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The thermal conductivity and electrical resistivity of ErBa2Cu307 q and YBa2Cu307 q sintered com-
pounds have been measured to investigate the electron-phonon interaction in the vicinity of T, in these
materials. The thermal conductivity was measured using the transient-plane-source technique. With the
electrical-resistivity data and Wiedeman-Franz law, the magnitude of the free-carrier component of the
thermal conductivity has been estimated to less than 15% of the measured thermal conductivity. The re-
sults in the normal state are interpreted in terms of two models. The first model is the ordinary
electron-phonon transport theory applied to high-T, superconductors, and the second model is the
Bardeen-Rickayzen-Tewordt (BRT) theory of the lattice heat conduction in high-T, superconductors.
Both models suggest that the electron-phonon coupling varies from moderately weak to strong coupling
depending on characteristic parameters of the considered material such as oxygen content, porosity, T,
value, AT„etc., all of which are directly related to the purity of the investigated samples. Furthermore,
using this transient technique a dramatic increase of the thermal conductivity is observed belov T, and
the experimental results are in reasonable agreement with the prediction of the generalized BRT theory,
adapting a weak coupling with scaled-BCS-gap formalism for the moderately-weak-coupling sample and
a strong coupling s-wave-pairing formalism for the strong-coupling sample.

INTRODUCTION

The interpretation of the thermal and other transport
properties of high-temperature superconductors is intri-
cate, since even assuming a conventional boson-exchange
mechanism for the superconductivity one cannot use the
simple BCS formalism. The reason may be due to the
fact that the data are consistent with a moderate to
strong coupling.

Two different approaches were used previously to esti-
mate the carrier-phonon coupling constant A, from the
electrical resistivity and thermal conductivity data in the
normal state. The first one is the ordinary electron-
phonon transport theory applied to high-T, superconduc-
tors, and the second one is the Bardeen-Rickayzen-
Tewordt (BRT) theory of the lattice heat conduction.
The results are, however, rather inconsistent, in some
cases when using BRT theory under the same assump-
tions (weak-coupling and s-wave pairing states) one ob-
tains weak coupling but with an order of magnitude
difference in the coupling strength between crystals and
sintered samples. On the other hand the application of
the electron-phonon transport theory on a sintered sam-
ple leads to quite a strong coupling with a A. value much
higher than Il. One possible explanation of this diversity
may be due to experimental inconsistency such as poor
definition of the investigated samples or the experimental
technique used.

Although most of the reported data from thermal con-
ductivity measurements of the high-temperature super-
conducting materials —polycrystalline' or single
crystal —exhibit a common behavior of increase of
the thermal conductivity below T„the agreement be-

tween the absolute values of the thermal conductivity for
similar compounds is rather moderate. This may be due
to poor definition of the investigated samples in terms of
common characterization parameters such as the oxygen
content and the degree of porosity for polycrystalline
samples. These factors are likely to affect the magnitude
as well as the temperature dependence of the thermal
conductivity of these materials. Polycrystalline (sintered)
samples should preferably be carefully characterized as
far as the above-mentioned two factors are concerned. It
seems that this is the only way to reach agreement on
how to describe the behavior of the investigated materi-
als. The new information from studying sintered samples
should be related to their thermal behavior, which may
lead to different A, values depending on their characteris-
tic parameters, in contrast to the pure crystals where the
nature of the coupling is expected to be of the same type.

The ideal experimental situation in case of materials
exhibiting variations in porosity and the content of
different constituents is to determine the different macro-
scopic parameters (in this case electrical resistivity and
thermal conductivity) for the same sample. If this is not
possible, one should preferably use samples made from
the same batch, a procedure adopted for the measure-
ments presented in this work. This procedure made it
possible for us to properly relate the electrical resistivity
and thermal conductivity and then estimate the coupling
between electrons and phonons, which appeared to be
neither weak nor very strong, but it depends on the
characteristic parameters of the sample.

For the study of thermal conductivity the new tran-
sient plane source (TPS) method has been introduced and
a rapid rise in the thermal conductivity below T, was ob-
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served. While the behavior of the thermal conductivity
above T, follows a familiar pattern, the increase below T,
is very rapid. The commonly used steady-state technique
gives an increase of the thermal conductivity in sintered
samples of approximately 15 k over an interval of about
40 K below T, . Qur results, however, show a much more
rapid rise of the thermal conductivity, which may be at-
tributed to a larger phonon contribution in the heat con-
duction below T, for this type of samples.

In our measurements care was taken not to increase
the temperature in the sample more than 0.1 K (which
corresponds to an average temperature gradient of 0.02
K/mm) with a view to map any temperature dependence
if the measurements would indicate a rapidly varying
thermal conductivity. With temperature differences
across the sample of the order of degrees one would
definitely smear out the temperature dependence by refer-
ring to the actual measured values. If an experimental
method does require temperature difference of the order
of degrees, which is not uncommon for the steady-state
methods, it is important to remember that the experimen-
tal values should be viewed as mean values over the tem-
perature difference used in the actual recordings. More-
over, according to Uher the accuracy of the longitudinal
steady-state technique, so far used for determination of
the thermal conductivity of the superconducting com-
pounds, seems to be affected by radiative heat losses
down to 200 K.

An advantage of the TPS method is that the thermal
radiation into the surroundings from the sample boun-
daries are eliminated, since the transient recording is ter-
minated before the thermal wave reaches the boundaries.
The only influence from thermal radiation in these exper-
iments is coupled to possible radiative processes inside
the sample material. This radiation process is present
also when using the steady-state technique.

A further advantage of the rather small temperature
increases in the relatively large samples is the possibility
of substantially reducing the convective heat mecha-
nism. ' It has been suggested that this mechanism is re-
lated to the temperature gradient across the sample, and
it has been proposed that this should be adopted as an ex-
planation of the increase of thermal conductivity below
T'

EXPERIMENT

The thermal conductivity k of YBa2Cu3Q7 Q and
ErBazCu307 s superconducting compounds was mea-
sured between 77 and 295 K using the recently developed
transient plane source (TPS) technique. " The technique

is an extension of the known transient hot strip' ' (THS)
method. The experimental arrangements for the TPS
method are rather simple. A disk-shaped TPS element
with the approximate dimensions 0.07-mm thickness and
an effective diameter of 20 mm is placed between two cy-
lindrical pieces of the sample material. In the present
work each piece had a diameter of 28 mm and a thickness
of 10 mm. The size of samples used for the thermal con-
ductivity measurements was in fact the largest reported
for this kind of measurements.

When measuring the thermal transport properties at a
particular temperature, the sample is left in the cryostat
until all temperature gradients have disappeared. After
having achieved isothermal conditions in the sample, a
constant current pulse is passed through the ele-
ment while simultaneously recording the voltage
(resistance/temperature) increase in the element. The
TPS element is used both as heat source and temperature
detector.

The technique is based on a three-dimensional heat
flow inside the sample, which can be regarded as an
infinite medium by limiting the total time of the transient
recording. The different pieces of apparatus involved in
these measurements are given elsewhere. ' In addition to
the thermal conductivity, it is also possible to extract in-
formation on the thermal diffusivity from the measured
data although with a slightly lower accuracy.

The measurements of the electrical resistance were per-
formed by the standard dc four-point method with a
measuring current of 20 mA corresponding to a current
density of 0.45 A/cm, and the samples for these mea-
surements were made from the same batch and cut from
smaller pellets (13-mm-diam) in the form of paral-
lelepipeds with dimensions given in Table I.

The samples were prepared using the solid-state sinter-
ing technique. YzO3, Er2Q3, CuO, and BaCO3, 99.99~o
pure oxides, were mixed and ground in an agate mortar.
The mixture was calcined as loose powder at 900 C in air
for 20 h and then cooled to room temperature in air. The
black powder was reground and sintered again in 920'C
for 20 h and then cooled to room temperature in air.
Again the powder was reground and pressed into pellets,
sintered for 20—24 h at 940+5 C, and the sample was left
to cool in air till the furnace reached room temperature.
Finally the furnace was heated up to 400+5'C and kept
at this temperature for another 48 h in oxygen atmo-
sphere, and the whole arrangement was left to cool down
to room temperature.

The oxygen content was determined by the wet chemi-
cal method, and the results are 5=0.01 for the Y-based
sample and 5=0. 12 for the Er-based sample. The x-ray

TABLE I. The characterizing parameters for both samples. D and D, are the corresponding mea-
sured and calculated densities, r is the porosity, 2 is representing the defect and impurities resistivity,
and a is the temperature coefficient of resistivity (for more details see text).

Sample
D D,

(g cm ) (g cm ) r
Dimensions

(mm')
To AT, T, A a
{K) (K) (K) (mO cm) (pQ cm K ')

YBapCu3
ErBa2Cu306 88

5.08
5.4

6.36
7.13

0.20 4.40X4. 3 X 1.0 85
0.24 4. 86X4.3X1.0 82

1.2 91.5
4 87

0.049
1.43

4.42
3.97
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analysis showed a single-phase orthorhombic structure
0

with the following unit-cell dimensions: a =3.821 A,
b =3.887 A, c =11.68 A for the Y-based sample and
a =3.890 A, b =3.817 A, c = 11.648 A for the Er-based
sample.

RESULTS

The resistivity measurements are shown in Fig. 1.
Both samples show a sharp superconducting transition.
The width of the transition b, T, (defined as the 10—90 %
transition), the midpoint of the transition r, and the zero
resistance temperature To are all given in Table I. The
electrical resistivity at higher temperature in the normal
state for both samples increases linearly with tempera-
ture. The onset temperature of the linear behavior is
around 100 K. A slight deviation from linearity is ob-
served around 210 K for the Y-based sample, which is
particularly interesting, since a similar deviation has been
reported elsewhere.

The thermal conductivity data in the vicinity of T, are
shown in Fig. 2. At T, there is a net change in the slope
of the curve for both samples, with a very dramatic in-
crease near T, . This observation, as far as the size of the
increase is concerned, is in contrast to a series of earlier
measurements, where only an increase of approximately
10—20% has been reported (see Discussion). Moreover,
to assure the validity of this increase we have evaluated
the data by using extreme constrains in the computation-
al procedure and the result is that the scattering from the
mean values is less than 5%, except for specific points
where the possible deviation from the mean is indicated
by the bars in the figures. Figure 2(a) indicates that the
thermal conductivity for the Y-based sample increases
with increasing temperature above T, and then decreases
slowly up to room temperature. Figure 2(b) shows a
slight steady increase of the thermal conductivity for the
Er-based sample for T )T, up to room temperature. The
Y-based sample has reasonably higher values of k as is
expected from the porosity values, however the upturn of
k just below T, is less sharper than for the Er-based sam-
ple.
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Since the electrical resistivity above T, is relatively
large and varies linearly with temperature, which sug-
gests that the scattering of the charge carriers can be
mainly by phonons in this temperature range,
Matthiessen's rule may be used to fit the resistivity data
to a straight line. The slope of this line a will give an es-
timation of the resistivity change due to scattering by
phonons. At the same time, the intercept 3 is an estima-
tion of the scattering by impurities and defects. The
values of a and A are given in Table I.

The samples have been prepared by grinding, pressing,
and sintering processes, which involve nondetermined
stresses and creation of voids. Thus a characterizing pa-
rameter such as porosity should be defined for the investi-
gated samples. An estimation of the porosity can be
determined using the following formula:

r =1—(D /D, )

where D is the measured apparent density of the sample
and D, is the calculated density based on the atomic
weights of the constituting atoms and the dimensions of
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FIG. 1. The temperature dependence of the electrical resis-
tivity of both samples. At higher temperature the electrical
resistivity increase linearly with temperature having a higher
slope for the Y-based sample.

FIG. 2. The thermal conductivity data of (a) YBa&Cu30699
and (b) ErBa&Cu306 88 against temperature, ( A ) represent the
carrier contribution to k as indicated by the inclined arrows, the
vertical arrows indicate the corresponding T, 's.



B. M. SULEIMAN et al. 48

the unit cell. The r values are also given in Table I. It
should be noted that the Er-based sample is more porous
than the other sample, and therefore it has more voids or
less conduction channels for the carriers, which leads to a
higher resistivity. Higher porosity also influences the
thermal conduction by phonons, since voids serve as
scattering centers for phonons and take up a fraction of
the heat conduction volume of the material leading to a
lower thermal conductivity.

DISCUSSION

To interpret the thermal conductivity behavior in the
vicinity of T, in connection with the linearity in the elec-
trical resistivity behavior of the high-T, oxides in general,
one may assume the validity of Mathiessen's rule and ex-
press the relative contributions of the carriers conduction
k, and lattice conduction kL to the total thermal conduc-
tivity as

k=k, +k, . (2)

Assuming an elastic scattering, an upper limit to the car-
riers thermal conductivity in the normal state can be cal-
culated using the Wiedemann-Franz law.

k, =L,,Tp

where I.o =2.45 X 10
An estimation of k, is also shown in Fig. 2. It should

be noted that the estimated k, values do not exceed 15%
of the total thermal conductivity in the relevant tempera-
ture range. Thus the largest contribution to the total
thermal conductivity above T, seems to be due to lattice
conduction.

The sharp upturn of the measured thermal conductivi-
ty and the further increase for T (T, may arise from the
decrease in scattering of phonons by carriers as they con-
dense into superconducting pairs. This would cause a
faster increase of kI, which predominates the decrease in

k, leading to a net increase in the measured thermal con-
ductivity.

Even though our observation of the rapid rise of the
thermal conductivity [amounting to k (78 K)/k (200
K)=1.8 for the Y-based sample and k(78 K)/k(200
K) =2 for the Er-based sample] has been verified via the
specific heat (C) values, which may be estimated from the
formula CD =k/~, where ~ is the thermal diA'usivity, it
still might not be possible from these measurements to
give a definite physical meaning to this rapid increase. It
is worth mentioning at this point that a rapid increase in
k has been reported recently by Yu et al. ' for untwinned
YBa2Cu3O7 & single crystal, which has a rise at the peak
amounting to k, (50 K)/k, (200 K) =2.8, and they attri-
bute this efT'ect in the superconducting state to the elec-
tronic contribution of the Cu-O plane. It should be noted
that the viewpoint adopted in Ref. 15 is unlike the com-
mon scenario that attributes the thermal conductivity
enhancement in the superconducting state to the phonon-
ic contribution. The role of phononic contribution in the
enhancement of k below T, is formally predicted by the
BRT theory for high-T, superconductors and also

justified by thermal conductivity measurements of
YBa2Cu307 & single crystals in a magnetic field. ' Like-
wise, the analysis of our data turns out to be in the favor
of this common scenario because it leads to a good agree-
ment with the predication of BRT theory.

In order to estimate the phonon-electron interaction
strength of the above compounds, we have used two ap-
proaches: The first one is applying the model usually
used for metals in the vicinity of T„where the phonon-
phonon scattering is relatively small. This approach and
similar analysis was previously done by Her emans
et al. , and, in principle, we are following their heuristic
arguments. The second approach is the Bardeen-
Rickayzen-Tewordt' ' (BRT) theory of the lattice con-
duction in high-T, superconductors, up to 180 K.

Based on the linear behavior of the electrical resistivity
and the relatively weak temperature dependence of kL in
the normal state, we have used the first approach in the
vicinity of T, at 100 K, where the onset of the linear
resistivity behavior begins. Where it may be assumed
that the phonons are mainly scattered by carriers, follow-
ing the procedure of Heremans et al. we estimate the
value of electron-phonon interaction strength by exploit-
ing the model usually applied to metals.

We may start by estimating the number of electrons
per unit cell n, in the normal state from the relation be-
tween the lattice thermal conductivity and the electrical
resistivity

kLp/T~(k~/e) (C/C, „)(1/n, ), (4)

where p is the carriers mobility. Then from p the
carrier-phonon scattering relaxation time ~, I, can be cal-
culated by considering the eQ'ective mass m ~ to be equal
to the free-electron mass and using the relation
p =e ~, „/m . The above calculated parameters at 100 K
are given in Table II. The obtained values for n and ~,

„

still suggest that we may consider the behavior of the car-
riers as free carriers and not localized ones.

In spite of the fact that the primary argument in this
approach is not based on Boltzmann equation, but in or-
der to estimate the magnitude of carrier-phonon coupling
constant A,,„,we further use the lowest-order variational
solution of Bloch-Boltzmann equation from which A,, is
calculated

A/~, =2vrk, pk~ T .

The values of A,, ~ in Table II for the ErBazCu307 &
indi-

cate a strong coupling (A,, & 1), while the corresponding
value for YBa2Cu307 & falls little below that range.
These values were quite difFerent from the values previ-

where e is the electron charge, kz is Boltzmann constant
and C „=3%k~is the theoretical Dulong-Petit value of
the specific heat C. From the density, the atomic weights
of each compound and n, the electron density n for each
sample can be deduced.

The phonon limited electrical resistivity p, can be ex-
pressed as

1/p, =en p,
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TABLE II. The calculated parameters at 100 K. k, and kL are the corresponding carriers and lat-
tice thermal conductivities, n, is the number of electrons per unit cell, n is the carriers densities, ~,

„

is
the relaxation time, and A,, ~ is the carrier-phonon coupling constant, details are given in the text.

Sample

k, kl
(%' m ' K ') (%' m ' K ')

max
na

C-p

(10 ' cm 3) (10 ' sec)

YBa2Cu306 99

ErBa2Cu306 88

0.50
0.14

2.84
1.14

0.43
0.81

0.29
0.24

1.3
1.0

1.27
0.43

0.95
2.7

ously reported, which were A,, =6 for similar samples,
i.e., far into the strong-coupling range.

Following Tewordt and Wolkhausen, ' ' Peacor
et al. and Cohn et al. , the lattice thermal conductivity
is not limited only by the scattering of carriers but also by
the phonon-phonon and defect-phonon scattering. An
estimation of the relative magnitude of these scattering
mechanisms may be obtained from a calculation using
the BRT theory within a certain temperature range above
T'

Using the BRT theory within the Debye framework
and neglecting the polarization, the lattice contribution '

of thermal conductivity for the sintered samples may be
expressed as

k~
ki(T) =

277 V

3
x4e

dx r(Tx) .
0 (e —l)

Here x is the reduced phonon energy x =Ace/kz T,
v =5000 msec ' is the sound velocity, ' ' OD is the De-
bye temperature and

'(T x) =Sb+Sd(xT) +S,xTg(x, T)+S,x T (8)

where g(x, T) is the ratio of the phonon-carrier scattering
rates in the normal and the superconducting states. In
the BRT theory, g(x, T) is proportional to the ratio of
the phonon-electron scattering times in the normal and
superconducting states ~",/H„ this being equal to unity
in the normal state and being a universal function of
hl(k~T) in the superconducting state, where ~, is the su-
perconducting gap.

The coefficients Sb, Sd, and S„and S~ describe the
magnitude of the phonon scattering by boundaries, point
defects, carriers, and other phonons, respectively. We
have limited the fitting parameters for the phonon-defects
scattering rates only to point defect scattering rate Sd by
ignoring the small contribution from the scattering of
phonons by the strain fields of sheetlike faults and dislo-
cations following the same argument as given by Ref. 5.

Examining Eq. (7) more carefully, we can see that for
the normal state the phonon-defect and phonon-carriers
scattering contributions are weakly temperature depen-
dent. Furthermore the relative importance of a particu-
lar scattering mechanism with respect to the other mech-
anisrns can be determined by switching off that particular
mechanism and then evaluating the integral (see Fig. 3 in
Ref. 7).

Table III shows the estimated coefficients by nurneri-
cally integrating Eq. (7) and fitting the normal-state data
k~ up to 180 K, using O~ =400 K for the Y-based sam-
ple ' and OD =350 K for the Er-based sample. Seeking
a minimum deviation of the experimental data around
the theoretical curve, the best fits were obtained when the
mean deviation of the experimental data was less than
+0.5% for the Y-based sample and less than+0. 3% for
the Er-based sample. This agreement may have a certain
degree of randomness either because of the approxima-
tions used when applying the theory or the possibility of
getting an acceptable fit to the data with more than one
combination of the determined coefficients. However, our
values of these coefficients may be given physical mean-
ing as we will see later.

The coefficient Sb due to the boundaries scattering is
expected to affect the shape of the theoretical curve only
at low temperatures, since at these temperatures the mi-
crostructure of the sample will determine the boundary-
phonon scattering. The coefficient can be expressed as
Sb = v /L, where L is the crystalline thickness for crystals
or it is the average length between the boundaries of a
grain for the sintered samples. Based on 5 pm as a typical
length of the phonon mean free path at 77 K and on the
microstructure analysis of sintered materials, ' we used
a value for L =2 pm as a typical grain size for the sin-
tered samples. It should be noted that for the normal
state, the boundary term in Eq. (8) is less efFective than
the other terms and could have an order of magnitude
variation and still be acceptable without essentially
affecting the total scattering rate.

The point defect scattering coefficient Sd for the Y-

TABLE III. Debye temperature OD and a list of the theoretical coefficients given by Eqs. (8), (9), and
(10), where Sb, Sd, S„andS~ are the phonon-scattering coefficients used to fit Eq. (8), k is the phonon
coupling constant given by Eq. (9), and y is a coefficient related to S, in Eq. (10).

Sample

YBa2Cu3O6 99

ErBa2Cu3Q6 88

Q"

(K)

400
350

Sb
(sec ')

2.5X10
2.5X10'

Sd
(K sec ')

10
150

S,
(K ' sec ')

3.7X 10
8. 1X10'

Sp
(K sec ')

530
30

0.94
2.1

135
279
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based sample is much less than the corresponding value
for the Er-based sample as expected from the porosity
and oxygen contents analysis. The phonon-carrier
scattering coefficient S, is likely to have values one or
two orders of magnitude higher than the corresponding
values reported for single crystals. ' According to
Tewordt and Wolkausen' this coefficient is ideally relat-
ed to the phonon-carriers coupling constant for the longi-
tudinal acoustic phonons,

(9)

where t =5000 K is the effective hopping matrix element
for a two-dimensional tight-binding band of electrons, '

0
and a =4 A is the average lattice constant. The calculat-
ed values of A, when using Eq. (9) are given in Table III.
These values are in rather good agreement with our
values obtained from the first approach given in Table II
but they are quite different from the values previously re-
ported, ' which lay in the weak-coupling range.

Relating X from Eq. (9) to the y coefficient in Ref. 17,
we get an expression for y as

S,T,L
(10)

The values for y are also shown in Table III. It should be
noted that y for the Y-based sample is smaller than the
corresponding value for the Er-based sample, i.e., a
higher value of y implies lower conductivity sample in
the normal state, which is in good agreement with Refs.
17 and 18 (see Fig. 2 in Ref. 17 or Fig. 3 in Ref. 18).

The phonon-phonon scattering coefficient S is larger
for the Y-based sample. A smaller value means that the
role of phonon-phonon scattering mechanism is mini-
mized. This may explain the slight increase of the k
values of the Er-based sample [Fig. 2(b)] for T )T„and
it is in rather good agreement with analysis of the impor-
tance of this mechanism as shown in Fig. 3 of Ref. 7.
Since the variations in the theoretical coefficients for the
two samples correspond to the quantitative differences in
the microstructure, which are related to characteristic
parameters of the materials such as porosity, oxygen con-
tent, etc., our analysis may provide further evidence for
successfully applying Eq. (7) for sintered samples.

Regarding earlier analysis ' ' including ours, it may
be noted that the absolute values of the theoretical
coefficients defined by Eq. (8) are varying from sample to
sample depending on the sample type (e.g. , comparing
crystal to crystal, sintered sample to sintered sample, or
crystal to sintered sample). It seems as if the relative
magnitude of these coefficients for the same sample is
more significant than their absolute values from different
samples.

In order to relate some physical meaning to the rapid
rise in k just below T, when applying the BRT theory, we
need to know the electronic contribution in the heat con-
duction below T„and in fact it is not a simple task to es-
timate k, . Previously, Peacor et al. estimated k, by us-
ing a tabulated ratio of the electronic thermal conductivi-
ty in the superconducting and normal states for T & T„

and Cohn et al. made no assumptions regarding the
behavior of k, at T~ T„but they used upper and lower
limits for k, by employing the temperature dependent
Lorenz number L, usually applied for pure metals.

However, the few data points we have below T, for k
suggest to us that the role of k, in the heat conduction in
the vicinity of T, is relatively small and the major role in
these kind of samples is mainly due to the phonon contri-
bution. This may be justified by examining the analysis
done by Tewordt and Wolkausen, ' more specifically
looking at the calculated isotropic phonon thermal con-
ductivity k depicted in Fig. 2 in Ref. 18, where they uti-
lized the same fitting parameters previously' used to fit
the data of sintered samples. The sharp rise of the k
[estimated ks(78 K)/k (1.ST, )=2.0], which was cal-
culated based on strong coupling for s-wave pairing [us-
ing A, =2.3 that yielded T, =90 K and b, /(Xii T)=6] is in
a good agreement with sharp rise of our Er-based sample
(A, =2. 1). On the other hand our data for the Y-based
sample (A. =0.94) indicate that the sharp rise is in agree-
ment with the rise of the weak-coupling isotropic phonon
thermal conductivity [estimated k (78
K)/ks(1. S T, ) = 1.6], which was calculated by scaling the
BCS gap Ib.(0)/b, Bcs(0)=1.7I and we believe that a
larger scaling wi11 yield better agreement, see also Fig. 2
Ref. 17.

In conclusion our analysis using both models suggests
firstly that the two models are in a reasonable agreement
concerning the spread of the A, value between the two
samples and secondly that the characteristic parameters
such as the porosity, oxygen content, T, value and AT,
are factors contributing to the nature of the phonon-
carrier interaction and that their values are essential to
determine the nature of coupling. Obviously the above
consideration should only be taken as an indication of the
presence of both strong and moderately weak electron-
phonon coupling in these types of high-temperature su-
perconductors. It should be noted that there is a degree
of uncertainty in determining the A, values due to the fact
that there are many approximations involved in using
these two models. Some of these approximations are in-
troduced when using the first model, where we have ex-
ploited the formulas usually applied to metals, or when
using the BRT theory by referring only to the role of the
longitudinal-acoustic phonons in the lattice heat conduc-
tion. However, of these two models it is more logical to
rely on the A, values obtained by applying the BRT
theory.

Returning to the importance of using the transient
techniques, we would like to refer to the ability of these
techniques in probing the dynamic behavior of this kind
of materials. Looking at the experimental observations,
with the temperature dependence of the thermal conduc-
tivity depicted in Figs. 2(a), 2(b), and 3, we note a very
dramatic increase near T, .

As it was pointed out in the Discussion, we are not able
to give a definite explanation to the observation of this
dramatic increase of the thermal conductivity and to the
fact that this rapid increase has not been observed before.
However, it should be noted that we have used a quite
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FIG. 3. The voltage recording at different temperatures for
the superconducting samples, the lower two curves at 78 K are
representing the standard recording, while the higher ones are
showing the dramatic variations in the thermal conductivity at
80 K for the Y-based sample and at 79 K for the Er-based sam-
ple.

difFerent experimental technique for measuring the
thermal properties.

In earlier measurements the steady-state method has
been used exclusively, while in this work we have used a
transient technique. There are a few important
di6'erences between these methods, that should be noted,
when making an assessment of the experimental observa-
tions.

(a) The steady-state method, as used in the earlier mea-
surernents, has been applied with a rather large tempera-
ture difterence —of the order of degrees —which implies
a higher temperature gradient within the sample.

(b) The geometrical arrangement (length and cross sec-
tion of the sample) of the steady-state method is quite
difT'erent for a material with high thermal conductivity, as
compared with a material with low thermal conductivity.

(c) The new TPS method has been applied in a large
number of measurements on materials with thermal con-

ductivity within a range from 0.02 up to 200 W/m K—
using similar sample dimensions and the same TPS ele-
ments as in the present work and the results are in good
agreement with existing data.

(d) The temperature difference utilized in the transient
(TPS) recordings have all been kept below 0.1 K in order
to avoid any smearing out" e6'ect that might occur if a
large temperature di6'erence would be imposed on the
sample.

(e) The results depicted in Fig. 3 indicate that the prop-
erties are changing very dramatically close to T, . The
curves marked Y (78 K) and Er (78 K) are standard
recordings of the temperature (or voltage) versus time,
from which the thermal conductivity is being routinely
calculated. However, when going to the curves marked
Er (79 K) and Y (80 K) only one or two degrees higher,
we get indications of the dramatic variations in the
thermal conductivity. We can actually see that the sam-
ple changes properties during the transient recording in
spite of the very small temperature increase of the TPS
element. Looking at curve Y (80 K) only the very first
part of the transient (perhaps up to 2 sec) can be utilized
for evaluating the properties. The reason is that the sam-
ple seems to retain "constant" properties only for very
small temperature increases.

Further work is being planned with a view to look in
this particular temperature range perhaps also using
somewhat different experimental techniques such as the
dynamic plane source (DPS) technique.
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