PHYSICAL REVIEW B

VOLUME 46, NUMBER 21

X-ray-absorption and resonant-photoemission study of Ca in
the high-temperature superconductor Bi,Sr,CaCu,Oy

M. Qvarford, J. N. Andersen, R. Nyholm, J. F. van Acker, E. Lundgren, and I. Lindau
Department of Synchrotron Radiation Research, Institute of Physics, Lund University, Solvegatan 14,
S-223 62 Lund, Sweden
and MAX-lab, Lund University, Box 118, S-221 00 Lund, Sweden

S. Soderholm, H. Bernhoff, U. O. Karlsson, and S. A. Flodstrom
Materials Science, Department of Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden
(Received 4 May 1992; revised manuscript received 10 August 1992)

The electronic structure of Ca in the high-temperature superconductor Bi,Sr,CaCu,03 has been stud-
ied by x-ray-absorption spectroscopy and resonant-photoemission at the Ca L, ; absorption edge. In the
x-ray-absorption spectrum no edge structure is seen at the energy corresponding to the Ca 2p;,, core-
level binding energy, in agreement with the very low Ca density of states at the Fermi level predicted by
band-structure calculations. Furthermore, the crystal-field splitting of the Ca 3d level, which is charac-
teristic of ionic Ca compounds, is clearly observed in the x-ray-absorption spectrum. The photoemission
spectra display strong resonant enhancements of the Ca 3s and 3p core levels as well as strong changes in
the intensity and the line shape of the Ca L, ;M, ;M, 5 Auger structure at the Ca L, ; threshold, show-
ing the localized nature of the 3d states in core ionized Ca. The 3d induced spectator shift of the Ca
L, M, M, ; complex is fairly small as compared to what has been reported for CaF,, indicating that
the screening of the normal Auger final state by the charge carriers in the surrounding Cu-O, layers is
quite efficient. From the Ca L, ;M, ;M, ; data it is also suggested that, at the Ca L, threshold, the ex-
cited 3d electron participates in a Coster-Kronig-type decay resulting in a 2p;,, core hole followed by a
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normal LM, M, ; Auger decay.

I. INTRODUCTION

A large number of studies of the high-temperature su-
perconductor (HTS) Bi,Sr,CaCu,04 during the past
years' has revealed several characteristic properties of the
electronic structure of this multilayered compound. One
striking property is a low but clearly detectable density of
states (DOS) at the Fermi level (Eg).%? Band-structure
calculations*~7 suggest that the electron bands crossing
Ep originate from mainly two of the constituent oxide
layers of the superconductor, Cu-O, and Bi-O. These cal-
culations show that the bands disperse strongly along the
I'-X and I'-Y directions, but are almost dispersionless
along the '-Z direction, displaying a characteristic two-
dimensional character of the electronic structure in
Bi,Sr,CaCu,04. A two-dimensional electronic structure
is also adopted in the other widely used model of HTS,
i.e., the charge-transfer insulator model. In this model
the band being responsible for the charge transport arises
from hybridized Cu 3d and O 2p orbitals. The finite den-
sity of states at the Fermi level is due to doping-induced
hole states which in the charge-transfer model are expect-
ed to have mainly O 2p character.® A confirmation of a
two-dimensional character for the O 2p holes in
Bi,Sr,CaCu,Oyq is provided by polarization-dependent ab-
sorption measurements™!® showing an x,y symmetry of
the unoccupied O 2p states'! near the Fermi level. From
these facts the HTS Bi,Sr,CaCu,04 can be qualitatively
described as consisting of two-dimensional conducting
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Cu-0, and Bi-O layers separated by rather insulating Ca
and Sr-O layers.

The present work is an electron spectroscopy study of
Ca in the HTS Bi,Sr,CaCu,03. According to band-
structure calculations,® Ca, which is situated between two
Cu-O, layers, has an ‘“‘extremely ionic” character. A
study of the electronic properties of Ca in this compound
is important since it is believed® that the strong two-
dimensionality in the band description of Bi,Sr,CaCu,Oq4
is caused by the oxygen-deficient Ca layer. The tech-
niques used are x-ray-absorption spectroscopy (XAS) and
resonant photoemission at the Ca L, ; edge. The XAS
spectrum provides information about the valence charac-
ter of Ca in two ways: first, from the comparison be-
tween the energy of the absorption onset in the XAS
spectrum and the photoemission binding energy, which
are expected to coincide in a metallic system, and second,
from the crystal-field splitting of the Ca 3d states which is
expected to be seen in the L, ; edge of more ionic Ca
compounds. The XAS results obtained in this study
point towards an ionic character of Ca in Bi,Sr,CaCu,Oy,
in agreement with the band-structure calculations.® To
gain further insight into the properties of the Ca states'!
above Ep in Bi,Sr,CaCu,0ys, "resonant-photoemission
measurements have been performed at the Ca L, ; ab-
sorption edge. From an earlier study of Can,u it is
known that strong resonance phenomena occur at this
edge. This is also found in the present study of Ca in
Bi,Sr,CaCu,05. The Ca 3s and 3p core levels and the Ca
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L,;M,3M, ; Auger peak are strongly enhanced at pho-
ton energies corresponding to the characteristic peaks in
the Ca L, ; absorption spectrum. Some differences be-
tween the Ca L, ;M, ;M, ; decay data obtained in the
present study and the CaF, data of Tiedjie et al.!? are ar-
gued to arise from the fact that Bi,Sr,CaCu,O; is a con-
ductor. Furthermore, strong changes in the line shape of
the L, ;M, ;M ; spectrum at the absorption edge were
observed and will be discussed. From the analysis it is
suggested that a Coster-Kronig type of decay takes place
at the Ca L, threshold.

II. EXPERIMENT

The experiments were performed at the soft x-ray
beamline 22 at the MAX synchrotron radiation laborato-
ry in Lund, Sweden. This beamline is equipped with a
modified SX-700 plane grating monochromator covering
the photon energy range of about 20 to 1000 eV. XAS
spectra were recorded by detecting the total electron
yield. A hemispherical electron energy analyzer (200-mm
mean radius) with a multichannel detector system!® was
used to record the photoemission spectra. For the Ca
L, ; XAS spectrum the photon energy resolution was 0.2
eV, while the resonant-photoemission spectra were
recorded with a photon energy resolution of 0.3 eV and
an electron energy resolution of 0.6 eV."* An accurate
determination of the photon energy scale in the XAS
spectra as well as of the photoemission binding energy is
vital. For the calibration of the photon energy, we have
taken advantage of the radiation in second-order
diffraction from the monochromator. At the photon en-
ergy at which the absorption edge occurs two photoemis-
sion measurements of a corel level were performed, one
using first-order light, and another using second-order
light. The difference in kinetic energy of the photoemis-
sion peak between these two spectra is equal to the pho-
ton energy at the absorption edge. The photoemission
binding energies were determined with reference to the
Fermi edge of a Co sample in electrical contact with the
HTS crystal.

Bi,Sr,CaCu,04 single crystals were glued with con-
ducting silver epoxy to a sample holder. Clean samples
were obtained by cleaving in situ, which results in a Bi-O
surface.” The quality of the surface was investigated by
low-energy electron diffraction (LEED) which showed
the characteristic 5X 1 diffraction pattern.'® A low pres-
sure, about 7 X 10 !! Torr, in the experimental chamber
ensured the cleanness of the samples during the experi-
ments. The growth and characterization of the single
crystals have been described elsewhere.!” The supercon-
ducting transition temperature of the present samples as

determined by magnetic measurements is reported!’ to be
90 K.

III. RESULTS AND DISCUSSION

A. X-ray-absorption spectroscopy

Figures 1(a) and 1(b) show the XAS spectra in the vi-
cinity of the O K and Ca L, ; absorption edges, respec-
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FIG. 1. Total yield XAS spectra at the (a) O K and (b) Ca
L, ; thresholds. The photoemission binding energy of the core
level excited in the absorption process is marked with a hor-
izontal bar (explanation in text). The peaks denoted 4 —D in (b)
correspond to the photon energies used for spectra 4-D in

Figs. 4 and 5. The inset in (b) shows the crystal structure of
BizsrzcaCUZOs.

tively. These spectra display, due to the dipole selection
rules of the x-ray-absorption process, the local empty O p
and Ca s,d states. The spectra are measured at a photon
incidence angle of 30° with respect to the sample normal,
in order to probe electron states both parallel and perpen-
dicular to the crystal surface. The XAS onset corre-
sponds to the creation of a final state where a core elec-
tron has been excited from a core level to the lowest
unoccupied state. Similarly, in the completely screened
core-level photoemission final state in a metal a core elec-
tron has been removed and a charge redistribution occurs
in which one electron screens the core hole in the lowest
unoccupied state. These two final states are thus indistin-
guishable and the energy onset in the XAS spectrum
should, for a metallic system, be equal to the photoemis-
sion binding energy. The binding energies for the core
levels relevant for the spectra in Fig. 1 are 528.9 eV for
the O 1s level and 344.7 eV for the Ca 2p; , level. In Fig.
1 these binding energies are marked by horizontal bars
which represent the FWHM (full width half maximum)
values obtained by a fit of a single Voigt line profile (O 1s:
FWHM=1.9 eV, Ca 2p;,,: FWHM=1.5 eV) to the
core-level peaks. These core-level peaks are most likely
composed of several components due to different oxygen
sites!® and a probable Ca-Sr intermixing'® (cf. discussion
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below). Thus, the main contribution to the uncertainty in
the determination of the binding energies arises from the
assignments of the unresolved core-level components. As
can be seen in Fig. 1(a) the coincidence of the XAS onset
and the photoemission binding energy which is expected
for a metallic system is fulfilled at the O K absorption
edge. Turning now to the Ca L, ; absorption edge, Fig.
1(b) shows that the XAS onset does not correspond to the
photoemission binding energy. From the arguments
above this reflects a nonmetallic behavior for Ca in
Bi,Sr,CaCu,04s.

It is instructive to discuss the positions of the XAS on-
sets in the light of the crystal structure and the calculated
DOS, even though one should keep in mind that the
states probed by XAS are strongly influenced by the pres-
ence of the core hole. Several band-structure calcula-
tions* 7 give a Fermi-level DOS primarily originating
from the Cu-O, and Bi-O planes. The three different oxy-
gen atoms in the structure contribute all together to an O
p DOS of 33% (O, s,p,d DOS: 35%) of the total DOS at
Er.® The Ca s,d DOS at the Fermi level is calculated to
be very low, only about 0.13% (Ca s,p,d DOS: 0.2%) of
the total DOS at E F.6 Thus, the absence of an onset cor-
responding to the photoemission binding energy in the
Ca L,; XAS spectrum as well as the onset position
characteristic for a metallic system seen in the O K spec-
trum are both in agreement with what can be expected
from the calculated DOS and the doped charge-transfer
insulator model. The inset in Fig. 1(b) shows a subunit
cell of Bi,Sr,CaCu,Oy as determined by Tarascon et al.?
Ca is located in the center of the submit cell, in an eight-
fold coordination with respect to oxygen nearest neigh-
bors, and separates the two Cu-O, layers. The XAS on-
sets discussed above are thus consistent with the picture
of an ionic Ca layer in between two conducting Cu-O,
layers, demonstrating the two-dimensionality of the elec-
tronic structure in Bi,Sr,CaCu,Oj.

The structures in the Ca L, ; XAS spectrum are main-
ly due to 2p®3d° to 2p°3d! transitions.?! The fact that
four main peaks, 4 -D, are clearly resolved in the Ca
L, ; spectrum in Fig. 1(b) indicates the presence of a
crystal field at the Ca site?>?* and provides additional evi-
dence for the statement that Ca in Bi,Sr,CaCu,0y4
behaves in a nonmetallic manner. The splitting between
the main peaks (B and D) corresponds roughly to the
spin-orbit splitting of the Ca 2p core level. The splitting
of each threshold in two peaks, 4 and B for the L,
threshold and C and D for the L, threshold, is related to
a crystal-field splitting of the Ca 3d levels. This has been
shown by, for instance, Himpsel et al.?? for a number of
Ca compounds by calculations in a cubic crystal field (O,
symmetry) using an atomic multiplet approach. In their
experimental data, Himpsel et al. 22 find a clear crystal-
field splitting for ionic compounds such as CaO and
CaF,, whereas the Ca L, ; spectra of Ca in metallic envi-
ronments, such as Ca metal and CaSi,, reveal no sign of a
crystal-field splitting. From positions and intensities of
peaks 4 and C it is possible to obtain information about
the symmetry and the strength of the crystal field at the
Ca site (for a comprehensive discussion of this subject,
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see Ref. 23). It should be noted that the L,; XAS spec-
trum for Ca in Bi,Sr,CaCu,03 shows more similarities
with CaF, (eightfold coordination) than with CaO (six-
fold coordination).?? This agrees well with the fact that
Ca in Bi,Sr,CaCu,Oq resides in a nearly cubic eightfold
coordination, and suggests that the crystal field at the Ca
site in Bi,Sr,CaCu4Oy is roughly comparable to the field
in CaF,. In analogy with the CaF, results?? the peaks
splitoff towards lower energy at each threshold, 4 and C,
can then be assigned to e, orbitals whereas peaks B and D
are assigned to f,, orbitals. In the spectrum in Fig. 1(b) a
shoulder is visible on the low-energy side of both peaks B
and D. Similar spectral features are also found for CaF,,
for which the shoulder at D and part of the shoulder at B
could not be explained by the inclusion of the crystal field
in O, symmetry,”>?> It has been suggested that these
components originate from a 2p®3d%s' to 2p°3d'4s’
transition, i.e., from Ca'™ jons.?*%’

In this context it is important to consider the degree of
Ca-Sr intermixing and how it will influence the structures
in the Ca L,; XAS spectrum. If such intermixing is
present in the sample one would expect the Ca and Sr
core-level peaks to be composed of two chemically shifted
components since the Ca and Sr sites are inequivalent [cf.
inset in Fig. 1(b)]. Kohiki et al.'® have from an x-ray
photoemission spectroscopy (XPS) study of a single-
crystalline Bi,Sr,CaCu,0; sample, with a determined
stoichiometry of Bi,Sr; 4Ca;Cu,0,, concluded that there
is a very high degree of intermixing. The Sr deficiency in
their sample can probably enhance the Ca concentration
at Sr sites. However, based on the stoichiometry and Sr
3d and Ca 2p photoemission data?® of our samples, we be-
lieve that the degree of intermixing is lower than pro-
posed in Ref. 19. Assuming that the core-level com-
ponents are symmetric, we can decompose the Ca 2p; ,,
core level into two components, one at 344.7-eV binding
energy and one at 345.7-eV binding energy with an inten-
sity ratio Ca [345.7 eV]/Ca[344.7 eV] of 0.24. In a simi-
lar way the Sr 3ds,, core level is decomposed into two
components at 131.8- and 132.5-eV binding energy with
an intensity ratio Sr[132.5 eV]/Sr[131.8 eV] of 0.17. Cor-
responding intensity ratios reported in Ref. 19 are 0.59
for Ca and 0.25 for Sr. Based on calculations of bond
valences Kohiki et al.'® attribute the low binding-energy
component (Sr[131.8 eV] and Ca[344.7 eV]) to emission
from Sr and Ca atoms occupying Sr sites. This
would for the samples in the present study mean that
approximately 80% of the Ca atoms would occupy Sr
sites, which, given the determined stoichiometry of the
present samples, Bi, loSr1A94Ca0,SSCuz.mOHG,17 implies
that there are 2.37 atoms at Sr sites and 0.45 atoms at Ca
site per formula unit, in contradiction to the number of
Sr and Ca sites in the subcell structure (Sr: two sites; Ca:
one site, see Fig. 1). If it instead is assumed that the Ca
component at 344.7-eV binding energy originates from
Ca atoms at Ca sites whereas the assignments of the Sr
components remain the same as in Ref. 19, this contrad-
iction concerning the number of Ca and Sr sites in the
stoichiometric cell is avoided. Hence, it is suggested that
approximately 20% of the Ca atoms in the present sam-
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ples may occupy Sr sites. This should be regarded as an
upper limit since any asymmetry in the core-level com-
ponents will further decrease this estimate of the inter-
mixing.

As mentioned above it has been suggested?*?’ that the
weak structure at the low energy side of the main peaks B
and D in the Ca L, ; spectrum originates from Ca ions
with valence Ca™ instead of Ca’*. A downward energy
shift of the absorption edge induced by such a valence
change has been confirmed by atomic multiplet calcula-
tions?? and has been observed at the CaF,/Si(111) inter-
face?? as well as at defects (F centers) at the CaF, sur-
face.?2 A second cause for structures on the low-energy
side of the main absorption peaks found for CaF, (Ref.
22) is the lower symmetry at the surface. It can, for Ca in
Bi,Sr,CaCu,0Oq, be speculated that the most probable
cause for these extra structures in the Ca L, ; spectrum is
the lower symmetry experienced by Ca atoms at Sr sites
(cf. Fig. 1). The facts that these structures are so weak
and that the overall Ca L, ; edge looks so much like what
is expected for a cubic surrounding support the proposed
low intermixing of Ca atoms in Sr sites. We will not dis-
cuss these weak structures in the Ca L, ; XAS spectrum
further here. The important conclusion we want to stress
is that one for Ca in Bi,Sr,CaCu,0; sees a crystal-field
splitting in the Ca L, ; XAS spectrum, a splitting which
is characteristic for ionic Ca compounds but not for me-
tallic Ca.

B. Resonant photoemission

In resonant photoemission, changes of the electron
emission in the vicinity of a photoabsorption threshold of
a deeper lying core level are investigated. The spectral
features of concern in the present work, using excitation
energies around the Ca L, ; absorption edge, have been

FIG. 2. Three-dimensional plot of the photoemission intensi-
ty in the binding-energy range 20—70 eV as a function of photon
energy close to Ca L, ; absorption edge. The plot is dominated
by the high intensity in the L, M, M, ; emission. The inset
shows the different processes studied in the vicinity of the Ca
L, ; absorption edge. From left to right: the x-ray-absorption
process, the L, ;M, ; M, ; spectator process, the 3p participator
process, and the normal 3p photoemission with which the parti-
cipator process is degenerate at the x-ray-absorption threshold.
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the Ca L, ;M, M, ; Auger and the Ca 3s and Ca 3p
photoemission peaks. Figure 2 displays the overall be-
havior of these Ca related features when the photon ener-
gy is scanned through the Ca L, ; edge. The plot is dom-
inated by a very high intensity of the L, ;M, ;M ; emis-
sion (50<E, <70 eV) at photon energies corresponding
to the main Ca L, ; peaks, but also resonances in the 3p
(E, =23 eV) and 3s (E, =42 eV) photoemission are clear-
ly seen. The inset pictures two different decay processes
involving the 3p level following the L, ; absorption pro-
cess. In the spectator decay the excited electron stays in
a localized 3d orbital during the subsequent
L,3M,3M, ; decay.”’” In the participator decay the ex-
cited electron takes part in the 2p core hole decay, giving
a final state which is degenerate with the Ca 3p photo-
emission at the resonant photon energy. The three-
dimensional plot in Fig. 2 shows the birth of the Ca
L,3M, M, ; Auger. At the low photon energy side,
below the L threshold, the spectrum is completely flat in
the energy range of this Auger decay. As the photon en-
ergy increases very strong intensity enhancements are
seen at energies corresponding to the Ca L, ; peaks 4 -D
[cf. Fig. 1(b)], followed at higher photon energies by the
development of the normal Ca L, ;M, ;M, ; Auger. In
addition to the enhanced features discussed so far, anoth-
er enhanced feature between the Ca 3s and Ca 3p peaks is
seen in Fig. 2. Since a Ca Auger in the energy region be-
tween the 3s and 3p participator decays is not possible
without involving a valence electron, it is attributed to
the Ca L, ;M, ;V Auger decay.?®

The participator processes are seen as enhancements of
the Ca 3p and 3s photoemission peaks. These enhance-
ments are shown in more detail in the CIS (constant ini-
tial state) spectra in Fig. 3. The CIS spectra represent
cuts parallel to the photon energy axis at the Ca 3p and
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FIG. 3. CIS spectra at the Ca L, ; edge for the Ca 3p and 3s
core levels. At the bottom is also shown the Ca L, ; total yield
spectrum.
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3s binding-energy positions in Fig. 2 and give a measure
of the photon energy-dependent cross section for the Ca
3p and 3s photoemission. The total yield XAS spectrum
at the Ca L, ; edge is shown, for comparison, at the bot-
tom of Fig. 3. These spectra reveal that the enhance-
ments of the Ca 3p and 3s photoemission are strongly re-
lated to the XAS intensity, and demonstrate the high de-
gree of localization of the excited 3d electrons.

Figure 4 shows photoemission spectra, covering the Ca
L, M, ;M, ; Auger region and the Ca 3s and 3p photo-
emission peaks, measured with photon energies corre-
sponding to peaks 4 -D in the Ca L, ; spectrum in Fig.
1(b), i.e., the photon energies at which the cross section
for creating a 2p core hole is largest. These spectra
represent cuts parallel to the binding energy axis in Fig. 2
(plotted on a kinetic-energy scale for convenience while
discussing the spectator decay), and are normalized to the
photon flux. For comparison a spectrum measured off
resonance, above the Ca L, ; edge (356-eV photon ener-
gy), is shown at the top of Fig. 4. The Bi 5d levels at a ki-
netic energy just below the Ca 3p peak may be used as a
guide to the eye when comparing the relative intensities
of the resonating features.”’ From the spectra it is obvi-
ous that there is a strong general enhancement of the Ca
related features at the main absorption peaks.

The occurrence of the Ca 3p participator decay settles
the question about the binding energy, E, =23.2 eV, for
this core level in Bi,Sr,CaCu,0Oyg, which has been subject
of discussion in earlier work® due to the large number of
different core levels in this spectral region. The

NORMALIZED INTENSITY (ARB. UNITS)

300 320

KINETIC ENERGY (eV)

FIG. 4. Photoemission spectra at the Ca L, ; absorption edge
(see text for details). Spectra 4 —D are measured at photon en-
ergies corresponding to the peaks 4-D in the Ca L,; XAS
spectrum in Fig. 1(b), whereas spectrum E is measured at a pho-
ton energy (356 eV) above the Ca L, ; threshold. The spectra
are normalized to the photon flux.
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resonant-photoemission data also provide a value for the
Ca 3s binding energy, E, =41.7 eV. The peak at around
5 eV above the Ca 3s peak is the Sr 4s core level. The
enhanced feature at a kinetic energy slightly below 320
eV seen in spectra B and D is attributed to the Ca
L,;M,;V Auger as discussed above. The most pro-
nounced enhancement is seen for the Ca L, M, M, ;
Auger at a kinetic energy of around 295 eV.

In Fig. 5, the Ca L, ;M, ;M, ; to Ca 3s region of the
spectra in Fig. 4 is shown, normalized to equal peak in-
tensity. First it can be noted from these spectra that
large changes in the spectral line shape of the
L, M, M, ; decay channel occur at the L, ; threshold.
Furthermore, by inspecting the energy positions of the
L,;M, M, ; peaks in spectra C and D (when both spin-
orbit components of the 2p core level are excited) it is
seen that these peaks are slightly shifted towards higher
kinetic energy as compared to the L, ;M, ;M, ; Auger
peak measured above the absorption edge (top spectrum).
This shift can, from the spectra in Fig. 5, be estimated to
2-3 eV (cf. discussion below). A spectator shift towards
higher kinetic energy is expected since a localized 3d
electron will screen the final-state 3p holes. By compar-
ing the spectra in Fig. 5 to similar spectra measured for
CaF,,'? it is found that the spectator shift for Ca in
Bi,Sr,CaCu,0y is about 4-5 eV smaller than for Ca in
CaF,. The smaller spectator shift found in
Bi,Sr,CaCu,0; as compared to CaF, indicates that, even
though the Ca layer in Bi,Sr,CaCu,0; has a local ionic
character as concluded from the Ca L, ; XAS spectrum,
the screening of the normal Auger final state by the
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FIG. 5. The Ca L, 3;M, M, ; Auger region of the spectra in
Fig. 4. The spectra are normalized to equal peak intensity, and
a Shirley background has been subtracted. The small peak on
the high-energy side of the spectra is the Ca 3s core level. In the
bottom spectra the Sr 4s core level at about 311 eV can also be
seen. A calculated atomic Auger multiplet is shown as vertical
bars in spectrum E.
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charge carriers in the surrounding Cu-O, layers must be
quite efficient.

In order to further analyze the line shape of the Ca
L, ;M, ;M, ; decay channel, the atomic Auger multiplet
structure for a 3p* final state has been calculated. The
calculation is  performed wusing an  atomic
multiconfigurational Dirac-Fock program.’! The inter-
mediate coupling scheme gives for this final state a multi-
plet split into 'Sy, 'D, and *P, | , term levels (in order of
increasing energy). The calculated atomic Auger multi-
plet is shown, using relative intensities proportional to
the multiplicities, as vertical bars in the normal Auger
spectrum in Fig. 5 for both the 2p;,, and 2p,,, initial
states, the 3 component at lower energy and the ; com-
ponent at higher energy. The 2p spin-orbit splitting is ex-
perimentally determined to be 3.5 eV. As seen there is
good agreement between the calculated and the measured
peak structure.

In the pure spectator model it is assumed that the only
effect of the 3d spectator electron is to shift the overall
spectrum,*? i.e., the spectator electron does not cause any
additional multiplet effects. Applying this model to spec-
tra A4-D in Fig. 5, taking only the 2 component of the
calculated Auger spectrum into account for spectra A4
and B and both the Z and § components for spectra C
and D, one may fit the main lines 'D, and 3P0,1,2 fairly
well in energy position to structures in spectra A -D.
This procedure would give a spectator shift of approxi-
mately 2—-3 eV, in agreement with the value given above.
In addition to this shift there are strong variations in the
Ca L, ;M, ;M, ; line shape at the Ca L, ; threshold, as
can clearly be seen by a comparison of spectra 4-D in
Fig. 5. These intensity changes cannot be explained
within the pure spectator model, since one must allow for
strong variations in the intensity of the multiplet lines to
get accurate fits to the data. Another possibility, which
has been proposed for CaF,,'? is that the intensity
changes at the low-energy side of the spectra are due to
shakeup or shakeoff processes in which the spectating 3d
electron becomes further excited or ionized during the
L, M, M, ; decay. The applicability of this explana-
tion to some of the structures in spectra C and D will be
discussed below. If the main assumption in the pure
spectator model is not valid, the Auger final state will be
a 3p*3d! state with a multiplet structure containing 28
lines. Such a breakdown of the spectator model in its
mos3t3 simple form has been found for atomic Ar, K, and
Ca.

Finally, it can be seen in Fig. 5 that the main structures
in spectra A and B, marked with arrows, are also found,
although shifted by the spin-orbit splitting, in spectra C
and D, respectively. This behavior, and the difference be-
tween spectra 4 and B suggest that the spectator decays
are equal at the L, and L, thresholds, but that they differ
with respect to the situation where the spectator electron
is in the e, state (spectra 4 and C) or in the t,, state
(spectra B and D). However, it is also clearly seen that
spectra C and D are not simply shifted replicas of spectra
A and B; in C and D additional intensity is found at the
low kinetic-energy side of the marked structures. The
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cross section for directly creating a 2p;,, core hole by x-
ray absorption at the L, threshold is very small [cf. Fig.
1(b)], so it is unlikely that all this additional intensity
arises from a direct LyM, M, ; decay. Furthermore,
any explanation including production of L; holes by
direct photoabsorption seems incapable of explaining the
fact that these extra structures are more intense in spec-
trum D as compared with spectrum C (see Fig. 4).
Another suggestion could be that they arise from shake-
up processes during the L,M,;M,; decay. But such
processes might just as well occur at the L ; threshold and
should then be seen as similar low-energy structures in
spectra A and B. Neither of these explanations of the ad-
ditional low-energy structures in spectra C and D are
thus probable. In order to further analyze this features
we display in Fig. 6 a series of spectra constructed in the
following way: Spectrum 1 is the result of a subtraction
of spectrum 4 in Fig. 5, shifted by the spin-orbit split to
higher kinetic energy, from spectrum C in Fig. 5. Spec-
trum 2 in Fig. 6 is obtained in a similar way, but now
with the use of spectra B and D in Fig. 5. Spectrum 3 in
Fig. 6 is obtained by application of a decomposition algo-
rithm>* to the normal Auger spectrum, yielding the 2p; ,,
related part of spectrum E in Fig. 5. As is seen in Fig. 6
these three constructed spectra are similar with two main
structures at about 295 and 293 eV, indicating that the
additional low-energy structures in spectra C and D are
actually due to an enhancement of the L;M, ;M, ; nor-
mal Auger component at the L, thresholds. This
demands a strongly enhanced probability of creating
2p;/, core holes at the L, threshold, and implies, because
of the above considerations concerning the direct produc-
tion of L; holes, that a Coster-Kronig type of decay takes
place at this threshold. In this process the 2p,,, core
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FIG. 6. Spectra 1-3 display the 2p;,, related part of spectra
C-E in Fig. 5. The spectra are constructed using subtraction
procedures as described in the text, and are normalized to equal
peak intensity.
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hole is filled by a 2p; /, electron giving the energy corre-
sponding to the spin-orbit splitting, approximately 3.5
eV, to the 3d spectator electron. The subsequent decay is
then a normal Ca L3M, ; M, ; Auger decay. In CaF, the
estimated binding energy relative to the conduction band
edge of the 3d electron in the XAS final state is about 3.7
eV,!2 a fact which makes this type of Coster-Kronig de-
cay less probable for CaF,.

IV. SUMMARY

In summary we have by XAS probed the local unoccu-
pied Ca states in Bi,Sr,CaCu,04. The absence of a clear
absorption edge at the energy corresponding to the Ca
2p;,, binding energy in the Ca L, ; spectrum is in agree-
ment with what is expected from band-structure calcula-
tions, and is in contrast to the correspondence of the
XAS onset with the core-level binding energy seen for the
O K XAS spectrum. The crystal-field splitting of the 3d
states in the Ca L, ; spectrum lends further support to
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the notion of an ionic Ca layer in Bi,Sr,CaCu,03. Reso-
nant photoemission at the Ca L, ; edge gives additional
information about the local unoccupied d states for core
ionized Ca. The occurrence of participator and spectator
Auger decays of the Ca 2p core hole shows that the Ca 3d
states are localized in the presence of a 2p core hole. Fur-
thermore, the small spectator shift as compared to CaF,
indicates that the screening at the Ca site provided by the
conducting Cu-O, layers is quite efficient. Moreover,
from the identification of an LM, ;M, ; component in
spectra measured at the L, threshold, it is suggested that
a Coster-Kronig type of decay involving the excited 3d
electron takes place at this threshold.
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FIG. 2. Three-dimensional plot of the photoemission intensi-
ty in the binding-energy range 20-70 eV as a function of photon
energy close to Ca L, absorption edge. The plot is dominated
by the high intensity in the L, ;M, ;M ; emission. The inset
shows the different processes studied in the vicinity of the Ca
L, ; absorption edge. From left to right: the x-ray-absorption
process, the L, ;M, ;M ; spectator process, the 3p participator
process, and the normal 3p photoemission with which the parti-
cipator process is degenerate at the x-ray-absorption threshold.



