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%'e present a far-infrared study of ceramic superconductors of the MBa2Cu307 family with

M Dy, Smg. 5Hoo. q, and Smo, 5Y0.5. Emphasis is placed on the determination of the position of
the superconducting energy gap Eg and its temperature dependence. %e find that for all compo-
sitions studied Es/ksT, =3.2+ 0.3. We also find indications of the temperature dependence of
the gap and discuss the inAuence of the phonon features on the quantitative determination of the

gap position.

The determination of the energy gap and its tempera-
ture dependence are central issues in the fast developing
6eld of high-T, superconductivity. Several recent contri-
butions report results of far-infrared (FIR) and electron
tunneling spectroscop~ in Lai -„Sr,Cu204 (Refs. 1 and 2)
and YBa2Cu307-s. The presence of a gap is concluded
from the characteristic decrease of the FIR reflectance
above a specific energy and from the V-I curves of tunnel-
ing junctions below T,. However, the exact determination
of the gap position is difficult. Tunneling spectroscopy
data only recently started to give converging results. ' "
Difficulties in obtaining clean surfaces in ceramic materi-
als are probably the reason for the wide discrepancy of ex-
perimental results from different groups. Another prob-
lem plagues FIR measurements. Besides the generally
poor quality of polycrystalline samples, the spectral range
where the gap is found overlaps the frequencies of ir-
active phonons, a fact which makes unambiguous inter-
pretation of features in the reflectance spectra difficult. In
addition, rough surfaces lead to Rayleigh scattering which
increases with frequency and lowers the measured re-
flectivity at higher frequencies with a corresponding de-
crease in the sensitivity of the measurements.

The present Rapid Communication reports results of
FIR reflectance measurements of selected samples of the
MBa2Cu307 —s family with M Dy, Smc.5Yc.5, and
Smc 5Hoc 5. The experimental techniques have been de-
scribed elsewhere. The samples were prepared by stan-
dard methods. ' All show a sharp resistive transition at
about 90+ 2 K (92 K onset, 87 K zero resistance) and
have a relatively high reflectance at low frequency (-30
cm ', R ~ 94%), which indicates a rather good quality of
their surface (except for roughness). All samples were
measured "as pressed" without any additional treatment
of the surface.

Earlier studies have shown that replacement of yttrium
by a lanthanide leads to the downshift of the phonon fre-
quency observed at -193 cm ' for YBa2Cu307 s (Refs.
3 and 8) to about 163 cm ', ' thus providing a "cleaner"
access to the interesting frequency range around 200
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FIG. 1. Reflectance spectra of DyBa2Cu307-~ between 50
and 600 cm '. Thin arrows indicate phonon features, thick ar-
row indicates the gap energy region at low temperature.
Theoretical fjIt marked t is shifted down, for clarity purposes, by
20% with respect to the experimental data.

cm ' where the gap seems to appear. It is also expected
that in mixed crystals of Smo.5Yc.58a2Cu307 —s the pho-
non associated with the vibration of the M ion' should
"smear out" thus making the gap region more accessible
to precise measurements, in particular of its temperature
dependence.

In Fig. 1 we show the reflectance spectra of DyBa2-
Cu 307—s at 300 and 10 K. The increase of reflectance
below 200 cm ' at low temperature is evident. In fact,
the main increase takes place between 90 and 40 K.
Above and below this temperature range, the low-
frequency spectra remain practically unchanged. Thin ar-
rows in Fig. 1 indicate phonon features. Their assign-
ments have been presented elsewhere. '3'4 It is shown
below that at 10 K the low-frequency phonons, below 200
cm ', correspond to dips in reflectance, while those above
250 cm ' correspond to peaks. This is not the case at 300
K where all phonons peak "up." As shown below, such
behavior at low temperature is a direct consequence of the
presence of a superconducting gap. Similar changes with
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T in the phonon spectra have also been observed in FIR
studies of MBa2CuiO7 —s with M Y, Nd, Sm, Eu, Gd,
Tb, Ho, and Er. '3' The spectra for the Sm05Yo. s and
Hop 5Y05 compounds look very similar to the one present-
ed in Fig. 1, only the phonon line at -163 cm is much
weaker for the Sm-Y sample, due to the mentioned smear-
ing out in mixed crystals.

Standard ways of determining the position of the ener-

gy gap in superconductors include the analysis of the
temperature dependence of the surface impedance (or
reflectance) in the proper frequency range's and also the
fit of the experimental results to model calculations based
on the Mattis-Bardcen' theory of electromagnetic wave
absorption in superconductors. Both approaches have
been used here.

In Fig. 2 the low-T reflectance of the Smo.5Y05 sample
divided by that at 100 K is plotted for several tempera-
tures between 90 and 10 K in the 150-240 cm ' frequen-
cy range. Features at 175 cm ' are due to changes in
phonon peaks with temperature. Note the characteristic
decrease of reflectance below the "normal" state value
above about 200 cm '. Note also that the frequency (en-
ergy) at which the reflectance crosses the value at 100 K,
which corresponds to the ratio of 1 in Fig. 2, is tempera-
ture dependent and decreases with inereusing tempera-
ture. The energy E,(T) divided by E,(0) is displayed
versus reduced temperature in Fig. 3. Data for the
Sme.5Hoa. s sample are within experimental errors the
same as for Y0.5Sme.5. The solid line in Fig. 3 corresponds
to the theoretical prediction of the Es(T) dependence in
the BCS theory. 's Although in an ideal Bardeen-
Cooper-SchrieS'er (BCS) superconductor the gap energy
would show up as a maximum of the ratio of supercon-
ducting and normal-state reflectances, ' in the present
case the phonon lines make an unambiguous determina-
tion of such a maximum difficult. Therefore E, may be
treated as an approximate upper bound of the Es value.
In the same sense E,(T) gives only a rough indication of

the temperature dependence of the gap. Still, our results
for the Sm05Y05 and Sm05Hoos sample suggest a much
steeper temperature dependence of the gap close to T,
than the standard BCS theory. These results are in agree-
ment with recent NMR work for Y in YBa2Cu30q —s
(Ref. 19) which shows that the nuclear-spin relaxation
rate drops much faster near T, than prediced by the BCS
theory, thus suggesting that the number of unpaired elec-
trons available for the spin-spin relaxation process drops
very fast immediately below T,.

Collins er al. 9 have recently studied the temperature
dependence of the FIR reflectance of YBa2Cu307 —s
oriented films and bulk polycrystalline samples. They re-
ported no evidence for a reduction of the gap very close to
T,. We notice that in YBa2Cu307 s phonons related to
the vibration of the Y atoms lie very close to the low-T
gap energy thus making the analysis of spectra more
diflicult than in the case of lanthanide compounds.

In order to obtain quantitative information about the
position of the gap we fit our reflectance spectra using a
model dielectric function for the superconductor. We as-.
sume the extreme dirty limits of Mattis and Bardeen's
equation of the dielectric function for the superconductor
and standard Lorentzians for the phonons. s At 0 K such a
model allows us to fit our reflectance spectra provided we
assume that some part of the sample remains nonsuper-
conducting (but metallic) to the lowest temperatures.
Such an assumption is supported by Meissner effect mea-
surements which indicate that -20% of the sample
remains paramagnetic. A Drude contribution is assumed
for this nonsuperconducting component. Following the
approach used already by Thomas et al. ,

5 we introduce a
simple form of the composite medium theory. With
Es 215 cm ', and the f, fraction of the superconduct-
ing phase equal to -O.S we obtain the fit shown in Fig. l.
Other parameters of the fit are shown in Table I. Note
that the fit reflects well the main features of the spectrum
and clearly shows the inversion of phonon features at en-
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FIG. 2. Low-temperature re8ectance spectra of Yo.qSmo. q- Ba2Cu307-~ between 150 and 240 cm ', normalized to the 100 K spec-
trum. The drop of the lo~-temperature reficctance, at approximately 200 cm at 10 K, is interpreted as a manifestation of the gap.
Features at -175 cm are due to changes wth temperature in phonon peak position. Insets sho~ lour-temperature reflectance be-
tween 50 and 600 cm ' and the temperature dependence of the dc resistance.
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FIG. 3. Energy, E,(T), at which the low-temperature
reAectance drops to its 100 K value plotted vs temperature for
Yp.58mp. 5882Cu367-g and Dyaa2cu307-g. The energy 18 sho%vn

in E,(0) units, the temperature in T, units. For comparison, the
picture also shows the normalized E~(T) ss predicted by the
BCS theory (solid hne).

TABLE I. Parameters used for the 6ts of Fig. 1 to the mea-
sured reflectance spectra at T 10 K. The par'ameters change
little ~ith temperature except for the width of the phonon
No. 2. Fit parameter (DyBa2Cu307-g): Eg 215 cm ' (plas-
ma frequency 8000 cm '), T, 90 K (relaxation rate 7000
cm '), f, 0.8 (dielectric constant 4).

Phonon
Frequency

(cm ')

150
163
230
270
303
567

Halfwidth
(cm ')

5.0
4.5 (10 K)/9.0 (300 K)

35.0
25.0
20.0
25.0

Oscillator
strength

1.8
0.6
1.0
1.2
0.9
0.1

ergies below the gap. The 6t also yieMs phonon linewidths
and confirms the conclusion that the halfwidth of the
phonons at 150 cm ' and —163 cm ' are a factor of
4-5 smaller than those near 270, 300, and 570 cm
Additionally, the linewidth of the phonon at 163 cm de-
creases between 300 and 10 K by a factor of 2, while the
width of the phonon at 150 cm ' remains almost un-
changed. There are several contributions responsible for
these linewidths. Normally, the phonon lifetimes are
determined by an anharmonic decay due to multiphonon
processes which should be strongly temperature depen-
dent. In a normal metal, an additional weakly

temperature-dependent decay process might occur by
means of electron-hole excitations across the Fermi level
if the transition-matrix elements allow this. 2' In a super-
conductor, however, there are restrictions to the latter
processes: they are only effective for phonon energies
higher than the gap. This may account for the sharpening
of the 163 cm ' phonon in the superconducting state with
respect to that at 300 K (Table I).

A phonon at 163 cm ' has been attributed to the vibra-
tion of Dy atoms and at 150 cm ' to vibrations of the Ba
atoms. The distance ra, between Ba atoms and
CuzO(II)O(III) planes, where free carriers seem to be lo-
calized, 2 is significantly larger than the distance between
these planes and Dy atoms rD„Des.cribing in the simplest
approach the electron-phonon interaction by a Coulomb
potential U~ Zsr/rsvp, where M Ba, Dy, and Zsr is 2e
for Ba and 3e for Dy, we obtain the ratio of
(UD„/Ua,) 4.2 for decay rates of the Dy and Ba vibra-
tions. Moreover, each Ba atom has only one neighboring
Cu2O(II)O(III) plane while Dy has two, Also the vibra-
tional amplitudes of each Ba atom have a factor of
( —,

' ) ', because of eigenvector normalization. This gives
additional factors to the interaction potentials, yielding
finally a decay rate order of magnitude smaller for the Ba
vibrations than for those of Dy. Hence, we would not ex-
pect to see any effect of the superconducting transition on
the Ba-related vibrations, in agreement with our experi-
ments. This gives additional support to the hypothesis
that

superconductivity
occurs in the Cu20(II)O(III)

planes. z

Finally, the large anisotropy of the electronic proper-
ties922 might cause different decay of the phonons with
eigenvectors either parallel or perpendicular to the
copper-oxide planes.

We have also attempted to fit the temperature depen-
dence of the reflectance spectra. For that we assumed a
temperature dependence of the superconducting fraction
as f,(T) f, (1 -r ), where t is the reduced temperature
T/T, . Such a fit still requires temperature-dependent
electronic relaxation rates and plasma frequencies (also
below T, ). While such dependence cannot be discarded, 23

its origin is, at present, not clear. Comparing the fit for
300 K with an experiment, we find also a discrepancy in
the overall slope of the spectrum. In a recent study of
far-infrared properties of sintered La~ s5Sr0.15Cu04 ~,
Sulewski, Noh, McWhirter, and Sievers24 have proposed
that such a deviation from the Drude conductivity can be
attributed to the predominantly two-dimensional charac-
ter of the carriers leading to a frequency-dependent relax-
ation rate. A two-dimensional ansatz indeed improves
our fit. " This may be also a further indication of the an-
isotropy of electronic properties in MBaqCu307 b, in
agreement ~ith recent 6ndings.

In conclusion, we have studied the far-infrared re-
fiectance spectra of MBa2Cu307 b superconductors with
M Dy, HO-Y, Ho-Sm. In all materials investigated eve

6nd an energy gap at about 200-230 cm ' which is con-
sistent with the values reported for YBa2Cu307 —s,
The shape of the low-T spectrum can be 6tted with a stan-
dard model based on the BCS theory. '7 We also find indi-
cations of the temperature dependence of the gap.
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