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%e have measured the electrical resistivity, thermal conductivity, and speci6c heat of a series
of high-temperature superconducting compounds of the form RBa2Cu307, with R Y, Eu, Gd,
Dy, and Er. Our results show that the aforementioned physical properties are virtually identical
for all samples considered. In particular, the molar specific heats are identical to within 2%
and exhibit Debye-type behavior. %e observe a nearly constant thermal conductivity above T„
but a rather sudden increase develops as the temperature is lowered belo~ the critical tempera-
ture. The electrical resistivity is nearly linear in the normal state. Thermal and electrical con-
ductivities indicate that for T & T„the predominant electron scattering mechanism is due to pho-
non interactions. Using the electrical resistivity data and the %'iedemann-Franz law, we estimate
the magnitude of the electronic component of the thermal conductivity to be an order of magni-
tude smaller than the measured thermal conductivity. %'e thus conclude that heat transport is
predominantly by phonons. The enhancement of the lattice conduction below the critical tempera-
ture is understood as a reduction of carrier-phonon scattering as electrons condense into Cooper
pairs. This lends support to standard Sardeen-Cooper-Schrieffer-type phonon-mediated supercon-
ductivity. An estimate of the superconducting transition temperatures is made using the
electron-phonon coupling constants and Debye temperatures deduced from the data which bracket
the observed T, quite well. %e discuss the thermal conductivity at very low temperature in terms
of a phonon mean-free path limited by pores in the samples.

INTRODUCHON

The exciting technological promise of the new high-
temperature superconductors has given birth to a gigantic
effort in investigating, both experimentally and theoreti-
cally, their properties. While a wealth of data already ex-
ists on the composition dependence, critical fields, energy
gap, structure, etc., of these compounds, a clear picture of
what mechanism is responsible for their high transition
temperatures has not yet been formed. Central to this
question is whether these materials are standard Bar-
deen-Cooper-Schrieffer (BCS)-type superconductors,
i.e., whether the electron-phonon interaction is large
enough to support the high transition temperatures ob-
served to date. Early indications, based on the apparent
absence of a copper or barium isotope effect' and the non-
saturation of the high-temperature resistivity, 2 suggest
the existence of a carrier coupling mechanism not due to
the lattice alone. Recent observations of a small oxygen
isotope effect, ' on the other hand, lend support to a BCS-
type explanation for superconductivity in these com-
pounds. Thus it is safe to say that the question of the
mechanism governing superconduction in these systems is
still up in the air.

One of the most useful probes for determining interac-
tions between carriers and ~honons is the thermal conduc-
tivity. In a recent report, we showed that phonons are
indeed scattered strongly by electrons in Y-Ba-Cu-O, and
that the scattering decreased significantly when the car-
riers condensed into superconducting pairs. This observa-
tion has recently been confirmed by others. An interest-

ing question is whether this interaction is changed in any
way by the substitution of a rare-earth element for yttri-
um in the lattice. Here we report our observations of the
electrical resistivity, thermal conductivity, and specific
heat of a series of rare-earth barium-copper-oxygen super-
conductors, and we present quantitative information on
the strength of the electron-phonon coupling and how it
depends on the composition of the material.

EXPERIMENT

Samples were fabricated according to the standard re-
cipes, the details of which we have presented in an earlier
report. The integrity of the resulting material was inves-
tigated using both chemical and x-ray analysis. In Table I
the composition of each sample is presented, and Fig. 1

shows an x-ray diffractogram of each sample as well as an
x-ray spectrum calculated from the expected atomic posi-
tions. The conclusion is that, with the possible exception
of the Er-based compound, our samples are at least 90%
1:2:3phase.

The transport properties were measured using a closed-
cycle helium-4 cryostat capable of reaching 8 K. Thermal
conductivity data on one yttriuin-based sample were taken
down to 2 K using a liquid-helium cryostat. The heat-
capacity measurements &&ere performed on a Perkin-
Elmer model DSC-2 differential scanning calorimeter
(DSC) in the temperature range 240-490 K. The type of
measurement being performed determined the geometry
of the sample. For electrical resistivity measurements,
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TABLE I. Measured parameters of RBa Cu~07. R represents the rare-earth component, x the barium fraction, y copper fraction.

p~ and p, are the measured and expected mass densities, and r is the porosity. A is the impurity resistivity and 8 the temperature
coeScient of resistivity; rr (T & T, ) is the measured thermal conductivity above the transition temperature.
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Y
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90.0

Pm

(gem ')

3.83
4.48
3.69
2.72
3.01

7.02
7.07
6.97
6.37
7.12

0.46
0.37
0.47
0.57
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samples were cut from a pressed disk into ~arallelepipeds
of approximate dimensions 1 x2X15 mm . These were
glued over an insulating layer of cigarette paper onto the
cold head using GE 7031 varnish. Current and voltage
probes were 40 gauge copper wires attached with a small
drop of silver paint. In order to ensure Ohmic behavior of
the contacts, the measuring current was varied between 1

and 100 mA, with only a few percent change in the resis-
tance. The current was then fixed at 10 mA for the
remaining measurements. The cold-tip temperature was
controlled using a Lakeshore model 520 temperature con-

troller in conjunction with calibrated platinum and
carbon-glass thermometers.

Because the thermal conductivity of these compounds is
rather small, it is advantageous, as far as heat conduction
experiments are concerned, to have a rather short, fat
sample in order to maximize heat conduction through the
sample relative to heat losses. Thus we used samples of
nominal dimensions of 3 x 5 & 10 mm for thermal conduc-
tivity measurements. Details of the measuring technique
are given in our earlier report. Briefly, one end of the
sample was glued to the cold tip, and a small metal film
heater was attached on the free end. The temperature
difference across the sample as heat flowed through it was
measured with a Chromel-constantan thermocouple. In
the low-temperature (2-6 K) measurements, the thermo-
couple was replaced by a pair of calibrated germanium
resistance thermometers which have an accuracy of better
than 0.5 mK in this temperature range.

Each DSC sample, a rectangular slab weighing from
115 to 185 mg, was placed in a small aluminum pan which
was mounted in the calorimeter sample holder; an almost
identical empty aluminum pan was mounted in the DSC
reference holder. The specific-heat measurement was per-
formed by scanning the temperature at 20 K/min over the
range of interest while monitoring the excess power re-
quired to maintain the sample temperature equal to that
of the reference. This power curve was then corrected for
differences in the thermal characteristics of the two
aluminum pans by removing the sample form its pan and
repeating the sean. The resulting empty pan power curve
was then subtracted from the sample curve to yield a
corrected differential power curve proportional to the
specific heat. The proportionality constant was obtained
from a determination of the melting enthalpy of indium.
The accuracy of this method was verified by measuring
the specific heat of sapphire; the results agreed with litera-
ture values to ~ithunn 1% in our temperature range.

Theory
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FIG. 1. DiAractoraeter scan of Ave superconducting oxides,
and that calculated from atomic positions.

Figure 2 exhibits the resistivity of Ave samples as a
function of temperature. %e see that the resistivity is ap-
proximately linear ~ith T domain to about 120 K, at which
point it begins to drop precipitously as the samples begin
to superconduct. Table I shows the zero-resistance tem-
perature (Tn) for each sample. Also shown in this table is
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quite strongly by phonons as well as defects in this tem-
perature range. In order to gain an estimate of the rela-
tive contributions of these to scattering mechanisms, ~e
wrltc thc total lcslstlvlty of each salllplc, accol'dlllg to
Matthiessen's rule, as
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FIG. 2. Resistivity as a function of temperature for 6ve sam-
ples studied.
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the porosity, which is given by

r 1-p /p, ,

where p is the measured density of the sample and p, the
expected density as calculated from the unit-cell dimen-
sions. We see from Fig. 3 that the resistivity of these ma-
terials increases with porosity. This is to be expected be-
cause a more porous sample has a smaller effective cross
section through which charge carriers can pass. We will
see below that the porous nature of these materials affects
significantly the degree to which heat is conducted
through them as well.

The hnearity of the electrical resistivity above the tran-
sition temperature of each sample as well as the large
magnitude of p suggest that charge carriers are scattered

with A a constant and 8 dp/dT. The first term is the
resistivity due to scattering by defects and impurities, and
the linear term arises from phonon scattering. Fitting this
equation to the data gives the parameters A and 8 listed
ill TablC I.

Our thermal conductivity results are summarized in

Fig. 4. All samples show the same general trend: At high
temperature the thermal conductivity is nearly constant,
but as the samples become superconducting the thermal
conductivity is enhanced before reaching a peak near
55-60 K and falling off at lower temperature. Because
these compounds are metallic, heat can be conducted by
both lattice vibrations and charge carriers. In most nor-
mal metals, thermal conduction by electrons far exceeds
that of phonons due to the high charge density. To gain
an estimate of the magnitude of the carrier thermal con-
ductivity Ir, in the compounds studied here, we make use
of the Wiedemann-Franz law, which states that, if the
scattering of charge carriers is elastic, then

'cP L,OT

where Lo (z /3)(ka/e)2 2.45&10 s VlK 2. If the
carriers are not scattered totally elastically, this formula
gives an upper limit to the carrier thermal conductivity.
Our estimates of x, at 100 K using this formula are given
in Table I, along with the actual saturation value of the
thermal conductivity at high temperature (T)T, ). We
see that the electronic component is at most only 10% of
the total measured thermal conductivity, and in most

l t t l t I t ~ I 1 l t l

o o
0

0 0 O aeoo EU

~ + ~ ~ ~ ~ Dy

10

i L I l

00 00 0O
~

0
I5}'0 0 00

Er
0 0 0

g 0 ~O~yyg~,~ 0 ~ Oy ~
C7 2 ~ ~ 0yI ~ 0'P,e+ Gd

o ~

(}

054 I I I I I I I I I I I I I

0 20 00 60 80 100 't20

TEMPERATURE (K }

140

1 POROSIT Y

FIG. 3. Resistivity at 120 K as a function of sample porosity.

FIG. 4. Thermal conductivity vs temperature for 6ve samples
investigated. Note that the vertical axis for each sample has
been displaced one unit for clarity.
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FIG. 6. Molar speci6c heat of 6ve samples as a function of

temperature in the range 230-490 K. Note that the vertical
axis for each sample has been displaced for clarity.

FIG. 5. Thermal conductivity vs temperature down to 2 K for
YBaqCu307 sample. The bold line indicates T' dependence.
The inset sho~s the data around T, on a linear scale to em-
phasize the anomaly.

cases significantly less. Thus nearly all of the heat is be-
ing conducted by the lattice. The thermal conductivity
well below the transition temperature for one sample of
YBaqCu307 is shown in Fig. 5; we find that in this temper-
ature regime tr-T .

Figure 6 represents the molar specifi heat for all five
samples in the temperature range 240-490 K. Each curve
was obtained by multiplying the measured specific heat
per unit mass by the formula weight, as given in Table II.
The molar specific heats so obtained are found to vary by
only + 2% between the different rare-earth constituents.
Values of the Debye temperature derived from the fit of
the Debye function to the specific heat are listed in Table
III. The high-temperature limiting values of our fit to the
Debye function, Coo, are compared in this table to the
theoretical Dulong-Petit value 3ntkq, where n~ is the num-

ber of ions per mole. The ratio Coo/3n;k~ is about 1.4, im-

plying that the Debye function accounts for approximate-
ly 70% of the total specific heat. We speculate that the
remaining 30% of the specific heat measured in this tem-
perature range could be related to spin waves, optical pho-
nons, or stretching and bending modes of the copper-
oxygen chains.

MSCUSSION

As mentioned above, the linear temperature depen-
dence of the resistivity is suggestive of scattering of charge
carriers by phonons. On the other hand, the temperature
independence of the lattice thermal conductivity above the
transition temperature can really be understood if the
phonons are scattered mainly by electrons. To see why
this is so, we use the simple formula given by Ziman
which relates the lattice thermal conductivity to the elec-
trical resistance due to phonon scattering:

~pp, uh/T -(ks/e)'(no)

TABLE II. Speci6c heat of RBa2Cu307. Cgg is the high-temperature limit from a 6t to the Debye
function, and 3n~kg is the theoretical Dulong-Petit value. C~ is the measured speci6ic heat at 300 K.

R Atomic weight, R (amu) Molecular weight (amu) C00/3n;ka C~ (Jmol 'K ')

Y
Eu
lod

Dy
Er

88.9
152.0
157.3
162.5
167.3

666.0
729.1

734.4
739.6
744.4

1.35
1.37
1.38
1.38
1.36

277.5
284. 1

282.2
284.3
279.3
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Here no is the number of electrons per unit cell. Using

p, rh BT, this becomes simply

x~ -kg'/(e'n(8),

which is constant, in good agreement with the experimen-
tal observation for T)T,. Using the measured values of
the thermal conductivity above the transition temperature
and the parameter 8 given in Table I yields values for no
for each sample. These are presented in Table III. From
the density and atomic weight of each compound we
deduce the electron density, which, as shown in Table III,
is in the range (0.4-1.3)X10~' cm 3. This compares
favorably with Hall-effect data on La-Sr-Cu-O, and is
small compared to normal metallic materials. The excel-
lent fit of L~ and p is the basis for our argument that
electron-phonon interactions are very important.

Accepting, then, that the lattice thermal conductivity in
the normal state is limited by carrier scattering, it is easy
to understand the sharp increase of the thermal conduc-
tivity below the critical temperature. Electrons (or holes)
which have become bound into Cooper pairs are no longer
allowed to exchange energy with lattice vibrations. The
lattice conduction therefore rises as more and more elec-
trons are removed from the "normal" electron gas. Such
behavior has been observed in lead alloys. '

From our estimate for the carrier density and the
phonon-limited resistivity p, ~h, we can estimate the
electron-phonon scattering time. We have

(p, .ph)
' -ne'r, ph/~',

where r, .~h is the electron-phonon scattering time and m
the electron effective mass. Taking rn as equal to free-
electron mass and the values of n deduced above, this
yields the values of r, ~h given in Table III, as well as the
phonon-limited mobility p, ~h er, .~h/m . We see that
the electron-phonon scattering time is very short, indica-
tive of strong coupling between the two systems. Lead, for
instance, which has a "high" critical temperature of 7.2
K, has an electron-phonon scattering time of about 10
s. Thus it appears that, if the superconductivity in the ox-
ide compounds is indeed mediated by phonons, it is not a
standard BCS system but a strongly coupled one. While
these extremely short electron scattering times are incom-
patible within the framework of effective mass and relaxa-

tion time, our argument for electron-phonon coupling is
not based on the Boltzmann equation, but on the relation
between x~ and p, which is essentially a count of the num-
ber of electron-phonon collisions.

In fact, we can estimate the size of the electron-phonon
coupling constant from the scattering time. The lowest-
order variational solution of the Bloch-Boltzmann trans-
port equation yields"

fs/rg-ph 2' g phkg T

where A,, ~h is the electron-phonon coupling constant.
From our deduced scattering times, we calculate A, ~h for
each sample (Table III). Since X, ~h & 1, we are in the
strong-coupling limit. In this case, the critical tempera-
ture is given approximately by

'

T, -8Dexp[ —(I+X, ph)/(X, .pg
—p')),

where 8D is the Debye temperature and p is a dimen-
sionless number which characterizes the strength of
electron-electron interactions. It is given by'2

where No is the density of electron states on the Fermi
surface and V, the matrix element of the Coulomb in-
teraction. We have no knowledge of any information on
the size of p . We note, however, that, in the free-
electron approximation, EF 0.2-0.4 eV for our samples,
and kg8D 0.04 eV; thus, In(EF/kq8D) & 1 even in our
sample with the lowest carrier density, and p* never
exceeds 1. To gain a rough estimate of T„weuse our
values of X, ~h and 8g, and allow p to vary between its
extreme values of 0 and 1. This produces the range of
critical temperatures given in Table III. Clearly, the mea-
sured Debye temperatures and the electron-phonon cou-
pling constant as deduced from our data are large enough
to produce a critical temperature in the range of that ob-
served, regardless of the value assigned to p . Even if, as
has been suggested'3 from a comparison of the magnetic
susceptibility and the specific heat, m is five times the
free-electron mass, values of T, up to 100 K can be ob-
tained. This lends support to a strongly coupled electron-
phonon-mediated superconductivity in these compounds.

We return now to Fig. 5 and a discussion of the thermal
conductivity below 6 K. As mentioned earlier, we find

TABLE III. Calculated parameters for Raa2Cu307. r, is the estimated carrier thermal conductivity at 100 K, no is the number of
electrons per unit cell, n is the number density of electrons, i, ph is the electron-phonon scattering time, p -ph is the phonon-limited
electron mobility, X,, ph is the dimensionless electron-phonon coupling constant, and eg is the Debye temperature from a fit to the
specific heat.

Gd
Dy
Eu
Y
Er

1.98
1.97
1.93
2.01
2.03

3.05
3.06
2.92
3.11
3.05

(Wcm ' K ')

0.00064
0.00058
0.00033
0.00024
0.00016

0.42
0.34
0.34
0.17
0.23

1.3
1.2
1.0
0.4
0.6

&e-ph(to-" s)
Pe -ph

(cm~V 's ')

40
3.0
2.4
6.0
6.0

T, (cate)
(K)

116-176
81-157
52-144

149-187
151-189
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that in this temperature range x —T . The simple kinetic
formula

relates the phonon thermal conductivity to the phonon
specific heat c~, the phonon velocity v, and the phonon
mean free path L. Since the specific heat for YBa2Cu307
has been observed to be cubic in temperature in this tem-
perature range, ' the cubic dependence of x~ suggests that
the mean free path L of the phonons has become constant.
It is natural, therefore, to suggest that at low temperature
phonons scatter from the boundaries of the pores present
in the crystal. In the case of a constant phonon mean free
path, the lattice thermal conductivity is given approxi-
mately by

'5

(2x kgL/155 U )T

If the phonon wavelength is less than the pore diameter d,
and specular reSection of phonons at the surfaces is as-
sumed, the mean free path is given by

'

L 0.59d/r .

Thus the lattice thermal conductivity is given by the ex-
pression

xp (1.19' kid/15k U r)T
We can fit this expression to our data using d as an adjust-
able parameter. From the measured value of the porosity
r and phonon velocities as given by Migliori, Chen, Alavi,
and Gruener, '7 we find for our sample d -5000 A. This
compares well with the average pore diameter as observed
with a scanning electron microscope (see Fig. 7). We note
that the magnitude of our thermal conductivity is less
than that measured by other workers. 5's This we believe
to be due to the smaller grain size and higher porosity of
our samples. The porosity affects the thermal conductivi-
ty in two ways: First, it provides internal boundaries from
which phonons can scatter (this is, in fact, the effect we
have just discussed); and second, it reduces the effective
cross section for transport. Zaitlin and Anderson'6 have
shown that for porosities in the range of those found in our

CONCLUSIONS

We have measured the electrical resistivity, thermal
conductivity, and specific heat of a series of high-
temperature superconductors of the form RBaqCu307,
with R Y, Eu, Dy, Er, and Gd. The porous nature of the
material affects both the electrical resistivity and the
thermal conductivity. The electrical resistivity has a large
temperature-independent component associated with scat-
tering of charge carriers by pores, and a small linear com-
ponent due to phonon scattering. The thermal conductivi-
ty is due almost entirely to lattice vibrations, and at high

0.1
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samples, the thermal conductivity can be reduced by as
much as a factor of 4. We believe that this effect can ac-
count, to a large degree, for the discrepancy of results for
different groups. Another possible reason for the
difference in magnitude of x for different groups is the
composition of the sample. In Fig. 8, we show results of
thermal conductivity measurements on three samples of
different phase: a sample of YBa2Cu307 of almost perfect
1:2:3 phase, a nonsuperconducting sample, and a super-
conducting sample which is rich in CuO. We see that this
last sample has almost an order of magnitude higher
thermal conductivity than the 1:2:3 sample, and also
shows a smaller anomaly at the transition temperature.
We believe this is due to the fact that the superconducting
phase, which is responsible for the anomaly at T„occu-
pies a smaller volume fraction in this sample, and the
thermal conductivity is enhanced by the copper-rich phase
which also reduces the porosity and provides better
thermal contact between the grains.
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FIG. 8. Thermal conductivity of three di6erent phases of Y-
Ba-Cu-O.
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temperatures is limited by carrier scattering. A sharp in-

crease in tr~ below the critical temperature is attributed to
the ehmination of phonon-electron scattering in the super-
conducting state. The electron-phonon scattering time
calculated from the thermal conductivity and electrical
resistivity is on the order of 10 ' s, implying strong cou-
pling between the two systems. Electron-phonon coupling
constants deduced from this scattering time together with
Debye temperatures derived from a St to our speci5c-heat
data are used to calculate the expected transition temper-
atures based on BCS theory in the strong-coupling limit.
The resulting critical temperatures so deduced are in the
range of those observed of all compounds. This, in and of
itself, lends strong support to, but does not strictly imply,

BCS-type superconductivity in these compounds. The
thermal conductivity at low temperatures ( & 6 K) is lim-
ited by phonon-pore scattering, and an estimate of the
pore diameter correlates well with that observed in scan-
ning electron microscopy measurements.
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