment is fairly good for the high-

O Ko
Cay g7519,13Cu0,
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FIG. 5. The 532.5-eV-excited O Ka x-ray emission spec-
trum of Cag.s7Sr0.13CuO;2 (open circles) and the broadened
partial O 2p DOS LDA-calculated without (Ref. 39) (solid
curve) and with (Ref. 40) (dashed curve) including Ug.
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binding-energy shoulder of the O Ka spectrum (i.e., for
the bottom of the O 2p band). It is not surprising be-
cause in this region a 2p hole is better screened. However,
there is a difference for the top of the valence band; the
main peak of the experimental spectrum is pulled deeper
by ~1 eV from the Fermi level. A similar difference in
the main peak position between experimental and LDA-
calculated O K a emission spectra is also found for other
cuprates.?32441 In addition, such a high-binding-energy
shift of the main maximum is observed in photoemission
valence-band spectra?? recorded at the excitation energy
of 20 eV, corresponding to a large relative cross section
for oxygen.

For the 3d transition metal oxides from the middle and
the end of the 3d sequence which are also strongly cor-
related electron systems, the standard LDA calculations
describe correctly the O 2p band “itself” [as one can see
from a comparison of theory and near-threshold excita-
tion x-ray emission experiment for NiO (Ref. 43)] and fail
in the description of the “d-like” states which are a result
of the oxygen 2p—metal 3d hybridization. This failure is
explained to be due to d-d correlation effects.

For (Ca,Sr)CuQ,, the attempt to take into account
U, by using the so-called LDA+U method?® results in
a much weaker relative intensity for the high-binding-
energy subband (Fig. 5) compared to that in the experi-
mental O Ka spectrum. A decrease in the relative weight
of such a subband is also observed for the O(1) 2p DOS
in LayCuOy, calculated within self-interaction-corrected
(SIC) LSDA formalism.*4*5 The corrections to the LDA
used pull the occupied Cu 3d states far below the Fermi
level so that the main 3d weight appears at high binding
energies. This leads to an increase of the fraction of the
nonbonding and weakly bonding O 2p states and, hence,
to a redistribution of the O 2p spectral weight. However,
for insulating cuprates, both LDA+U and SIC-LSDA
methods correctly predict magnetic moment values and
the energy gap which is opened as a result of the spectral-
weight transfer away from the Fermi level. Therefore, the
appearance of the main peak in the LDA+U-calculated
O 2p DOS at the same energies as that in the experimen-
tal O Ka spectrum (Fig. 5) indicates that the observed
difference between the experiment and standard LDA cal-
culations for the top of the valence band is likely due to
correlation effects.

In turn, these effects are rather negligible for oxygen
atoms in the BaO and TIO planes and the electronic
structure of these atoms can be correctly described within
the ordinary LDA formalism. )

In Fig. 2 a comparison of the experimental and LDA-
calculated!® O K« spectra for Tl;Ba;CaCuyOg is made.
In order to align the calculated spectra to the emission
energy scale an arbitrary shift was used. The calculated
emission bands for different O sites were all shifted by
the same value?® so as to obtain the best agreement in
the base width with experimental spectra. As one can
see, the shape of the 528.0-eV-excited O Ka spectrum
is similar to that calculated for O(1) atoms. A shift of
the main peak can be attributed to correlation effects
and an enhancement of the intensity at ~528.0 eV to a
contribution of elastically scattered radiation.
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The narrow and slightly asymmetric O Ka line, ob-
tained at the excitation energy of 529.5 eV, is in fairly
good agreement with the calculated O(2) Ko emission
spectrum. This fact indicates that a large portion of
the second prepeak is associated with transitions to O(2)
2p orbitals. Also, the 531.0-eV-excited O Ka spectrum
resembles the O(3) Ka band. The somewhat narrower
FWHM and low-energy shift of the main maximum in
the experimental emission spectrum suggest some O(2)
contribution to the third prepeak in the O 1s absorption
spectrum.

As a whole, the results of LDA calculations provide ad-
ditional support to the O-site assignments for features in
the O 1s absorption spectrum of Tl;Ba;CaCu;0g, made
above by analyzing the O K« spectra of the model sys-
tems, and can be used to a certain extent to identify the
contributions of different O sites.

Further support for our assignments comes from the
fact that we were able to reconstruct the O Ka emission
spectra of Tl,Ba;CaCuy0g recorded at different excita-
tion energies using a linear combination of the 528.0-eV-
and 529.5-eV-excited O K« spectra associated with O(1)
and O(2), respectively, and the one calculated for O(3).13
The contributions of inequivalent O atoms to the differ-
ent O Ko spectra are summarized in Table II. These
values are related to the relative x-ray absorption cross
sections for different oxygens at corresponding energies.
One can see that the third prepeak in the O 1s absorption
spectrum contains about 30% of O(2) states. In turn,
setting the incidence beam energy to 534.9 eV leads to
predominant excitation of O(2) atoms, because at this
energy we are able to reach the O p states hybridized
with Ba 5d states (see the inverse photoemission data
in Ref. 15) and looking at Fig. 2 one can see that the
corresponding emission spectrum is similar to the one
excited with 529.5 eV radiation which was attributed to
mainly O(2) atoms. The relative absorption cross section
for O(1) is enhanced at ~538 eV because of the O(1) p
admixture to the Cu 4s,p (see, e.g., O 1s XAS data for
Cayg.86Sr0.14Cu02) (Ref. 47) and Ca 3d states!® located
in this energy region.

Note that the respective differences in energy position
between experimental O K a x-ray emission spectra, asso-
ciated with inequivalent O sites (these differences depend
on the O 1s chemical shifts), are similar to those between
calculated site-selective O K« bands (Fig. 2). Hence, the
O 1s chemical shifts for different O atoms are correctly
estimated from LDA calculations'® which give the O(2)

TABLE II. The relative contributions of inequivalent O
sites to the O Ka spectra of Tl;Ba;CaCuz0s recorded at
various excitation energies.

Excitation energy (eV) o(1) 0(2) 0O(3)
531.0 0.29 0.71
534.9 0.18 0.62 0.20
536.4 0.34 0.47 0.19
538.0 0.59 0.31 0.10
538.5 0.60 0.27 0.13




11920

1s and O(3) 1s binding energies to be higher by 1.2 eV
and 2.2 eV than that for O(1) sites. In this case, if there
are doping-induced unoccupied O(2) [O(3)] 2p states at
the Fermi level, additional spectral weight should appear
at 1.2 [2.2] eV above the first prepeak (otherwise only
at higher energies [1.2 (2.2) eV + approximately the size
of the band gap]) in the O 1s absorption spectrum due
to O(2) [O(3)] 1s excitations. Specific changes in the
O Ka profile at these excitation energies give evidence
that this is indeed the case. Therefore, we conclude that
the second and the third prepeaks in the O 1s absorp-
tion spectrum of T1;Ba;CaCuy0g at least partly corre-
spond to the O(2) 1s and O(3) 1s excitations into un-
occupied oxygen 2p states at the Fermi level (i.e., into
respective doping-induced holes). This conclusion is sup-
ported by results of XAS measurements performed on the
related T1;Ba;CasCuz 0195 compounds with different O
contents*® and, hence, with different doping-induced hole
concentrations. The O reduction, leading to the decrease
in T., causes an appreciable reduction in the intensity
of the first and third prepeaks while the change of the
second peak is small due to an increase in the spectral
weight of the upper Hubbard band and the involvement
of O(2) sites in the interlayer charge transfer.

B. Bi;Sr;CaCu,Os_H

The selectively excited O Ka x-ray emission spectra
of BizSrCaCuz0s.44, like those of T1;BayCaCu,0s, also
exhibit changes in shape with variation of the incoming
photon energy (Fig. 6). The spectra, obtained for 528.5
eV and 537 eV excitation energies, at the prepeak and
at the main maximum, respectively, in the absorption
spectrum, are similar, except for a small low-energy shift
for the latter. They are characterized by a double-band
structure. In turn, the 531.0-eV- and 533.0-eV-excited O

Bi,Sr,CaCu,Oy,,
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FIG. 6. O Ka x-ray emission spectra of BizSroCaCuz0s+5
recorded with various excitation energies (open circles)
and the ones calculated for the inequivalent oxygen atoms
(Ref. 17) (solid curves).

S. M. BUTORIN et al. 51

Ka lines are narrower and more symmetric.

Following the arguments used in the discussion for
Tl;Ba;CaCuyOg, the characteristic structure of the
528.5-eV-excited O Ko spectrum of Bi;Sr,CaCuyOg44
indicates a predominant O(1) contribution to the first
prepeak of the O 1s absorption spectrum in this cuprate.
Since a feature around 531 eV in the O 1s x-ray absorp-
tion spectrum of BizSrpCaCuy0g4s corresponds to tran-
sitions to the O 2p states hybridized with Bi 6p states,®
one can expect the 531.0-eV-excited O K a emission spec-
trum to be mainly related to O(3) atoms, located in BiO
layers. Indeed, fairly good agreement in shape between
this spectrum and that of Bi; O3, recorded with 4-keV
electron beam excitation, is observed (Fig. 7), suggesting
a similar character of the Bi-O chemical bonds in both
compounds.

In Fig. 6 properly broadened LDA-calculated O 2p
DOS of Bi;SrpCaCuz0s (Ref. 17) are also displayed.
Keeping in mind the influence of correlation effects and
a contribution of the elastically scattered radiation at
~528.5 eV one can see that the 528.5-eV-excited O Ko
spectrum of the Bi-based cuprate resembles that calcu-
lated for O(1) atoms as well as the one recorded for
Cag.875r0.13CuO2. We used an agreement in the base
width between these experimental and calculated spectra
to place the calculated emission bands on the emission en-
ergy scale. However, in this case, in spite of a strong simi-
larity in the spectral profile of the 531.3-eV-excited O K«
spectrum and the one calculated for O(3) atoms, a dif-
ference in the energy location between both spectra was
quite noticeable. The existing discrepancy is probably
due to an overestimation of the O 1s chemical shifts for
inequivalent atoms obtained from the calculations.!®:17
In these calculations the ideal ratios 2:2:1:2 have been
used while an appreciable deviation in the stoichiometry
of the real crystal is observed.2® Therefore, the calculated
O(3) Ka emission band displayed in Fig. 6 was shifted
further by ~0.9 eV for better agreement with the experi-
mental spectrum. This implies that the energy difference
between the 1s levels of O(3) and O(1) is ~0.7 eV, in-
stead of ~1.6 eV as found from calculations. This value is
consistent with those derived by Parmigiani et al.?? from
angular-resolved O 1s XPS measurements (their crystals
were grown under the same conditions as ours but were
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FIG. 7. The 531.3-eV-excited O K« x-ray emission spec-
trum of BizSr2CaCuz;0s+5 and the one of Bi;Oj3 recorded
with 4-keV electron beam excitation.
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post-annealed in Ar or O atmosphere?®) and by Burgizy
et al.?® from analysis of XES data.

Unfortunately, the O K« spectrum, originating mainly
from the O(2) states, was not measured. Probably, it
could be obtained with an excitation energy around 541
eV, where the O(2) p states, mixed with unoccupied Sr
4d states, can be reached. Nevertheless, one can expect
some contribution from the O(2) atoms to the 531.3-eV-,
533-eV-, and 537-eV-excited O Ko« spectra due to the
O(2) 2p-Bi 6p hybridization and Ca-Sr intermixing. The
main maximum around 537 eV in the O 1s x-ray ab-
sorption spectrum can be attributed to the transitions to
mainly O p states hybridized with Ca 3d states.'® Since
Ca layers are located between CuO; planes, only O(1)
atoms can participate in the O-Ca chemical bond. There-
fore, when tuning the incidence beam energy to 537 eV
one could expect a predominant excitation of O(1) atoms.
In fact, the pronounced low-energy shoulder makes the
recorded emission spectrum similar to that excited with
the 528.5-eV photon beam. The O(1) p character of the
~537-eV feature in the O 1s absorption spectrum and
its origin from mainly O p states hybridized with Ca 3d
states are supported by recent polarization-dependent O
1s absorption measurements for BizSr2Ca,_1Cu,0442,
compounds with different numbers of O(1) atoms per
unit cell.'® In Bi,Sr,CaCuz0g.5 the ~537-eV feature
shows an appreciable anisotropy and can be associated
with transitions to O p, orbitals, whereas in Ca-less
BizSr,CuOg, which has as twice as fewer O(1) sites per
unit cell as compared with BisSr,CaCuz0sg4 5, the rela-
tive intensity of the ~537-eV feature decreases and its
anisotropy becomes weaker.

Because of Sr deficiency, at least 20% of the Ca atoms
in the present Bi;Sr,CaCuy0g.4 s sample may occupy Sr
sites,*? leading probably to some O(2) contribution to the
537.0-eV-excited O Ka spectrum. For the latter, this
may be one of the reasons for the observed low-energy
shift as compared with the 528.5-eV-excited spectrum.

Based on our data we cannot rule out a possible O(2)
contribution in the first prepeak in the O 1s XAS spec-
trum and hence to the 528.5-eV excited O K« spectrum.
However, the z,y symmetry of the first prepeak'? makes
it hard to believe that there are induced holes in the ionic
SrO plane. Additional studies are necessary to obtain
more detailed information about the O(2) 2p band.

Finally, we would like to comment on the role of BiO
planes. Since there is no further visible step in the O 1s
absorption spectrum below 530 €V, in spite of the ~0.7-
eV chemical shift between O(1) and O(3) 1s levels, we
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concluded that BiO layers are nonmetallic. This conclu-
sion is in agreement with data reported by Wells et al.5°
The metallicity of the BiO plane was found only in a
crystal annealed in a high-pressure oxygen atmosphere
but not in an as-grown crystal (again, their crystals were
grown under the same conditions as ours).2¢

IV. CONCLUSION

We have shown that soft x-ray emission spec-
troscopy with tunable excitation, applied to a study
of the electronic structure of T1;Ba;CaCu,;Og and
Bi;Sr;CaCuy0s4.5, is an efficient method for probing the
character of both occupied and unoccupied states. Tun-
ing the excitation energy to the energy of certain features
in the O 1s x-ray absorption spectrum allowed us to char-
acterize the nature of those features and to separate the
O 2p contributions of the inequivalent atoms to the O
Ka x-ray emission spectrum. It was found that three
prepeaks near the O 1s edge of T1,Ba;CaCuyOg arise
mainly from transitions to the O(1), O(2), and O(3) 2p
states, respectively. This three-prepeak structure results
from the difference in the O 1s binding energy of the in-
equivalent atoms, as determined from the corresponding
shifts of the O(1), O(2), and O(3) K« emission spectra,
and, hence, the second and third prepeaks at least partly
correspond to transitions to the unoccupied states at the
Fermi level.

A single prepeak in the O 1s absorption spectrum of
BizSryCaCuz0g.4 5 is determined to have mainly O(1) 2p
character. Since the chemical shift between the O(1) and
O(3) 1s levels (the latter is deeper) is estimated to be
~0.7 eV, the absence of a second visible step below 530
in the O 1s absorption spectrum suggests that BiO layers
are nonmetallic.
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