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Low-temperature thermal conductivity of single-crystal Si2Sr2CaCu208
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The thermal conductivity a. of a single crystal of superconducting Bi2Sr2CaCu208 has been
measured at temperatures from 0.03 to 9 K. Below 2 K, where x displays a T dependence, the
results agree in both temperature dependence and magnitude with that of a single-crystal super-
conducting YBa2Cu30& —„or HoBa2Cu307 —„, and are remarkably similar to the thermal conduc-
tivity of glasses.

Since the discoveries of high-T, superconducting com-
pounds, '2 a number of studies have been made on their
thermal conductivities. Most of these studies have been
done on sintered materials. Because of differences in sam-
ple porosity (and possibly some other eA'ects), the results
from sintered materials vary considerably from sample to
sample. Although this variation provides evidence that
the thermal conductance is provided mainly by pho-
nons, it has not been possible to extract the intrinsic
temperature dependence of the thermal conductivity. It
is, therefore, desirable to make thermal-conductivity mea-
surements on single-crystal samples. To the best of our
knowledge, only one group has measured the thermal con-
ductivity of single-crystal superconducting samples at low
temperatures. Their results show that the thermal con-
ductivities of single-crystal superconducting YBa2Cu3-
07 — and HoBa2Cu307 „have a T temperature depen-
dence and nearly the same magnitude below 3 K. We find
the same behavior for single-crystal superconducting
Bi2Sr2CaCu20s which belongs to a newly discovered fam-
ily of high-T, compounds. These results suggest that the
T dependence of the thermal conductivity below a few
kelvin may be common to high-T, materials.

The sample was grown by a self-flux method, 7 with ex-
cess copper oxide serving as the flux. The starting materi-
als were high-purity (99.995% or better) Bi203, SrCO3,
and CuO. A mixture of these reagents with cation ratios
2:2:1:2(Bi:Sr:Ca:Cu) was ground in an agate mortar until
no visible inhomogeneities remained. The ground mixture
was placed in a platinum crucible and heated in air in a
box furnace at 980 C for 10 h. This was followed by
cooling in 150 h to 830 C and then to 500 C in 5 h, with
subsequent furnace cooling to room temperature. The re-
sult was a mass of shiny, micalike crystals embedded in a
black flux. The crystals were easily removed from the
mass, and proved to be quite pliable and easily cleaved.
Oxygen annealing was found to substantially improve
sample quality, as exhibited by magnetic measurements
of a sample before and after annealing. This annealing
was performed in flowing oxygen at 600'C for 78 h, fol-
lowed by quenching to room temperature. The sample's
superconducting transition was then characterized with a
superconducting quantum interference device (SQUID)
magnetometer; the results are shown in Fig. 1. The onset
temperature of 84 K and the sharpness of the transition

suggest that the sample is single-phase material. This is
consistent with the observation made by other workers
that crystals in this system tend to form preferentially
with the same stoichiometry as that of the starting materi-
al.

The sample was approximately 0.21 X 1.6&4.0 mm in
size with the c axis perpendicular to the faces of the larg-
est dimensions. Thermal conductivity was measured
parallel to the a-b plane using a conventional steady-state
heat-flow method with two heaters and one thermometer.
Two strain gauges were employed as the heaters, and a
carbon resistor, reduced in size, was used as the thermotn-
eter. ' Thermal contacts between the heaters and the
sample were made with 0.15-mm-diam copper wires. The
wires were welded to a thin copper foil to which the strain
gauges were glued. An insulated, thin copper foil was
placed between the sample and the carbon thermometer to
ensure temperature uniformity. A small amount of
GE7031 varnish was used for attaching the heaters and
the thermometer to the sample, and the sample to a dilu-
tion refrigerator. The absolute accuracy of the measured
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FIG. 1. The magnetic moment divided by applied magnetic

field for the single-crystal sample of Bi2Sr2CaCu208, showing a
superconducting transition near 84 K, measured as the sample
was cooled in a field of 14 Oe.
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thermal conductivity, which is limited mainly by the irreg-
ular geometry of the sample, was estimated to be about
15%.

Figure 2 shows the measured thermal conductivity. Be-
tween 0.03 K and about 2 K, a least-squares fit of these
data to a power law gives x (0.15+'0.02) T
W/mK. Above 2 K, the thermal conductivity increases
more slowly than T . Figure 3 compares the thermal con-
ductivity of BiqSr2CaCu20s with those of single-crystal
YBa2Cu307 „and HoBa2Cu307 „. As can be seen, the
thermal conductivities of these three different materials
have essentially the same temperature dependence and
magnitude.

A low-temperature T dependence of the electronic
thermal conductivity is predicted for superconductors hav-
ing a highly anisotropic energy gap. " However, as men-
tioned above, results on sintered samples suggest that the
dominant heat carriers below 10 K in high-T, materials
are phonons, not electronic excitations. '

A T dependence of the phonon thermal conductance
can arise from the scattering of phonons by electronic ex-
citations, a behavior which can be observed in normal
metals if the contribution to x by electrons is small. ' For
a superconductor with a sufficiently anisotropic energy
gap, such phonon scattering might occur. However,
without any detailed information about the energy gap in
these high-T, materials, it is difficult to judge whether
such a mechanism is applicable.

A T phonon thermal conductance is known to be
characteristic of amorphous solids, and can be very well
described by a phenomenological tunneling model of two-
level systems. ' In brief, all glassy materials that have
been studied show a T dependence in their thermal con-
ductivities below about 1 K, and the magnitudes of their
thermal conductivities vary only within a factor of 5 or so

for different materials. For comparison, we plot the
thermal conductivities' ' of vitreous silica and glassy
Zrp 7Pdo 3 in Fig. 3. As may be noted, the thermal conduc-
tivities of the high-T, materials are remarkably similar to
those of the glasses. It had been previously proposed that
the T behavior of the thermal conductivity of the high-T,
crystals may be phonons scattered from two-level systems,
as in glasses. ' Acoustic measurements support this ex-
planation, showing that the sound velocity changes in
these high-T, materials folio~ a logarithmic temperature
dependence, ' ' which is another characteristic of
glasses. '" Furthermore, in the La-Sr-Cu-0 and Y-Ba-
Cu-0 systems, a linear term in the specific heat is demon-
strated. A linear term has been observed in all glassy
materials studied so far, and is also expected in the tunnel-
ing model of two-level systems. ' Therefore, this linear
term might be associated with the T dependence in the
thermal conductivity. Recent studies report that a linear
term is absent in the specific heat of Bi-Ca-Sr-Cu-0 com-
pounds. ' However, the uncertainties quoted for these
studies would mask a linear term which is smaller than
that of other high-T, compounds, but still of the same or-
der of magnitude as the linear term found in glasses. Of
course, the Bi2Sr2CaCu20s sample is a single crystal, not
an amorphous solid. However, "glassy" behavior has been
documented for a spectrum of disordered crystals.

In summary, we have measured the thermal conductivi-
ty of a single crystal of superconducting Bi2Sr2CaCu20s
compound. The results give a T dependence below 2 K.
Both this temperature dependence and the magnitude of
the thermal conductivity found in this study are close to
those observed in single-crystal superconducting YBa2-
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FIG. 2. The thermal conductivity of the single crystal of su-
perconducting Bi2Sr2CaCu208. The straight line is a least-
squares fit to the data below 1.6 K, and gives v (0.15
+' 0.02) T —' WlmK.

FIG. 3. Comparison of the thermal conductivities of single-
crystal superconducting Bi2Sr2CaCu208, YBazCu307 — (Ref.
5), and HoBa2Cu30q — (Ref. 5) with the thermal conductivities
of vitreous silica (Ref. 15) and a superconducting metallic glass
Zrp 7pdp 3 (Ref. 16, T, =2.5 K).
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Cu307 — and HoBa2Cu30& —„compounds, suggesting
that this phenomenon may be a feature common to all
high-T, materials. The rgechanism which causes this
temperature dependence is unknown, but may be related
to the two-level states found in glasses and in certain
disordered crystals.
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