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INTRODUCTION

We have made high—qguality single crystals of
YBa2Cu3D7_6. With one of them, we have measured the
contribution of thermodynamic fluctuations to the specific
heat near the superconducting transition. With another
crystal, we have observed Raman scattering from
superconducting gap excitations. The "single crystals" of

this material are, of course, heavily twinned.
SAMPLE FPREFARATION

To make the crystals, we employed a flux technique
similar to the one used in the pioneering work of
Schneemeyer et al.[1]. The ingredients were thoroughly
mixed and ground, and were loosely poured into a crucible
of 10.5% yttria-stabilized zirconia. The material was then
heated by stages in air and slowly cooled back to room
temperature. The crucible was crushed in a hydraulic
press, revealing a broad, flat cavity which had formed in
the matrix near the bottom of the crucible. Many crystals
broke away from the cavity walls, and were harvested.
Others were plucked gently from the cavity wall with
tweezers. The crystals typically were 1 or 2 mm on a side
and about 0.1 mm thick; a few had abcut twice that
thickness. Laue backscattering x-ray diffraction disclosed
that the c axis was perpendicular to the largest faces, and
that the lattice constants had the expected values.

Optical microscopy with crossed polarizers displayed the
twinning which we have mentioned. The crystals were heated

and then cooled in flowing oxygen on a wafer of



polycrystalline YBa_Cu,0 The processing is descrihed

78"
in greater detail elsewhere, and the magnetic transiticn is
displayed there as well.[231 This transition occcurs at
approximately 90K; it is very sharp and well shaped. We

have made crystals by our method successfully eight times.
SPECIFIC HEAT MEASUREMENTS

An ac method was used to determine with high
resolution the shape of the specific heat curve in the
neighborhood of the superconducting transition temperature
TC.[ZJ The entire sample, with a mass of about 4600 g,
becomes superconducting in a narrow temperature range. The
shape of the specific heat curve shows the effect of
fluctuations gquite clearly: As the temperature is
increased from below TC, the specific heat curve risss
above a linear dependence, falls sharply and then gradually
agproaches a linear behavior above TC. The ricse above a
linear dependence below TC and the rounding of the curve
above TC are clear indications of thermodynamic
fluctuations. We it the fluctuation contribution to the

specitic heat to the equation

_ -1/2
cC = Ci 1t (1}
where t= (T - T_¥/T (2}
c c
and where the + and — signs in the subscript refer to T>Tc
and T<TC, respectively. According to the theory of phase
transitions, the ratio of C+ to C_ is given by
—-ds2 =
C+/C_ = 2 N, (3)

independent of details such as the spatial anisotropy of
the system. In this equation, d is the dimensionality of
the system and n i1s the number of components in the
superconducting order parameter. The equation for that
ratio is a corrected version of one which can be found in
the literaturel4l].

The shape of the specific heat curve above and bhelow
Tc verifies the temperature dependence given in Eg. (1},
indicating that the material is behaving as a 3-dimensional

system. Putting d=3 in Eq. (3), the experimental value of
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the indicated ratio yields n:

n =7 % 2 4)
This value rules out the standard Landau-Ginzburg
superconducting order parameter, which has 2 components
(the real and imaginary parts of a scalar function of
pesition and time). A possible interpretation of the
result given in EqQ.(4) is that n = 6 and we are dealing
with a p-wave order parameter in an orthorhombic

environment.
RAMAN EFFECT MEASUREMENTS

We made measurements of Raman scattering in one of our
single crystals using polarized light provided by an argon
laser. The measurements were made in a near—-backscattering
geometry, with the incident light polarized perpendicular
to the c¢ axis of the crystal. The scattered light was
dispersed with a triple—stage monochromator, and a liquid
helium cryostat was used for temperature control. A small
power density (roughly 10 w/cmz) was used to minimize laser
heating and to prevent boiling of the superfluid helium
during the low-temperature (3 K) runs. Data were taken at
a series of temperatures up to Tc' Just above TC we
observe strong interband electronic scattering through
interference effects, as seen in an asymmetric “"Fano" line
shape for some of the phonons. This lineshape indicates
Auger-like processes, in which a broad continuum interacts
with a discrete phonon state, providing a "radiationless"
decay channel for the phonon. As the temperature is
reduced below Tc' this electronic scattering changes,
showing a redistribution of spectral weight caused by the
formation of a superconducting energy gap. This gap

formation is indicated by alterations in the background

trering, and in both the damping rates and the peak
positions of the strongly coupled phonons. By comparing
the low—freguency Raman spectra at several temperatures, we
conclude that at T = 2 K a spectral weight representing

about 25% of the normal-state value still remains below the
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gap edge. In other words, the gap edge is spread out
rather than being the discontinuous rise from zero which is
predicted by the BCS theory[S51 and is observed in
conventional superconductors. Thus, a gapless region of
the Fermi surface may be indicated. The good quality of
the sample is indicated by the observed sharpness of the
Raman lines, and by the absence of any phonon structure in
the 470 — 490 cm._1 range of the spectrum; it is in this
range that a mode is observed in YlElazCusD_/,__‘S samples which
are poor in oxygen.[6]1 We observe a softening of a line at
338 cm—l, in agreement with results of Macfarlane et al.[7]
We suggest that this softening results from a repulsion of
the phonon state by the redistributed continuum to which it
is coupled. This indicates that the 28 gap is opening at a
higher energy, providing a lower limit for the gap

parameter of 2A/k TC = 5.2, where k_ is Boltzmann’'s

B B
constant. This value of 2A/k TC is considerably larger

B
than the BCS value of 3.53.
ACKNOWL EDGEMENTS

This work was supported in part by the National
Science Foundation under Grants DMR 85-013446, 86-12860,
84-06473, and 87-15103. One of us {(SLC) was supported on
an IBM fellowship.

REFERENCES
1. L. F. Schneemeyer, J. V. Waszczak, T. Siegrist,

R. B. van Dover, L. W. Rupp, B. BRatlogg, R. J. Cava,
and D. W. Murphy, Nature 328, 601 (1987).

2. J. P. Rice, B. 6. Pazol, D. M. Ginsberg, and
M. B. Weissman, to be published.
3. S. E. Inderhees, M. B. Salamon, N. Goldenfeld,

J. P. Rice, B. G. Pazol, and D. M. Ginsberg, to be
published.

4. S.-K. Ma, Modern Theory of Critical Phenomena.
{Benjamin, New York 1976) pp. 82-93.

5. J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys.
Rev. 108, 1175 (1937).

&, M. Stavola, D. M. Krol, W. Webher, S. A. Sunshine,

A. Jayaraman, G. A. Kourouklis, R. J. Cava, and
E. A. Rietman, Phys. Rev. B 34, 850 (1987).

7. R. M. Macfarlane, H. Rosen, and H. Seki, Solid State
Commun. 63, 831 (1987).

220



