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Low-energy excitations in Cu-0-based superconductors with
electron-energy-loss spectroscopy
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We have investigated the ability of high-resolution electron-energy-loss spectroscopy to contrib-

ute to the understanding of the Cu-0 superconductors. Our results do not show temperature
dependence attributable to the superconducting transition, perhaps in part due to high surface
sensitivity. A strong loss feature at 50 meV appears to be due to phonon modes, involving oxygen
in the Cu-0 planes, that have a strong dipole moment.

Much of the effort to understand the electronic proper-
ties of the new high-temperature superconducting materi-
als has been directed towards the low-energy ( & 1-eV)
excitations. From these excitations, information may be
gained about the nature of the carriers, interactions of
phonons and electronic excitations with these carriers that
may be responsible for superconductivity, and the ex-
istence and magnitude of the superconducting gap. The
techniques of tunneling, infrared reAectivity, Raman spec-
troscopy, and valence-band photoemission have all been
applied to this study. As the quality and understanding of
these materials has improved, these results have become
more consistent. Nonetheless, the transport properties are
not yet understood.

With the availability of moderate-size single crystals,
and the increased understanding of successful surface
preparation, it has become possible to use another tech-
nique, high-resolution electron-energy-loss spectroscopy
(HREELS). While this technique is more susceptible to
surface eff'ects than the optical techniques, it has the ad-
vantage of sensitivity to longitudinal-optical modes
and to small differences from unity reAectance. The latter
diff'erence is important to spectroscopic detection of the
gap. We report here the results of a study of single-
crystal Bi2Sr2CaCu20s and YBa2Cu307 —„. These results
have considerable variation, apparently due primarily to
surface conductivity variation, but show some interesting
features which we will discuss in the context of studies
by other techniques. In particular, a strong vibrational
feature is observed and attributed to optical phonons, in-
volving oxygen in the Cu-0 planes, that show strong di-
pole moment. No consistent temperature dependence as-
sociated with superconductivity was observed.

The experiments were performed on single-crystal sam-
ples of Bi2Sr2CaCu20s and YBa2Cu307 „,' which were
cleaved in vacuum. The surfaces of the Bi2Sr2CaCu20s
samples were characterized using low-energy electron
diffraction (LEED) and spectroscopic ellipsometry. The
LEED results indicated good crystalline character, includ-
ing the long-range modulation that exists in these materi-
als, similar to LEED results previously reported. The
optical measurements gave results similar to those of bulk
ceramic samples, and showed no indication of a loss of
surface conductivity. These Bi2Sr2CaCu20s samples
have also been used in photoemission studies of the tem-
perature dependence of the valence band at the Fermi lev-

el, giving results that have been confirmed by other
groups. These characterizations thus support the ex-
istence of superconducting material at or near the surface
in these samples. Gur optical characterization of the
YBa2Cu307 „crystals revealed that the cleaved surfaces
were oxygen deficient, even when cleaved in air, due to
lower oxygen content inside the crystal than at the sur-
face. The optical spectra correspond to a value x —0.7,
which is a nonsuperconducting composition; even though
the uncleaved surfaces showed high oxygen coinposition
and high critical temperature. These samples therefore
give us the opportunity to contrast the energy-loss-
spectroscopy (ELS) spectra of superconducting and non-
superconducting compositions.

The samples were attached to a copper sample holder
with conducting epoxy. The samples were mounted on
narrow sample holders to minimize background signal,
due to the small size of the samples, —1 mm . The holder
and samples were then painted with acquadag to minimize
problems with contact potentials. Measurements were
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made with a Leybold-Heraeus ELS-22 spectrometer, us-
ing primary energies of 4-20 eV. Most spectra were tak-
en with 8-eV electrons, where reAectivity seemed relative-
ly high, as suggested from higher energy-loss spectra.
The resolution was better than 15-meV full width at half
maximum (FWHM). Spectra were obtained from three
Bi2Sr2CaCu208 samples and three YBa2Cu3O7 —„sam-
ples.

The results of a room-temperature cleave on Bi2Sr2-
CaCu208 are shown in Fig. 1. Features include sharp
peaks at 50 and 75 meV, and a broad tail extending to 500
meV with possible structure at 150 meV. A broad peak
centered near 800 meV was observed immediately after
the cleave. This may correspond to the plasmon loss
observed by transmission electron-energy-loss measure-
ments. This peak was not observed in later spectra, how-
ever, suggesting a change in the surface conductivity.
However, we also did not observe the structure on later
low-temperature cleaves, so the feature may have been
due to some other surface variation. No clear dependence
of the lower-energy features on primary energy was ob-
served, and attempts to take spectra in oH'-specular
geometries were frustrated by the small surfaces, which
permitted significant oQ'-specular signal to come from the
sample holder. After about 10 h, the feature at 75 meV
and much of the strength in the tail were gone, suggesting
that they are surface excitations that are removed by con-
tamination. By contrast, the 50-meV peak remained, in-
dicating that it is more intrinsic to the bulk structure of
the material.

We cleaved the second and third samples at 35 K; see
Fig. 2. No sharp features were initially observed on the

cold surface spectra, which only showed a broad foot on
the elastic peak. After the second sample had been
brought above 100 K, the 50-meV peak was observed.
This intriguing temperature dependence was reversible,
but not with good consistency, so we believe it to be due to
temperature-dependent changes in sample position. This
is particularly critical for the small surfaces. Our results
on both the second and third samples, as well as the
YBa2Cu307 — samples, did not show the 50-meV feature
until the initial cleave had been heated above 100 K, so it
is possible that the appearance of this feature is related to
an irreversible change in the surface. The feature was still
present the following day after warming to room tempera-
ture, again indicating a lack of sensitivity to contamina-
tion.

We must also consider the possibility that the feature is
due to contamination. The fact that the most likely con-
taminant to show a vibration in this energy range is oxy-
gen makes such a distinction quite difficult. The immedi-
ate appearance of the feature on room-temperature
cleaves suggests that if it is due to surface oxygen, the ox-
ygen probably comes from the material, either as evolved
oxygen or as the original surface atoms with modiied sur-
face bonds.

At higher energies, two broad features centered around
150 and 370 meV are observed. Since the signal for these
features is very weak, we compared the spectrum due to
nonspecular reAection from the acquadag-coated holder
and found that it shows similar structure. Therefore, we
are unable to draw conclusions from this part of the spec-
tra.
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FIG. 1. Electron energy-loss spectra of Bi2Sr2CaCu208
cleaved at room temperature, immediately after cleaving and 10
h later. The primary energy was 8 eV and the electrons were in-
cident at, 60' from the surface normal.
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FIG. 2. Electron energy-loss spectra from Bi2Sr2CaCu208
cleaved at 35 K, and after warming above 110 K. These spectra
are representative, but the intensities of the features showed
significant variation in the course of our experiments.
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Finally, the third surface gave somewhat different spec-
tra. Again, the initial 35-K surface gave a broad foot and
no sharp structure. However, even after the sample had
been heated to 160 K, there was only a weak feature near
55 meV, which was often obscured by the loss tail. The
temperature dependence of this tail and peak was again
inconsistent, suggesting that it was dependent on small
changes in sample position. The most interesting point
seems to be the change in the position of the sharp loss
peak. This sample was also the only one not to show the
feature at 50 meV at room temperature after being al-
lowed to warm up overnight.

Considering the sensitivity of energy-loss data to small
differences from unity re6ectance, we searched for evi-
dence of the opening of the superconducting gap in our
spectra. No evidence was found. More subtle evidence
might be revealed by subtracting the background due to
the elastic peak, but unfortunately our results still show
too much variation in peak width and shape, apparently
due to surface variation and the small irregular facets
which complicate focus. We cannot exclude the possibili-
ty of observing the gap on larger surfaces of extremely
high quality.

In our spectra, the only clearly identifiable feature that
seems intrinsic to the material is the 50-meV peak. The
existence of such a feature for both the Bi2Sr2CaCu208
surfaces and the low-oxygen YBa2Cu307 — surfaces sug-
gests that it is not directly related to carrier concentration,
as with a plasmon. We thus compare the spectra obtained
by infrared refiectivity and Raman spectroscopy in order
to consider a vibrational origin for the figure.

The vibrational features of Bi2Sr2CaCu208 have re-
ceived the most study by Raman spectroscopy. " These
results show that the 50-meV feature is within the energy
range of several vibrational excitations. The excitations in
this energy range have been associated with modes that
are dominated by motion of oxygen atoms along the crys-
tal c axis. While this technique probes non-dipole-active
modes, the spatial separation of the oxygen atoms across
the Ca atom at the inversion center suggests that the
dipole-active Davydov partners to these modes should
have similar energies. "

Most of the effort to study Bi2Sr2CaCu20s by infrared
spectroscopy has involved refiectance from crystals with
the light polarized in the a-b plane. ' Such refiectivity is
dominated by the free carriers which cause heavy screen-
ing of the phonons. Some ir results on polycrystalline,
less-oriented samples show weak features due to vibra-

tions, including one near 50 meV (400 cm '). ' Recent
results on highly oriented YBa2Cu30s4 allowed studies
with polarization both perpendicular and parallel to the c
axis. ' The low-oxygen content reduced the conductivity
so that screening was also reduced. These results revealed
a transverse-optical mode near 45 meV. Calculations of
the loss function (I/e) from these data indicated a sub-
stantial splitting between the longitudinal and transverse
modes, consistent with a strong dipole moment.

Considering these results, and calculations of vibration-
al modes for Bi2Sr2CaCu20s, " we attribute the 50-meV
feature to vibrations of oxygen atoms. Because of the
similarities in the spectra for the two types of samples, it
seems likely that the mode involving the oxygen in the
Cu02 planes is very important. The calculations also
show substantial energy splitting between the LO and TO
modes, suggesting high oscillator strength. The energy of
such a feature in the HREELS spectrum is expected to be
between the LO and TO modes due to the I/(a+I)
dependence of the surface loss. The strength of this exci-
tation may also be enhanced relative to the ir measure-
ments due to lower conductivity and screening at the sur-
face. This is consistent with the fact that the feature
seems to be stronger after the sample has been heated
somewhat, a treatment that has been shown to result in
lower-conductivity surfaces in YBa2Cu307 — . '

The difference between the third Bi2Sr2CaCu208 sam-
ple and the others may suggest a difference due to the
orientation of the sample. The spectra that showed the
strongest 50-meV feature were obtained by scattering the
electrons along the direction of the long-range modulation
of the crystal. This was not the case for the third sample.

In conclusion, we have used HREELS to study the
low-energy excitations of the Cu-0 superconductors. We
are unable to see a temperature dependence related to su-
perconductivity, although this may be possible with better
surfaces. No new excitations suggest themselves as causes
of the superconductivity. Vibrational structure near 50
meV is consistent with optical spectroscopy, and is associ-
ated with movements of oxygen atoms in the Cu-O planes.
The intensity of this structure appears to vary with sur-
face conductivity, due to screening. Our results indicate
that the phonon mode has a substantial long-range dipole
interaction.

We are grateful to P. A. Morris and W. A. Bonner for
their efforts in growing the crystals necessary for this ex-
periment.
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