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We have measured the anisotropic thermal conductivity of an untwinned single crystal of
YBa;Cu3O7-5 in the most conducting a-b plane from 14 to 200 K. Unlike previous analyses, ours attri-
butes the observed rapid rise in thermal conductivity in the superconducting state to the electronic con-
tribution of the Cu-O plane. We propose that strong suppression of the quasiparticle scattering rate
with decreasing temperature is responsible for the large enhancement of the superconducting-state

thermal conductivity.

PACS numbers: 74.30.Ek, 72.15.Eb, 72.15.Lh, 74.70.Vy

Thermal conductivity has been used widely to study
high-T, superconductors [1], offering the advantage of
probing transport properties in both normal and super-
conducting states.

In this Letter, we report a measurement of the thermal
conductivity «, and k, of an untwinned YBa;Cu3O7—4
(YBCO) single crystal in the most conducting a-b plane.
We find that the temperature dependences of k, and
are nearly identical in the normal state, except for a con-
stant offset. We argue that the large enhancement of
both x, and «;, observed in the superconducting state is
due to the electronic contribution of the Cu-O plane,
which increases rapidly below T, due to the strongly
suppressed quasiparticle scattering rate in the supercon-
ducting state. This picture is much more consistent with
the body of experimental data on YBCO than a scenario
that ignores the electronic contribution in favor of a pure-
ly phononic mechanism.

The untwinned YBa;Cu3;O7-5 single crystals were
grown by a flux method [2]. This technique consistently
yields untwinned single crystals of high quality, charac-
terized by ultralow impurity levels and low in-plane
normal-state resistivity [3]. The untwinned crystal used
for this study is of dimensions 0.6x0.6x0.025 mm?, with
a and b axes parallel to the edges. Low-field susceptibili-
ty measurements show a superconducting transition tem-
perature 7.~90.5 K, with transition width of —1 K.
The measurements of thermal conductivity were done by
steady-state methods [4]. The main source of uncertainty
(< 10%) is that involved in determining the separation of
the differential thermocouple junctions which measure
the temperature gradient.

In Fig. 1, we show the temperature dependence of «,
and x, from 200 to 14 K. One can see that, from 200 to
90 K, both x, and k; increase monotonically with de-
creasing temperature. Below T, =90 K, both «, and «x;
increase much more rapidly, peak at —~40 K, and then
decrease rapidly at lower temperatures. We consider first
the normal-state data xj, with the thermal gradient along
a. The total thermal conductivity of a metal usually can
be expressed as the sum of phonon and electron contribu-

© 1992 The American Physical Society

tions, k5 =x¢ 4 +k,, with e and p denoting electron and
phonon contributions, respectively; n denotes the normal
state. From the Wiedemann-Franz law, we expect
kI a=Loo,T, with Ly=2.45x10"8 Wa/K? the Lorentz
number. Since the electrical conductivity of YBa,Cuj-
07— is well known to follow o,()~1/T [5], k2, should
be temperature independent.

The phonon thermal conductivity can be expressed by
the kinetic equation x, = T cv 21, with ¢ the specific heat,
v the sound velocity, and 7 ! the total scattering rate.

t 7 '=%,7,7!, with i denoting different scattering pro-
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FIG. 1. Temperature dependence of thermal conductivity in
the a (0) and the b (O) direction. Solid lines, Egs. (1) and (2)
fitted to x, and xs; they completely overlap with experimental
data. Dashed line, the derived phonon thermal conductivity .
Dot-dashed line and dot-dot-dashed line, the derived electronic
thermal conductivity in the a and b directions, x, and «;, re-
spectively. Inset: xp — K, vs T.

1431



VOLUME 69, NUMBER 9

PHYSICAL REVIEW LETTERS

31 AUGUST 1992

cesses. The most prominent scattering mechanism for the
phonon thermal conductivity at high temperatures is the
umklapp process for which 77 ' a 7 [6]. Other scattering
contributions, such as electron-phonon, phonon-defect,
and phonon-boundary scatterings, which are weakly tem-
perature dependent, can be approximated by a temper-

ature-independent thermal resistivity W, The total
thermal conductivity along a is then
ki=xl,+1/(Wo+aT) 1)

with Wy and a constants.

A least-squares fit of Eq. (1) to the x data yielded
ke 2a=3.94%0.25 W/mK, W;=0.0668 = 0.0014 mK/W,
and a=(7.25%£0.61)x10"% m/W. The resulting fit
completely overlaps with the experimental data above T,
as shown in Fig. 1.

Although the thermal conductivity is anisotropic, the
temperature dependences of the normal-state x, and x,
are nearly identical. Their difference is plotted in the in-
set of Fig. 1, from which one can see that x, —k, is tem-
perature independent above 90 K. We attribute this
difference to the electronic contribution from the Cu-O
chain & chain, Which enters only the b-axis thermal con-
ductivity, so that

KE=Kkl o+ K2 chaint I/ (Wo+aT), )

with k2 chain=4.45 W/mK, and with Wy and a the same
as in Eq. (1). We plot Eq. (2) in Fig. 1, and the agree-
ment with the experimental k, data is excellent.

To see whether the derived x/, and k., are reason-
able, we estimate the corresponding electrical resistivity
from the Wiedemann-Franz law. Our result x;, = 3.94
W/mK corresponds to a resistivity p, = 124 yQcm and
Ke.b =Ke.at Ke. chain = 8.39 W/mK to p, = 57.5 uQcm at
200 K. These results are consistent with p, = 100-147
pQcm and pp = 50-61 u Q cm obtained by a direct mea-
surement on several untwinned single crystals of similar
quality [3].

Now let us turn to the superconducting state. We can
see that x,(40 K)/k,(90 K)~2 and «,(40 K)/x,(90
K)~1.8. This in-plane thermal conductivity enhance-
ment in the superconducting state is a general property of
high-T, superconductors [1]. The common explanation
to date [1,7-9] is the following: The normal-state thermal
conductivity is assumed to be dominated by the lattice
thermal conductivity, which is significantly limited by
electron-phonon scattering. Below 7., the number of
electrons available to scatter phonons drops dramatically
due to the superconducting condensation. The phonon
mean free path therefore increases rapidly below T, thus
giving rise to a large enhancement of the total thermal
conductivity. While this scenario is able to produce a
thermal conductivity enhancement below T, there are
several weak points. First, it predicts a sizable enhance-
ment of the thermal conductivity k. in the ¢ direction
below T, [7], but various experiments consistently report-

1432

ed no observable k. anomaly below T. [8,10]. Second,
the behavior of the electronic thermal conductivity in the
superconducting state has been either neglected or as-
sumed to decrease rapidly with temperature as in the
Bardeen-Rickayzen-Tewordt treatment [11], in which the
quasiparticle scattering rate was assumed unaffected by
superconductivity. These assumptions are not well jus-
tified in light of recent observations of a strongly sup-
pressed quasiparticle scattering rate [12]. Third, the
anomalous transport properties of the normal state are
difficult to reconcile with predominant electron-phonon
scattering [5]. Lastly, in order to account for the large
enhancement, the phonon thermal conductivity in the ab-
sence of the electron-phonon scattering has to be at least
as large as the peak value (~29 W/mK for this experi-
ment). However, Hagen et al. showed that the thermal
conductivities of several oxygen-deficient, nonsupercon-
ducting YBa;Cu3O, single crystals are consistently
smaller than 10 W/mK [8].

In the two-fluid picture, the superfluid does not carry
any heat. The temperature dependence of the electronic
thermal conductivity is dictated by the number density
and the relaxation time of the normal-fluid carriers.
From the Wiedemann-Franz law, the electronic thermal
conductivity x, should scale with the normal-fluid con-
ductivity o4 as k., < o, 7. Experiments on ac conductivity
of the high-T, superconductors showed that the quasipar-
ticle scattering rate is much suppressed below T, [12,13].
This rapid suppression indicates that the excitations that
strongly damp the current-carrying quasiparticles freeze
out rapidly below T,, giving rise to a much enhanced
electrical conductivity and hence electronic thermal con-
ductivity. This scenario provides an alternative way to
explain the observed temperature dependence of the
thermal conductivity.

To derive the electronic thermal conductivity ¢ from
the total thermal conductivity data, we assume that the
temperature dependence of the phonon thermal conduc-
tivity x, is not affected by the superconducting transition.
Therefore,

Kea=kKa—1/(Wo+aT) (3)

with Wy and a the same as in Eq. (1). The derived . ,
is shown in Fig. 2. We have to point out that at low tem-
perature, the phonon thermal conductivity may deviate
from the extrapolation, and hence affect the derived ¢ ,.
We have compared the result of this analysis with the
surface resistance data of Bonn er al. [13], using the
Wiedemann-Franz law. The results agree quantitatively
to within 20% [14].

To calculate the electronic thermal conductivity in the
superconducting state rigorously, we adopt the formalism
derived by Kadanoff and Martin and by Tewordt [15], in
which

2.2
S — 1 d3 pzfﬂ 2 EP
P R < h -
ke 2k3T2mf P N T

~ 2
~ T (4)
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FIG. 2. Temperature dependence of the k., derived from
ks —xp (O) and calculated fits. Dashed line, d wave, g =1.75,
w; =0.09; solid line, d wave, g =3, w;=0.03; dot-dot-dashed

line, s wave, g =1.75, w; =0.079; dot-dashed line, s wave, g =3,
w; =0.001.

with E, =(e2+A} "2, p, the momentum in the direction
of the thermal gradient, ¢, the normal-state dispersion,
and A, the superconducting energy gap. I is the quasi-
particle scattering rate. For the temperature dependence
of the gap, we use A(T)/A(0) =tanh(yv/1/t —1), with
A(0) the energy gap at zero temperature, and ¢t =7T/T,
the reduced temperature. For s-wave pairing, A is
k independent; for d-wave pairing, we use A(k,T)
=A(T)[cos(k,) —cos(ky,)] [16]. The gap-to-T. ratio g
is defined as g=max[A(k,T=0)1/2kgT,.. The second
equality in Eq. (4) holds when T is assumed to be energy
independent.
In Fig. 3, we plot the reduced scattering rate

_ (1) _ o(Dkea(T)
T(7) ¢TIk (1)’

where k., is from experimental data derived from Eq.
(3), and ¢ is calculated for s-wave and d-wave pairing
states with two different values of the gap ratio g=1.75
and g =3, which correspond to weak and strong coupling,
respectively. The calculations are not sensitive to y in the
range of 1.7-2.2, and y=2.2 was used. Figure 3 suggests
that the scattering rate roughly follows a power law
I"=1¢", with t =T/T,. the reduced temperature. For the
d-wave pairing state, we have n~4, whereas for s-wave
pairing, 3 <n <5 depending on the gap ratio g. It is evi-
dent that the derived scattering rates tend to nonzero
values at low temperature, especially for the d-wave case.
This is likely the effect of the residual scattering rate due
to impurities. A more realistic scattering rate would be
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FIG. 3. Reduced scattering rate I'" vs reduced temperature
for different pairing states. O, d-wave, g=1.75; V, d-wave,
g=3; 0, s-wave, g =1.75; A, s-wave, g =3. Dashed line, y =¢3;
solid line, y =t* dot-dot-dashed line, y =¢5. Inset: plots on
logarithmic scale.

'~t"+w;, (5)

with w; a constant.

To fit the x data, we calculate the thermal conductivi-
ty using Egs. (4) and (5), and varying n and w; to get the
best fit. We find for d-wave pairing that ' =¢*+w; pro-
duces a good fit, independent of the gap ratio g. For s-
wave pairing, a reasonable fit for g =1.75 can be obtained
with I'=¢324+w;. For s-wave pairing with g=3, I
=13+w; is required to fit the data over the full tempera-
ture range, but deviations are significant. These calcula-
tions are presented in Fig. 2.

A power-law scattering rate in the d-wave pairing state
is expected when it is due to electronic interactions. In
fact, a calculation based on the nearly antiferromagnet-
ic-Fermi-liquid theory [17] shows that the quasiparticle
scattering rate due to spin fluctuations in a d-wave pair-
ing state follows I'a 7% [18]. A power-law scattering
rate in a s-wave state is difficult to understand, because
the uniform nonzero gap would give rise to an exponen-
tial decay of both the quasiparticle excitations and the
scattering rate. Further study is required to determine
uniquely whether the pairing state is d wave or s wave.

As noted earlier, the large enhancement below 7. has
been observed in k, 5 in many high-7, superconductors,
but is absent in x. [8,10]. As the electrical resistivity p,
is several orders of magnitude larger than p, and p; [5],
the electronic thermal conductivity k. . that follows from
the Wiedemann-Franz law is negligibly small. Therefore,
the lattice thermal conductivity k,. should dominate.
The absence of an anomaly in k. is consistent therefore
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with our assertion that electron-phonon scattering does
not dominate the temperature dependence of the total
thermal conductivity.

We now turn to the superconducting-state thermal con-
ductivity of the chain electrons. From Fig. 1, we see that
the chain’s thermal conductivity decreases slightly below
T,, then increases with temperature below 40 K. This be-
havior is in sharp contrast with the derived electronic
thermal conductivity of the Cu-O plane. This different
characteristic indicates that the quasiparticle properties
on the Cu-O chain are very different from those of the
Cu-O plane. NMR experiments reveal that the nuclear
spin relaxation rate of Cu(1) decreases with temperature
at a much slower rate than that of the Cu(2) sites [19].
This implies that excitations on the Cu-O chains are not
as strongly reduced below T, as those on the plane that
affect the Cu(2) nuclear spin relaxation. The oxygen de-
fects on the chain may further limit the quasiparticle re-
laxation time. Therefore, we expect the quasiparticle life-
time on the chain to remain short below 7.

In the above analysis of thermal conductivity data, we
neglected any change of phonon thermal conductivity due
to the superconducting transition. In reality, the
electron-phonon coupling is finite, and there will be a
change in phonon thermal conductivity due to the de-
crease in electrons available to scatter phonons. Howev-
er, electron-phonon scattering may not be significant in
comparison with phonon-phonon or phonon-defect scat-
tering. Hence electron-phonon scattering may not play
an important role in the superconducting-state thermal
transport in YBa,Cu3O7-;5 In our calculations, we as-
sumed that the scattering rate " is energy independent,
which may not be a good approximation. A more com-
plete model should take energy dependence into account.
In the comparison of s-wave and d-wave pairing, we
should caution that this analysis depends on the accuracy
of the phonon background subtraction. The determina-
tion of K chain involves the difference of two large and
strongly temperature-dependent quantities, and hence the
uncertainty may be significant. Note also that the ob-
served large enhancement of x below 7T, in YBCO is very
different from the behavior of some heavy-fermion super-
conductors [20,21].

In summary, we have measured the anisotropic thermal
conductivity of an untwinned single crystal of YBa,-
Cu307-5 in the most conducting a-b plane from 14 to
200 K. Unlike previous analyses, we attribute the ob-
served rapid rise in thermal conductivity in the supercon-
ducting state to the electronic contribution from the Cu-
O plane. We propose that the strong suppression of the
quasiparticle scattering rate with decreasing temperature
is responsible for the large enhancement of the super-
conducting-state thermal conductivity.
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