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We report measurements of surface optical phonons on BizSr2CaCuz0s4+s with high-resolution
electron-energy-loss spectroscopy (HREELS). In addition to peaks near 50 and 80 meV (403 and 645
cm™1!), which have been previously observed, our loss spectra exhibit a peak at 26 meV (210 cm™").
Loss spectra were measured at temperatures from 45 to 146 K, and the temperature dependence
of the peaks was found to be weak. The 50 and 80 meV peaks shift to lower frequency by ~1.5
meV over this temperature range. All three peaks are attributed to surface optical phonons. The
identification of particular bulk modes corresponding to the surface modes observed with HREELS

is discussed.

I. INTRODUCTION

In a recent study, Demuth et al.l'?> reported mea-
surements of the superconducting energy gap of
high-temperature superconductors with high-resolution
electron-energy-loss spectroscopy (HREELS). The sam-
ples studied included YBayCuzO7 (Y 1:2:3) and
BiySrpCaCuz0g4s (Bi 2:2:1:2). Although single-crystal
samples were used, qualitatively different spectra were
obtained for measurements on different regions of the
surface. In some areas, a broad asymmetric feature with
a maximum near 55 meV was observed at low temper-
atures. This feature was observed on (5-10)% of the
sample surface on Bi 2:2:1:2 samples and ~ 33% of the
surface on Y 1:2:3 samples, on average. In the case of
Y 1:2:3 samples, the feature was observed to disappear
almost completely above the transition temperature 7T,
and was associated with the superconducting energy gap.

A second type of loss spectrum with two prominent loss
peaks was observed on ~30% of the area of the Bi 2:2:1:2
samples. At a temperature of 22 K, the peaks were found
to be at 55 and 82 meV. The peaks were attributed to
surface analogs of bulk optical phonons. According to
Persson and Demuth,? the different spectra on Bi 2:2:1:2
reflect variations in the surface resistivity with position.
In areas where the gap is observed, the conductivity of
the surface is high, and the surface screens the interac-
tions of the incident electron with the rest of the sample.
In areas where phonons are observed, the conductivity
of the surface is lower, and the electric field of the in-
cident electron penetrates 100-1000. A into the crystal.
The authors suggest that these variations in the surface
resistivity are due to small differences in the local oxygen
concentration.

Several other investigations of the Cu-O superconduc-
tors have been performed with HREELS.3™® Three early
studies®® detected excitations in the range of loss en-
ergies from 50 to 80 meV and attributed these excita-
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tions to vibrational modes involving oxygen atoms. Sub-
sequent to the work of Demuth et al., Li et al.® reported
observation of the energy gap on Bi 2:2:1:2 samples which
had been annealed in oxygen for several days at a pres-
sure of 12 atm. In contrast to the work of Demuth et
al., the feature associated with the gap was observed to
disappear completely above T.. As-grown samples were
found to exhibit weak features at 85-90 meV which per-
sisted above T..

We have measured approximately 15 high-quality Bi
2:2:1:2 single crystals with HREELS, including several
samples annealed in oxygen. For the samples we have
studied, no sign of the gaplike features reported by De-
muth et al. and Li et al. was observed. Instead, we
observe only the second type of behavior discussed by
Demuth et al.: peaks attributable to surface analogs of
bulk optical phonons. In addition to the two peaks seen
by Demuth et al., we observe a third peak at 26 meV.
The temperature dependence of these peaks was mea-
sured at temperatures between 45 and 146 K and was
found to be weak. The assignment of the surface phonon
peaks to particular bulk phonons is discussed in the light
of recent measurements of bulk phonons in Bi 2:2:1:2 with
infrared and Raman spectroscopy.

II. EXPERIMENT

Loss spectra were measured in a conventional ultra-
high vacuum (UHV) chamber with a base pressure of
~5 x 10711 Torr. The HREELS spectrometer used in-
cludes a dual-pass monochromator and a 127° cylindrical
deflection analyzer.” The size of the beam at the sample
is approximately 1 mm X 0.2 mm. The analyzer is ro-
tatable, allowing measurements as a function of the two-
dimensional wave vector parallel to the surface g;. The
measurements reported here were made at g = 0 with
both the incident and scattered angles at 60°. The ki-
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netic energy of the electrons incident on the sample was
3 eV, and the pass energy of the monochromator was 1.5
eV.

The measurements presented here were performed on
two types of Bi 2:2:1:2 single crystals. No difference
between the two types of samples was detected in the
loss spectra. Omne group of crystals was grown from
near stoichiometric melts using a directional solidifica-
tion technique described elsewhere.® These samples were
unannealed and had transition temperatures between 88
and 91 K. The approximate cation composition was
Biy.1Sr; 9Cag.9Cus.00sys. The other group of samples®
was grown using a flux method from a mixture of Bi; O3,
SrCO3, CaCO3, and CuO in the ratio 2:2:1:4. The mix-
ture was heated to 1050 °C in a Pt crucible in air and held
at this temperature for 4 h. The melt was first cooled to
850 °C at a rate of 3°C/h, then furnace cooled to room
temperature. The crystals were annealed in O, at 650 °C
at a pressure of approximately 1 atm for 3 days. These
samples had transition temperatures of ~83 K.

The samples were mounted on Mo stubs with a con-
ductive, silver-filled epoxy.!® They were introduced into
the chamber by means of a load-lock system which al-
lowed samples to be changed without venting the cham-
ber. The stubs were mounted with spring clips on a Cu
block which was soldered to the end of a thin-walled
stainless steel tube. The Cu block was cooled by a
continuous-flow APD liquid helium transfer line. The
temperature of the Cu block was routinely monitored
with a chromel-alumel thermocouple. The temperatures
reported in this work are those of the Mo stubs, which
were determined through tests which compared the ther-
mocouple attached to the Cu block with a second ther-
mocouple attached directly to a stub.

The samples were cleaved in vacuo by pulling off a
stainless steel post epoxied to the top of the sample. In
all, approximately 15 samples were examined. Cleav-
ing was performed at a temperature of 45 K. Initially,
many of our freshly cleaved samples yielded spectra char-
acterized by a narrow, intense elastic peak, and a fea-
tureless background with little or no intensity in the in-
elastic region of the spectrum. Some spectra measured
on the day of cleaving and nearly all spectra measured
on subsequent days exhibited inelastic peaks and a non-
zero, temperature-dependent background intensity. As
discussed elsewhere in greater detail,!! it was later deter-
mined that the featureless spectra were artifacts caused
by a buildup of electric charge either on the sample or
on nearby surfaces. Samples which were mounted care-
fully to avoid exposure of epoxy to the incident electron
beam always exhibited a nonzero background intensity
and inelastic peaks, suggesting that the (nominally con-
ductive) epoxy was the origin of the charging effects. Af-
ter the completion of measurements with HREELS on the
day of cleaving, samples were examined using low-energy
electron diffraction. Sharp diffraction patterns similar to
those which others!? have reported for Bi 2:2:1:2 were
observed.

Data for two samples, which we shall call A and B, are
presented below. The data for each sample were collected
the day after that on which the sample had been cleaved.

12 937

The samples were left in the UHV chamber during this
time. Similar data have been observed for freshly cleaved
samples which have been mounted so as to avoid the
charging problems mentioned above. The data have been
smoothed using a five-point smoothing routine, and the
positions of the peaks were determined by fitting the data
with Gaussian peaks added to a linear baseline.

III. RESULTS

Data for Bi 2:2:1:2 samples A and B are shown as
points in Figs. 1 and 2, respectively. The line connecting
the points serves as a guide to the eye. Figure 1 includes
data at three temperatures from 45 to 146 K. Figure 2
shows a spectrum measured at 45 K in which somewhat
better resolution was achieved. The spectra exhibit two
prominent peaks near 50 and 80 meV. A third, smaller
peak is evident near 26 meV. With increasing temper-
ature, the intensity of the background increases relative
to that of the peaks. The resolution, as measured by the
full width of the elastic peak at half-maximum intensity,
degrades from 8.3 meV at 45 K to 10.3 meV at 146 K for
the spectra in Fig. 1. The resolution for the spectrum in
Fig. 2 is 7.4 meV.

In addition to the three clear peaks, the data provide
evidence which suggests the presence of two other fea-
tures. The first of these is a shoulder on the low-energy
side of the 50 meV peak, seen most clearly in Fig. 2. The
strength of this shoulder varies considerably from sample
to sample, and as a function of temperature on a given
sample, as is evident in Figs. 1 and 2. This variability
could be caused primarily by differences in resolution,
since the shoulder is clearest in the spectra with the best
resolution. Nearly all of our spectra show some sign of
this shoulder. In most spectra, the shoulder is similar in

Intensity (10* counts/sec)
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FIG. 1. The points show electron-energy-loss spectra for
the Bi 2:2:1:2 sample A at (a) 45 K, (b) 83 K, and (c) 146 K.
Peaks near 26, 50, and 80 meV (210, 403, and 645 cm™ ') are
evident. A weak shoulder on the low-energy side of the peak
at 50 meV is also apparent in spectra (a) and (b). Spectra (b)
and (c) have been displaced vertically for clarity. The lines
between the points serve as a guide to the eye.
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FIG. 2. Electron-energy-loss spectrum for sample B mea-
sured under conditions similar to those of Fig. 1 but with
improved resolution. The peak at 26 meV and the shoulder
on the peak at 50 meV are more prominent than in Fig. 1.

strength to those seen in spectra (a) and (b) in Fig. 1.
Thus, there is considerable evidence for a shoulder on the
50 meV peak.

The second possible feature is suggested by the struc-
ture near 63 meV seen in spectra (b) and (c¢) of Fig. 1.
This structure is not apparent in the spectra measured
at 45 K. The structure is also not apparent in data mea-
sured in the temperature range between 65 and 85 K on
other samples. Thus, the evidence for this feature is con-
siderably weaker than that for the low-energy shoulder
on the 50 meV peak. Additional data with improved res-
olution over the entire temperature range shown in Fig. 1
would be of interest to investigate the possible structure
near 63 meV and to study the shoulder on the 50 meV
peak.

The 50 and 80 meV peaks are sufficiently high in en-
ergy relative to the tail of the elastic peak that a single
linear baseline allows a good fit to both these peaks and
the region of the spectrum above 90 meV. By picking an
appropriate linear baseline for each temperature, we have
accounted for the change in the slope of the background
with temperature. The positions of the peaks are 49.8
and 80.8 meV (402 and 652 cm™!) at 45 K, shifting to
48.3 and 79.0 meV (390 and 637 cm™!) at 146 K. The
uncertainty in these positions is £0.5 meV. Thus, both
peaks shift to lower energy by approximately 1.5 meV.

Because of the presence of the tail of the elastic peak,
the linear baseline used to fit the 50 and 80 meV peaks
did not provide a good fit for the low-energy peak near 26
meV. A baseline with a steeper slope was used to fit this
peak, and its position was found to be 26 £ 2 meV. The
larger uncertainty in the position of this peak reflects
the uncertainty in the choice of the baseline. Within
this larger uncertainty, the position of the 26 meV peak
was found to be independent of temperature. The fact
that the 26 meV peak becomes less clear at higher tem-
peratures may indicate that the intensity of the peak
decreases with temperature. However, in view of the
decrease in resolution of the spectra measured at tem-
peratures above 45 K, it is more likely that the 26 meV
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peak becomes obscured by the tail of the elastic peak.
Spectra with better resolution at temperatures above 45
K are needed to clarify the nature of the temperature
dependence which we observe.

IV. DISCUSSION

As mentioned earlier, the peaks we observe near 50
and 80 meV have been observed in a previous HREELS
study.’? Persson and Demuth (PD) attributed these
peaks to surface analogs of bulk optical phonons. The
terminology chosen by PD to describe these modes re-
flects the results of their analysis, which linked the sur-
face modes observed with HREELS to bulk modes pre-
dicted by the lattice dynamic calculations of Prade et
al.1® Other materials, such as ZnO, are known to ex-
hibit surface optical phonons which are closely related to
bulk modes.'* Such surface modes are sometimes called
Fuchs-Kliewer modes. In ionic crystals, the penetration
depth of these surface modes depends on the magnitude
of the two-dimensional wave vector g). Near the edge
of the Brillouin zone, the atomic displacements associ-
ated with the mode are localized in the outermost few
atomic layers. For the conditions of the present study, in
which ¢ — 0, the phonon may penetrate deeply into the
crystal. In keeping with the terminology used by Ibach
and Mills, we will refer to these modes as surface optical
phonons. We agree with PD’s conclusion that the modes
observed with HREELS are surface optical modes. How-
ever, we have reevaluated the correspondence between
these surface modes and particular bulk modes in the
light of recent optical data on the bulk phonon spectrum
of Bi 2:2:1:2. As we discuss below, our assignments differ
somewhat from those of PD.

The simple models for surface optical modes devised
for materials like ZnO are difficult to apply to Bi 2:2:1:2
because of two factors: the anisotropic structure of the
bismuth compound and the high conductivity of its CuO,
planes. To address these complicating factors, PD mod-
eled the superconductor as a semi-infinite sequence of
conducting layers separated by dielectric slabs. The di-
electric function for the slabs included optical phonons
which were assumed to have dynamic dipole moments
oriented perpendicular to the conducting sheets (c-axis
phonons). Phonons with dipole moments oriented par-
allel to the conducting sheets (ab-plane phonons) were
excluded since it was found that in this case, given the
screening of the sheets, unphysically large dipole mo-
ments would be necessary to fit the data. PD used this
model to fit their data for Bi 2:2:1:2 at room temperature,
a spectrum which included peaks at 51 and 81 meV. The
fit yielded transverse optical (TO) phonon frequencies of
37 and 66 meV.

PD found good agreement between the results of their
analysis and the frequencies of bulk optical phonons pre-
dicted by the lattice-dynamical calculations of Prade et
al.'® Prade et al. based their calculations on the use
of short-range repulsive potentials and Coulomb poten-
tials in the framework of the shell model. Using a body-
centered tetragonal (bct) structure for Bi 2:2:1:2, they
predicted a total of 14 infrared-active modes for bulk Bi
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2:2:1:2. Of these, seven modes consist of vibrations per-
pendicular to the CuO, planes. Six of these have Aj,
symmetry and one has B, symmetry. The transverse
optical and longitudinal optical (LO) frequencies of the
Az, modes, listed as TO(LO), are 17.0(17.5), 21.0(21.0),
34.4(34.5), 41.4(59.1), 60.4(61.6), and 63.7(65.7) meV.
We will refer to these modes as w;, wsy, ..., wg, respec-
tively. The modes with higher frequencies correspond
to vibrations primarily of the oxygen atoms, while those
with lower frequencies correspond to motion primarily
of the heavier, metallic cations. These modes may be
grouped into three pairs, where the separation of each
pair is less than the 8 meV resolution of typical HREELS
measurements on Bi 2:2:1:2 samples. PD attribute their
81 meV peak to ws and we, and their 51 meV peak to
w3 and wy. No feature corresponding to w; and w, was
observed in PD’s measurements, presumably because it
was obscured by the tail of the elastic peak.

The analytical framework developed by PD provides
one way of explaining both their data and the new fea-
tures reported here. In this interpretation, the new peak
at 26 meV could be attributed to w; and w,. The shoul-
der on the low-energy side of the 50 meV peak could be
attributed to w3z, which is now partially resolved since
the resolution of the measurement (7.4 meV for Fig. 2) is
close to the 7.0 meV separation of w3 and w,. However,
two considerations argue against this line of interpreta-
tion.

The first difficulty with PD’s interpretation is that sur-
face optical phonons are constrained to lie between the
TO and LO frequencies of the bulk modes to which they
correspond.!” Comparison of the present HREELS data
with the predictions of Prade et al. shows that only the
peak at 50 meV obeys this constraint, lying between the
TO and LO frequencies of of wy. The 80 meV peak lies
well above the LO frequency predicted for wg, and the 26
meV peak lies above the LO frequency of w; but below
the TO frequency of ws.

The second difficulty is that the bulk phonon spectrum
measured for Bi 2:2:1:2 is significantly different from that
predicted by Prade et al. Zibold et al.*® and Liu et al.1®
have measured the bulk vibrational spectrum with in-
frared (IR) and Raman spectroscopy, respectively. Both
these groups found bulk modes at frequencies substan-
tially different from those predicted by Prade et al. Liu
et al. also found several modes not predicted by Prade et
al. These extra modes were attributed to two well-known
distortions of the bct lattice, the orthorhombic distortion
and the superstructural modulation.®

An alternative set of assignments for the surface modes
observed with HREELS is suggested by the IR data of
Zibold et al. These authors measured the reflectance of
Bi 2:2:1:2 single crystals with the electric field of the inci-
dent radiation polarized parallel to each of the principal
crystallographic axes. The range of photon energies stud-
ied was 30 meV to 6 eV. The conductivity was obtained
from a Kramers-Kronig analysis of the reflectance data.
For incident radiation polarized parallel to the @ and b
axes, the conductivity was a smoothly varying function
of frequency, but for radiation polarized parallel to the
c axis, several sharp peaks attributed to phonons were
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observed.1® Zibold et al. fit the conductivity parallel to
the c axis with a Fano-resonance model which included
Lorentzian oscillators for the phonons and an electronic
oscillator representing broadband electronic excitations.
This analysis yielded four prominent phonon modes at
36, 39, 47, and 76 meV. A very weak mode at 59 meV was
also detected. Zibold et al. assigned the mode at 76 meV
to vibrations of the “apex” oxygens (i.e., those oxygens
located between the Bi-O and Cu-O planes) parallel to
the c axis. Hence, the IR mode at 76 meV appears to cor-
respond to the mode wg predicted by Prade et al., which
is dominated by motion of the apical oxygens. Although
Zibold et al. did not assign the other four modes which
they observed, it is reasonable to assign these modes to
four of the five modes w;—ws predicted by Prade et al.,
suggesting that one of these modes was not observed in
the IR measurements.

At least two of the modes observed with HREELS can
be assigned according to their proximity to the corre-
sponding IR modes. The modes we observe at 50 and
80 meV can be associated with the modes observed at
47 and 76 meV in the IR data, respectively. Since the
IR data extend downward in frequency only to 30 meV,
it is unclear whether the IR spectrum includes a mode
near our 26 meV peak. However, noting that one of the
modes predicted by Prade et al. is absent from the spec-
tra of Zibold et al., we propose that mode w; lies below
30 meV. We can then tentatively associate our 26 meV
peak with w;, which primarily involves motion of the Bi
atoms. If the remaining IR modes are matched in order
of increasing frequency to the modes we—ws, our 50 meV
peak would be associated with ws. This mode primarily
involves motion of the oxygens in the Bi-O plane. No
features corresponding to the IR modes at 36, 39, or 59
meV are observed in the present data, but the presence of
weak features at these energies cannot be excluded. Table
I summarizes the frequencies of the modes observed with
HREELS and our proposed assignments. We emphasize
that the assignments we propose are tentative: Zibold et
al. assigned only one of the modes they observed, and
we observe only two surface modes with HREELS over
the range of frequency in which they saw four prominent
IR modes.

The nature of the low-energy shoulder on the 50 meV

TABLE 1. Frequency and proposed assignment of surface
optical modes observed with HREELS on Bi 2:2:1:2. The
infrared frequencies for the corresponding bulk modes from
the work of Zibold et al. are shown for comparison. The
mode designations v1—v3 are used here solely for the purpose
of enumerating the modes observed in the present work.

HREELS IR
Mode Frequency Frequency Frequency Assignment
(meV) (cm™1) (meV)
V1 26 210 Not observed® Bi
Vo 50 403 47 O in Bi-O plane
V3 80 645 76 Apical O

2The infrared measurements did not include frequencies below
30 meV.
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peak observed with HREELS remains unclear, since the
IR data show only one peak near 50 meV. It is possible
that our HREELS measurements have detected a feature
which is either inactive or very weak in the infrared, but
further work is necessary to understand this feature. In
this regard, HREELS measurements with improved reso-
lution would be of interest. The work by Zibold et al. is,
to our knowledge, the first IR study of c-axis phonons in
single crystals of Bi 2:2:1:2. Therefore, it would be help-
ful to have additional IR data, including data at frequen-
cies below 30 meV. An extension of the lattice dynamic
calculations of Prade et al. to include the orthorhombic
distortion and the superstructural modulation would be
of great interest and would help clarify the relationship
between the IR-active and Raman-active modes. The
fact that we do not observe surface modes corresponding
to the IR bulk modes at 36, 39, and 59 meV suggests that
these surface modes are either weak or inactive. Calcula-
tions of the number and relative intensity of the surface
optical modes on Bi 2:2:1:2 would therefore also be of
interest.

The weak temperature dependence of the peaks in our
HREELS data is in qualitative agreement with the results
of other measurements, including the HREELS measure-
ments of PD and the IR data of Kamaras et al.'® Reso-
nant neutron absorption spectroscopy has been used to
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observe softening of a-b plane phonons in Bi 2:2:1:2, but
no such softening was observed for c-axis phonons.2°

V. CONCLUSIONS

We have made measurements of Bi 2:2:1:2 using
HREELS. No sign of gaplike features was observed.
Three peaks were observed and attributed to surface op-
tical phonons. Two of these peaks correspond to those
observed previously by Demuth et al., and one at lower
energy has not been previously observed. The present
data are in good agreement with measurements of the
bulk phonon spectrum with infrared spectroscopy. The
temperature dependence of the peaks is weak in the range
of temperatures studied.
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