
PHYSICAL REVIEW B VOLUME 38, NUMBER 13 1 NOVEMBER 1988

Thermal conductivity and superconductivity in Euaazcu307-
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We have measured the thermal conductivity ~ from 2 to 200 K in the superconducting ceramic
EuBa2Cu307- observing an anomaly at the superconducting transition temperature T,. Using
general arguments and approximations, and supposing that the electrical resistivity is due to
electron-phonon interaction, we separate quantitatively the different contributions to a. The "ob-
served" electron-limited phonon conductivity fairly follows the Bardeen-Rickayzen-Tewordt theory
and a Bardeen-Cooper-Schrieffer-like energy gap with 26(0)/k&T, 3.3+0.7, in agreement with

published data from other kinds of measurements.

The thermal conductivity (x) of superconducting met-
als generally suffers from important anomalies at the su-

perconducting transition: it either decreases or increases
below T, depending on the nature of the heat carriers and
their interactions. Useful information for understanding
the superconducting mechanism can hence be extract-
ed. '2 The Bardeen-Rickayzen-Tewordt (BRT) ap-
proach, which gives the ratio electronic x, to lattice
thermal conductivity trt, h between the normal and super-
conducting states, has been well proved for the case where
x, is "defect" limited'2 or where x~h is limited by the con-
duction electrons. ' The question is now posed if a simi-
lar approach can be applied to the high-temperature su-
perconductors. Recently, several authors indeed re-
ported clear changes of behavior in x in the ceramic
YBa2Cu307 „at T, 90 K. A qualitative and quantita-
tive interpretation of the observed behavior can help in

determining which are the main carriers at these high
temperatures and the interactions that are presumably the
same that yield the not yet well understood linear temper-
ature dependence of the electrical resistivity. ' " On the
other hand, a clear determination of the phonon-
"disorder" or "defect" contribution can be useful in

analyzing the low-temperature behavior, where the
thermal conductivity follows a T2 dependence that has
been interpreted in terms of scattering against tunneling
systems (TS) in both families of superconducting ox-
ides. '2 " In this work we report on measurements of the
thermal conductivity of the ceramic (polycrystalline) su-

perconductor EuBa2Cu307 „between 2 and 200 K.
With the measured electrical resistivity, using general ar-
guments and approximations, no free parameters and a
careful study of the errors involved, we can quantitatively
understand the thermal-conductivity behavior.

The high-density, p 6.35 g/mm, sample was
prepared in a two-stage procedure. A precursor material
was made by thoroughly mixing stoichiometric amounts
of BaCO3, EuO, and CuO and firing it at 950 C in an ox-
ygen atmosphere. It was subsequently ground and pressed
into pellets at 2500 kg/cm and left overnight at 750'C.
The sample was then cooled down to 425'C in about 8 h
and kept at this temperature overnight under a slight flow
of oxygen. The oven was then stopped and the sample ex-
tracted at 200'C. The sample showed a defined metallic

character and a superconducting critical temperature
T, 90.0 K defined at 50% of the resistive transition with
a transition width of 1 K (taken from 10% to 90% of the
transition). The absolute value of the resistivity at 285 K
was 560 pQ cm. Scanning electron microscopy measure-
ments indicated an average grain size )20 pm. X-ray
studies showed no evidence (within 1% resolution) of
phases other than a well-defined superconducting ortho-
rhombic phase. Magnetization measurements performed
with the vibrating-reed method'4 showed a sharp magnet-
ic transition between 85 and 90 K, and a critical field
8, & (0) 250 G. Thermal-conductivity measurements
were done using the standard technique. " In Fig. 1 mea-
surements are shown as a function of temperature. The
inset shows an expansion of the data around T, . Our re-
sults show an overall agreement with thermal-conductivity
data obtained for YBa2Cu307 „ in Refs. 7-9. The abso-
lute maximum error due to geometry uncertainty is es-
timated to be 50%.

At low temperatures (T(10 K), x has a T depen-
dence which has been interpreted as coming from a reso-
nant scattering of phonons with TS which are probably re-
lated with oxygen movements or vacancies. ' '

To interpret quantitatively' the thermal conductivi-
ty behavior around T, we shall assume that the thermal
conductivity can be separated into its differents com-
ponents. Supposing that Mathiessen's rule is valid, it can
then be expressed as

x-x, +xph- [(xt'") '+(tc,") ']

+ [(x;)-'+(x,', ) -'] -',
where the subscripts "e" and "ph" refer to the electron
and phonon contributions and the superscripts "e", "ph",
and "d" refer to the electron, phonon, or defect-limited
thermal conduction.

The electronic thermal conductivity x, can be calculat-
ed with the Wiedemann-Franz (WF) law taking the ex-
trapolated residual resistivity p(0) 170 pDcm and ac-
cording to the relation

x, -L.,T/p(0), (2)

where Lo 2.45 x IO W 0 K
For the phonon-limited electronic thermal conduction
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FIG. 1. Thermal conductivity data against temperature (0);
x represent the electronic contribution to x. The solid line rep-
resent the phonon thermal conduction and the broken line the
"defect" (or "disorder") limited contribution. The arrows indi-

cate T, 90 K. The inset is only an expansion around T,.
Below 10 K, x has a T2 dependence.
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where the Debye temperature 8=400 K, and A is taken
from the experimental resistivity slope a A/48 1.4 pQ
cm/K. This is an important assumption because we sup-
pose that the T dependence of p(T) is due to the
electron-phonon interaction. The linear T dependence has
been also obtained in single crystals of YBa2Cu307-„"
meaning that it is an intrinsic property of these type of
compounds, and not a consequence of the sintered nature
of our sample. The fact that a linear regime is obtained at
T && 8 has been explained by arguing that for a low carrier
concentration, and small Fermi wave vector a new energy
scale appears T 2spF/kg«8, where s is the sound ve-
locity and pF the Fermi momentum, which controls the

x," we use the simplified model for an isotropic metal
(free electron and a roughly spherical Fermi surface),
neglecting contributions coming from umklapp processes
and dispersion. Note that at high temperature the limit
ql, & 1 holds, where l, (electron mean free path) is of the
order of 40 A at 100 K (Ref. 10) and 2x/q (phonon wave-
length) is of the order of the interatomic distance. With
these approximations the classical formula using the nota-
tion of Ref. 2 is'6

5

passage to the linear temperature dependence. ' The er-
ror in taking the large-angle scattering which comes from
the WF law, as the prefactor in Eq. (3) gives only a
second-order correction because of the small deviation
from a strictly linear T dependence. For simplicity we
take Eq. (3) with A obtained from the linear T depen-
dence of the electrical resistivity.

The small-angle scattering term in Eq. (3) is propor-
tional to the ratio (kF/qD) which, for a spherical Fermi
surface and one electron per atom, is equal to (0.5) l .
Due to probably highly anisotropic Fermi and Debye sur-
faces in these superconducting oxides, it is reasonable to
suppose that the true ratio (kq/qD) would be between
those computed with the experimental value of the num-
ber of electrons n, 0.015 and n, l. Varying n, between
these values leads to a 25% change in x, . This error will
be taken into account later. In Fig. 1 the plotted values
for x, are calculated from Eqs. (1), (2), and (3) with

(kF/qD) (0.5) . An independent estimation of x, can
be also obtained using an effective Lorenz number L,tr,

which for T/8-0. 25 gives L,tr=-1.4X10 s V K, and
Eq. (2). This estimation agrees with the values plotted in

Fig. 1.
To obtain the phonon contribution r~h at T & T, we

need to subtract r, in the superconducting state. The
dependence of a, at T & T, can be obtained with the
theoretical BRT ratio v„/x,„(subscripts s and n refer to
the superconducting and normal states). To simplify the
calculations and due to the rather small contribution of Ir,
to x, we estimate x'„ taking the BRT ratio for the elastic
scattering case with the effective Lorenz number. With
Eq. (1) we obtain xuh in the whole T range. In a second
possible method we have used the supposition that at
T~ 45 K no electrons contribute to x, so then x. x~h,
and as we have already x~h for T & T, we made a smooth
numerical interpolation between 45 and 90 K. Both ap-
proaches to calculate ~~h in the whole measured T range
gave the same curve within 5'.

The phonon contribution to the thermal conductivity
can be expressed, according to Eq. (1), as a function of an
electron- and a "defect'*-limited part. To obtain x~q at
T & T, we calculate s~h with the following relation: '

(&e )
—1 8 8 &ne

LcT T T 27[~,(8/T)) ' (4)

We obtain the constant A from the electrical resistivity,
and n, -0.15.

The values of x&h at T & T, calculated with Eq. (4) are
shown in Fig. 2. It is interesting to note that the order of
magnitude of x$h can be understood by comparison with
Cu alloys, ' for example. For these alloys the "ob-
served" x„'h at 100 K is of the order of 120 W/mK and
from our calculations we obtain for the ceramic sample
x~h(100 K) ~30 W/mK. If we take for simplicity Eq.
(4) in the high-temperature limit x$q ~ n, , the ratio of the
measured ~ values for the ceramic sample and for Cu is of
the order of 200 and for the n, values the ratio is
2.3 x 10 . Then the diQ'erence in the values of x~h can be
understood in terms of the electrical resistivity slope and
the small number of electrical carriers.
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FIG. 2. Phonon thermal conductivity limited by electronic
scattering against temperature. At T & T, x~h is calculated with

Eq. (4) and no free parameters and below T, it is obtained from
Eq. (I) (for more details see text).. The three curves shown
below T, correspond to shift 50% the measured ~ leaving con-
stant r, and ~~h for T & T,.

FIG. 3. Superconducting energy gap in kelvin against tem-
perature, obtained using the BRT expression for x'ph /xph„ the
curves of Fig. 2, and the table of Ref. 4. The error bars indicate
the maximum estimated error due to the used approximations or
geometrical uncertainty. The points (o) are calculated using
the thermal-conductivity data for Y-Ba-Cu-0 taken from Ref.
7.

The phonon "defect" contribution can now be calculat-
ed with x~h and x~h from Eq. (4) for T & T, . As it is im-
possible to subtract experimentally xf&h at T & T, we per-
form a smooth numerical interpolation for a.

~h between 45
and 90 K. In analogy with what was done above to esti-
mate x~h it is expected that the error involved in this inter-
polation with respect to the true value would be not more
than 5%. Note that at T &45 K x x~h x~q. Thecalcu-
lated curve for x~j, is shown in Fig. l. It has the shape
very similar to that found in amorphous materials, and is
probably caused by disorder due to oxygen vacancies
and/or twining. ' Using x~h and x~ for T & T, and Eq.
(1) we obtain x~h in the superconducting state; see Fig. 2.
The three curves shown in this figure at T & T, are calcu-
lated taking x, and x~h (T& T, ) constant and varying
50% (geometry uncertainty) the measured x. This varia-
tion also represents the maximum estimated error due to
the different errors and approximations involved in the
derivation of x~h (T & T, ).

From the curves in Fig. 2 we can compute now the cor-
responding superconducting energy gap as a function of
temperature. The obtained gap values are plotted in
Fig. 3. The error bars correspond to the three curves for
x~h, (Fig. 2) obtained as mentioned above. For compar-
ison we plotted in Fig. 3 the BCS gap temperature depen-
dence with 2A(0)/kaT, 3.3. We can see that there is a
fair agreement between both temperature dependences.
The deviations of h(T) observed at T/T, & 0.6 are prob-
ably only an artifact coming from the used numerical

method. In Fig. 3 we also show the energy-gap values ob-
tained by the same method from the thermal conductivity
measurements in YBa2Cu307

Infrared reflectivity measurements2 showed for orient-
ed films of Y-Ba-Cu-0 an energy gap 2LL(0) (4.7
~1.2)kaT, and for bulk polycrystalline samples 25(0)
~2.7kaT, . Similar values are also obtained by tunnel-
ing, ' while specific-heat measurements also seem to
favor a weak-coupling behavior. Our weak-coupling value
26(0) =3.3ksT, is in fair agreement with these measure-
ments.

Within the reservations of using the free-electron and
isotropic model for the calculations of x, and x~h, the
overall reasonable results would indicate that the electri-
cal resistivity might be due to the electron-phonon interac-
tion. This would sustain previous general considerations'o
based on the nonsaturation behavior of p(T) that led to
the conclusion that superconductivity in these new materi-
als cannot be due to an electron-phonon interaction due to
the rather small estimated coupling constant A,. Because
Kph is inversely proportional to p, an independent way to
estimate X, from our results is not, however, possible.

Two different mechanisms could lead also to a linear T
dependence in the electrical resistivity: electron-electron
scattering and interactions of electron with tunneling
systems (TS). This last possibility is attractive since at
low temperatures our thermal conductivity results, in
agreement with acoustic measurements, provide evidence
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for the existence of these excitations. ' ' Rough estima-
tions of the electronic relaxation time within the rather
simpli6ed Korringa-like model for the electron-TS in-
teraction give the right order of magnitude of a using
reasonable values for the electron-TS coupling constant. 25

Our results, however, would indicate that if this contribu-
tion exists it should be smaller than -30%.

We conclude that with simple and general arguments
appropriate for isotropic solids it is possible to estimate
the different contributions to the thermal conductivity in

superconducting ceramics. The thermal conductivity
anomaly at T, in the T, 90 K superconductor ceramics

can be well understood with the usual BRT expression for
the phonon-electron contribution and a BCS-like energy
gap with 2LL(0) (3.3+'0.7)ksT„ in fair agreement with
other experimental data performed in polycrystalline ma-
terials. Our results would indicate that the main part of
the linear T dependence in the electrical resistivity comes
from an electron-phonon interaction.
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