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Photoelectron energy-loss study of the Bi2CaSr2Cu208 superconductor
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Using energy-loss spectroscopy of photoelectrons from a single crystal of Bi2CaSr2Cu208, we

show that the electronic structure of the near-surface region is consistent with that of the bulk.
Utilizing the fact that photoelectrons of diff'erent elements are excited at difI'erent locations in the
unit cell, we identify the energy-loss features as due to valence plasmon excitations, and one-
electron excitations by comparing the photoelectron energy-loss spectra of the diff'erent elements.

Since the discovery of the high-temperature supercon-
ductors, electron-energy-loss spectroscopy (EELS) using
high-energy primary electrons has been used to study the
electronic structure of the superconductors. ' In a typi-
cal EELS experiment, the electron-energy-loss features
are caused by electrons that lose some of their energy by
creating plasmon excitations or causing one-electron exci-
tations, which could be either interband or intra-atomic
transitions. Therefore, EELS spectra can provide infor-
mation on the electronic structure of the material under
study.

In this paper, we report an experimental observation of
the energy-loss structures of x-ray emitted photoelectrons
in x-ray photoemission spectroscopy (XPS) data from
well-characterized single crystals of Bi2CaSr2Cu208.
These energy-loss spectra of the photoelectrons, which
have an escape depth of —25 A, show four prominent
features which are consistent with the structures observed
in a loss spectrum of electrons with a much higher pri-
mary energy of 170 keV, which have a probing depth of
—1000 k This indicates that the electronic structure of
the Bi2CaSr2Cu208 compound, as revealed by EELS ex-
periments, is very much the same in the bulk and in the
near-surface region. This increases the credibility of pre-
vious experiments that utilized the surface-sensitive tech-
niques such as photoemission. ' Moreover, further infor-
mation can be gained by use of the fact that photoelec-
trons of the different elements originate from different
parts of the unit cell.

Single crystals of Bi2CaSr2Cu208 were prepared by
mixing powders of Bi203, Sr(C03)2, CaC03, and CuO.
X-ray-diffraction measurements showed an almost pure
phase of Bi2CaSr2Cu208 in the crystals. The supercon-
ducting transition temperature T, was determined by
magnetic measurements to be 90 K. The samples were
transferred into a Varian photoemission chamber through
a fast-lock transfer system and then cleaved in situ. The
orientations of the cleavage plane of the samples were
determined by x-ray diffraction after the photoemission
experiment. The base pressure of the chamber was
1x10 ' Torr. The surface area of the samples varied
from 6 to 25 mm . A Mg x-ray source (1253.6 eV) and a
cylindrical mirror analyzer were used for the XPS mea-

surement with overall energy resolution of 1.2 eV. Be-
cause of the extremely weak signal of the photoelectron-
energy-loss features, it took about 12 h to take one spec-
trum. Even though the data presented in this paper come
from one single crystal, the same results were repeated for
many of the samples we studied.

In order to characterize the single-crystal surface, we
performed low-energy-electron-diffraction (LEED) ex-
periments, which showed that the surface structure is con-
sistent with the bulk structure. As we reported previous-
ly, our LEED patterns exhibit sharp, distinct spots
without streaking, thus revealing a well-ordered single-
crystalline surface. The LEED pattern can still be clear-
ly seen after photoemission spectroscopy experiments even
though the diffraction spots are somewhat fuzzier. This
shows the stability of the sample surface in vacuum. The
orientation of the cleavage plane was determined to be
perpendicular to the c axis by x-ray diffraction and the
terminating plane of the cleaved single-crystal surface was
found to be the BiO plane.

Figure 1(a) presents the 0 ls core level which is a
sharp single peak with a full width at half maximum
(FWHM) of 2.5 eV. This implies that the binding ener-
gies of the 0 ions at the different 0 sites are very similar
so that they cannot be resolved by 1.2-eV energy resolu-
tion. The structure marked S is due to a ghost line of the
unmonochromatized x-ray source. There are weak struc-
tures extending up to 50-eV higher binding energy than
that of the main core level which can be more clearly seen
in the magnified spectrum. These structures arise from
the 0 1s photoelectrons that lose their energy during their
traveling to the sample surface. In essence, this is the
energy-loss spectrum of the 0 ls photoelectrons. We can
distinguish four prominent features in this spectrum,
which are labeled A1, 81, C1, and D1. Their energies
relative to the primary core line are also given in Fig. 1.
Since the electrons traveling in the solid will lose their en-
ergy due to similar mechanisms, we expect to see loss
spectra from the photoelectrons of the other core levels.
Figure 1(b) presents the Bi 4f core level which is a sharp
doublet without any indication of a second component,
consistent with the fact that there is only one Bi site in the
Bi2CaSr2Cu20s compound. The FWHM of the Bi 4f
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FIG. 2. The energy-loss spectra of 0 Is and Bi 4f photoelec-
trons plotted relative to the primary core level. The 0 1s and Bi
4fy2 core levels are matched.
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FIG. l. (a) XPS spectrum of 0 Is core level. The structure
marked S is due to a ghost line of the x-ray source and the weak
structures at higher binding energy are the energy-loss features
of the 0 Is photoelectrons. (b) XPS spectrum of Bi 4f core lev-
el. Again, the structures at higher binding energy are energy-
loss features. In the magnified spectra, the points are experi-
mental data and the solid lines are drawn to guide the eye.

peak is 1.9 eV and the spin-orbital splitting is 5.3 eV.
Similar to the 0 Is spectrum, there are weak structures
extending up to 50-eV higher binding energy, which can
be more clearly seen in the magnified spectrum. These
structures arise from the Bi 4f photoelectrons that lose
some of their energy before they leave the solid. The
energy-loss spectrum of Bi 4f photoelectrons is more com-
plicated since it is created by doublet primary peaks. Five
prominent features are observed in the spectrum which
are marked as A 2, A 2', C2, D2, and D2'.

In order to understand the origin of these structures, we
plot in Fig. 2 both spectra of Fig. 1, shifted so that the 0
Is and the Bi 4f7gq peaks are matched. The energies of
the other features are given relative to the main lines. It is
clear that the features A2, C2, and D2 are at the same
energies as the features Al, C1, and D1, respectively,

which makes it conceivable that they are caused by the
same energy-loss mechanisms. Bearing in mind that the
Bi 4f core level is a doublet with a spin-orbital splitting of
5.3 eV, one expects that the energy-loss spectrum of the Bi
4f photoelectrons is a superposition of two sets of energy-
loss structures of single primary peaks separated in energy
by 5.3 eV. Because the energy separation of feature A2'
(D2') and A2 (D2) also is —5 eV, we conclude that
features A2' and D2' are of the same energy-loss origin as
features A2 and D2, respectively. This figure shows that
feature B, which is very prominent in the energy-loss spec-
trum of the 0 1s photoelectrons, is not observed or is
much weaker in the energy-loss spectrum of Bi 4f photo-
electrons. It should be pointed out that the intensity ratio
of features A 2' and A 2 is not the same as the intensity ra-
tio of the two spin-orbital components of the Bi 4f core
level. The reason for this remains unclear. However, this
will not aA'ect our main conclusion that feature B is not
observed in the Bi spectrum. It should also be noted that
an EELS experiment using high-energy electrons, which
has a probing depth of 1000 A, yields similar energy-loss
spectra with prominent features located at the same ener-
gies as the features A, 8, C, and D.

Summarizing our experimental data, we see four
energy-loss features A, B, C, and D in the loss spectrum of
the 0 1s photoelectrons, but feature B is not observed in
the energy-loss spectrum of the Bi 4f photoelectrons. In
Fig. 3 we sketch our schematic interpretation of the pho-
toemission process from the Bi2CaSr2Cu208 compound.
Since the unit cell of the superconductor is very large and
the cleavage plane is the BiO plane, the Bi 4f photoelec-
trons originate mainly from the first layer in the crystal,
because of the short probing depth and the fact that the
second BiO layer will be —15 A deeper in the crystal.
(Note that the escape depth of the Bi photoelectrons is
about 25 A. ) Therefore, Bi 4f photoelectrons are mainly
created in the top layer so that the loss features A, C, and
D, which are observed in the energy-loss spectrum of Bi 4f
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TABLE I. Energy levels of different elements in the high-T,
compound in eV with respect to EF. Here we do not list the
Cu3d-02p states in the valence and the conduction band. The
asterisk means uncertain experimental values.

Bi-0
Sr-0
Cu -Oq

Ca

Cu -02

Sr-0
Bi-0

Bi-0
Sr-0

Cu -02
Ca

Cu -02

Sr-0
Bi-0

States

Bi Sd
Bi 6s
Bi 6p
Bi 6d
0 2s
SI 4p
Sr 4d
Ca 3p
Ca 3d

'Reference 9.
Reference 10(a).

'Reference 10(b).

Energy levels
(eV)

—28.5, —25.5'
—11 —13'

4-5 (centroid)
above 25

—18*'
—18.5'

——24 +d

8 5d

, Reference 11.
'Reference 12.

FIG. 3. Sketch of the photoemission from Bi2CaSr2Cu208
compound, with the BiO plane terminating the single crystal.

photoelectrons, are associated with one or perhaps two top
atomic layers (i.e., the Bio and Sro planes as shown in

Fig. 3). On the other hand, feature B, which is not ob-
served in the loss spectrum of the Bi 4f photoelectrons but
appears prominently in the loss spectrum of the 0 1s pho-
toelectrons, is clearly not associated with the surface lay-
er.

The assignment of the energy-loss features is not a trivi-
al task. The main channels through which the primary
electrons lose their energies are plasmon excitations or
one-electron excitations. The cross section for creation of
volume plasmons is usually high so that the peak of the
loss function Im( —I/s) usually corresponds to the
volume-plasmon frequency. In the case of YBa2Cu307,
the maximum of the loss spectrum at 25 eV is assigned to
volume plasmons. ' To help identify the one-electron ex-
citations, we list in Table I the relevant energy levels of
the elements involved. Based on Table I and the energies
of features A, 8, C, and D, we find that the following tran-
sitions are the possible candidates for the prominent
energy-loss features observed: Bi 5d ~ Bi 6p, Bi 6s ~ Bi
6p, Sr 4p Sr 4d, Ca 3p Ca 3d, 0 2s 0 2p.

Let us first look at feature 81 at 18.5 eV, which, as we
pointed out earlier, is not associated with the top BiO
plane. We tentatively assign this feature to the volume
partial valence plasmon excitation. [If Cu 3d, 0 2p, and
Bi 6s electrons are assumed to contribute to the electron
density N, a crude estimate with m =m, and c(ee) =1
gives AQ~=A(4m¹ /m)'~ =21 eV.] This assignment
can naturally explain the fact that feature 8 cannot be
seen in the energy-loss spectrum of the Bi 4f photoelec-
trons which are created in the top atomic layer. In this
way, using the fact that the photoelectrons originate from
different parts of the crystal, we gain information which
cannot be obtained by EELS experiments with very high

primary beam energies. It should be pointed out here,
however, that Takahashi et al. reported that the 0 2s level
has a binding energy of 18 eV (as listed in Table I), and,
therefore, it would be possible for the 0 2s ~ 0 2p transi-
tion to occur around 18-19eV. We consider this less like-

ly since the 18.5-eV feature is not seen in the energy-loss
spectrum of the Bi 4f photoelectrons. For otherwise the
Bi 4f photoelectrons would be able to induce this transi-
tion in the oxygen atoms in the top BiO plane, since the
acceptance angle of our experimental setup is very large.

As we pointed out earlier, features A, C, and D are as-
sociated with the Bio and Sro planes. There are two pos-
sibilities for the origin of feature A: (a) It may be due to
the Bi 6s Bi 6p transition, which, according to Table I,
has an energy around —(15-18) eV. (b) It may be due
to surface plasmon excitations. We prefer the second pos-
sibility since Wagener etal. also have observed a 15-eV
plasmon feature in their inverse photoemission data. "
Feature C (-30 eV) may be the Sr 4p ~ Sr 41 transition
because the transition threshold energy is about 30 eV.
However, because of the so-called giant dipole resonance
process, the maximum in excitation cross section could
occur 10-15 eV above the one-electron threshold. "
Therefore, one should be cautious about this assignment.
The other possible origin of feature C is a double plasmon
loss. The argument against this is that its intensity is too
strong, for the intensity ratio of feature C and feature A is
much larger than the intensity ratio of feature A and the
primary peak. Feature D (—35 eV) is tentatively as-
signed to the Bi 5d Bi 6p-02p transitions.

In summary, we report the experimental observation of
the energy-loss structures in the core-level XPS data from
well-characterized single-crystalline surfaces of Bi2Ca-
Sr2Cu208, which we interpret as the results of one-
electron excitations and valence plasmon excitations. The
prominent features observed in the energy-loss spectra of
the photoelectrons are the same as those obtained from
the electron-loss spectra of high-energy primary electrons,
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demonstrating that the information obtained from within
25 A of the surface is consistent with that obtained from
the bulk. Furthermore, because the photoelectrons of
diO'erent elements are excited in diff'erent parts of the unit
cell, we are able to identify the origins of the energy-loss
features by comparing the energy-loss spectrum of the
different elements.
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