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Thermal conductivity in the ab plane of untwinned YBa2Cu307 —$
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We present measurements of thermal conductivity (tt) in the ab plane of untwinned YBa2Cu307 —I
(6'=0.10) for T~ 200 K. tc has been measured with heat flow along both the a and b axes and for
two oxygen configurations of the same crystal. The conductivity anisotropy has its maximum value at
the conductivity peak (T =40 K), where we find «;/xb = 1.15 before and after an oxygen anneal.
Very little ab anisotropy in the magnitude of x is observed in the normal state, though near T, the
temperature dependences are noticeably dilferent for the two directions: dtc/dT) 0 along the b axis
and dtc/dT & 0 along the a axis. Near T„(T~ 110 K) x is enhanced slightly for both transport direc-
tions, features we attribute to the effect of superconducting fluctuations.

The normal-state transport properties of the cuprates
have been the focus of considerable experimental and
theoretical investigation for several years. In YBa2Cu3-
07 —I (YBCO) recent measurements of electrical resistivi-
ty

' and thermopower in untwinned crystals demon-
strate that the in-plane electronic transport is highly an-
isotropic and sensitive to oxygen content due to the pres-
ence of the Cu-0 chains. Little is known about the anisot-
ropy of the lattice transport which should be manifested in
thermal conduction.

In this paper we present measurements of in-plane
thermal conductivity in untwinned YBCO. The ab anisot-
ropy is found to be rather small, with a maximum
tc, /tcb= 1.15 occurring near T=40 K. In the normal
state we find qualitatively diA'erent temperature depen-
dences for x, and xb. Precise measurements near T, re-
veal a slight enhancement in x, and Kb for the range
T, ~ T ~ 110 K. We attribute this feature to the eff'ect of
superconducting fluctuations on the electronic and lattice
thermal conductivities.

The crystal used in this study had dimensions 1.2
x0.65x0.04 mrn and was grown in a gold crucible by a
self-flux method and detwinned by annealing under uni-
axial stress. Examination of the specimen by optical mi-
croscopy under crossed polarizers and by x-ray diffraction
(XRD) before and after the oxygen anneal (100 h at
460'C in flowing oxygen) confirm that the crystal is
untwinned throughout ~ 95% of its volume, with residu-
al twins occurring at the edges. The oxygen deficiencies
have been estimated from measurements of the c-axis lat-
tice parameter (from XRD), dc magnetization hysteresis
loops, and thermoelectric power to be 8=0.11 and 0.08
before and after the anneal, respectively.

The thermal conductivity was measured by a steady-
state method employing a diA'erential Chromel-Con-
stantan thermocouple and a small heater, glued to the
specimen with varnish. A copper radiation shield was
maintained at a temperature close to that of the specimen
during measurement. The temperature gradient during
measurement was typically 0.5-2.0 K/mm and linearity in
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FIG. l. Low-temperature thermal conductivity vs tempera-
ture for the untwinned YBCO crystal before and after oxygen
anneal.

the h, T response was confirmed by varying the heater
power. The absolute accuracy of the x measurements is
limited by the uncertainty in the specimen geometry and
estimated to be ~ 15%. We have previously estimated the
combined heat losses via conduction through the leads and
via radiation for a twinned YBCO crystal of comparable
size by suspending the specimen from its measurement
leads and measuring the heater power required to repro-
duce experimental conditions. We estimate the error in tc

due to these heat losses to be & 2% and nearly indepen-
dent of temperature for T & 200 K. For T & 200 K the
losses via radiation in our system increase rapidly with in-
creasing temperature, and we thus limit our presentation
to the data for T (200 K. Four-probe, isothermal (dc)
electrical resistivities (p) were measured in separate ex-
periments, yielding p, (300 K) = 250 pQcm and pb(300
K) =175 (140) pQcm before (after) the anneal, with
AT„(10%-90%)~ 0.3 K.

In Fig. 1 we plot x', and xb vs T for both oxygen
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configurations, highlighting the low-temperature (T
& T, ) data. The upturn in x for temperatures below T, is

widely observed in the cuprates. This feature is generally
believed to reflect an enhancement of the lattice heat con-
duction, arising as a result of reduced phonon scattering
by carriers as the latter condense into superconducting
pairs.

In general, the total thermal conductivity can be viewed
as a sum of lattice (L) and carrier (e) components. In or-
der to assess the relative roles of x' and «; in determining
the height of the conductivity maximum near T =40 K,
we make the following observations. %'e estimate a,
using the measured electrical resistivities p and the
Wiedemann-Franz law (WFL), which states that «;
~ LQT/p (La=2.45X10 OW/K ). This yields, at T
=100 K, an upper limit-estimate of the carrier com-
ponent x,/«=0. 3-0.4 for our specimen, in agreement
with previous results for twinned crystals I.nelastic
scattering of the carriers (e.g. , by phonons) tends to
reduce the Lorenz number from its ideal value Lo, and
hence ~, could be substantially smaller than this estimate.

Theoretical studies of x, in the superconducting state of
both weak- and strong-coupling superconductors9 predict
a peak in the quanitity x, (T)/x, (T„),with the height and
position in temperature of this peak decreasing and in-

creasing, respectively, as the elastic impurity scattering
rate is increased. In the absence of defect scattering
x, (T)/x, (T„) achieves its maximum value 2-2.5 at
T/T, =0.2-0.3. Thus even if «; in YBCO is as large at
T, as x/3 (the WFL upper limit), the phonon thermal
conduction should still predominate near the maximum at
T= 40 K. Furthermore, we expect the phonon-carrier
and phonon-phonon scattering rates in YBCO to decrease
rapidly with decreasing temperature for T & 90 K, and
hence the value of a at the maximum should largely
reflect the degree of phonon-defect scattering. This con-
clusion is supported by recent lattice conductivity calcula-
tions fitting «data for twinned YBCO. '~

From the data in Fig. 1 we find I,=«;(T .,„)/«, (T, )
=1.9 (2.1) and I b =1.6 (1.8) before (after) the oxygen
anneal. The temperature T „. „at which the maximum
occurs decreases from 42 K before the anneal to 38 K
after the anneal for the a axis, and from 47 to 41 K for the
b axis. These observations are consistent with a reduction
in phonon-defect scattering after the oxygen anneal. In-
terestingly, the ratio I,/I b=1.19, which represents a
geometry-independent measure of the anisotropy, is rela-
tively insensitive to the anneal. This suggests that the
reduction in phonon-defect scattering is isotropic.

We now examine the data in the normal state (Fig. 2).
There are two prominent features of the data which bear
close examination: the different temperature dependences
of x for heat flow along the a and b axes, and the upturn
evident in all of the data for T ~ 1 10 K.

We first note that, within the absolute accuracy of the
measurements (15%), differences in the magnitudes of «

for all the data in Fig. 2 are not significant. The tempera-
ture dependences of x for the two crystallographic direc-
tions are, however, clearly quite diA'erent. x, decreases
with increasing temperature above T„whereas ab in-
creases and tends to saturate or achieve a maximum near
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FIG. 2. High-temperature thermal conductivity vs tempera-
ture for the untwinned YBCO crystal before and after oxygen
anneal. The solid lines represent second-order polynomial fits to
the data for 108 ~ T ~ 170 K.
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FIG. 3. Difference thermal conductivities vs temperature,
calculated from the data in Fig. 3 and normalized to values at
200 K. The upper panel shows hx' «.(postanneal) —x(pre-
anneal) for the a and b axis data. The lower panel shows
Alc2 Nb K', before and after the oxygen anneal.

150 K. After the anneal, x, exhibits a stronger and xb a
weaker temperature dependence in the range T, ~ T
~ 1 50 K. Note that the relative changes in x with tem-
perature are quite small (less than 4/o) in all cases.

To gain insight into the difference in x, (T) and xb(T)
and the changes induced by the anneal, we plot in the
upper panel of Fig. 3 the differences hx'=«(post-
anneal) —«(preanneal), normalized to their values at 200
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K. We note that p, was essentially unchanged after the
anneal whereas pb decreased by = 20%. Corresponding-
ly, small changes are anticipated for x, and thus the quan-
tities h, x~ predominantly reflect changes in xI. The ap-
parent increase in the negative temperature coefficient of
«(T) implies an increase in the relative weight of
phonon-phonon scattering, as might occur if phonon-
defect scattering were reduced after the anneal. Evidently
the relative change in scattering induced by the anneal is
reasonably isotropic, a conclusion which is consistent with
our above observations regarding changes in the conduc-
tivity maximum.

Since YBCO is electronically anisotropic' we antici-
pate that the difference in the x, and xb temperature
dependences may be associated, in part, with the anisotro-

py of the electronic thermal conduction. In the lower

panel of Fig. 3 we plot, for both oxygen configurations, the
dN'erences Atcz=x'b —x', also normalized to their 200-K
values. If the lattice conductivity were isotropic, this
diA'erence would represent the difference in K, along the b

and a axes. Though the temperature dependence of xL in

YBCO is sensitive to the relative weights of phonon-
defect, phonon-carrier, and phonon-phonon scatter-
ing,

' ' ' the results for h, x
~

indicate that this weighting is

rather similar for the a and b axes. Thus it is unlikely that
has a sufficiently difl'erent temperature dependence

along the two directions to account for the qualitative
difl'erence in «, (T) and xb(T). The implication is that
x„b —K, , is an increasing function of temperature. The
slightly stronger temperature dependence of h, ~2 after the
anneal suggests that this behavior is related to the Cu-0
chain electronic heat conduction.

Returning to Fig. 2 we now examine the upturn in K

which is evident for all of the curves at T(110 K. To
quantify this enhancement in K we fit the data for
108 & T ~ 170 K to a second-order polynomial (solid
lines in Fig. 2) thus defining x . In Fig. 4 we plot the re-

duced fluctuation thermal conductivity (x —x")/x" vs

(T —T„)/T, . [We have also calculated x" with 104 and

112 K as cutoA' temperatures and find no significant
difl'erence in (x —«.")/x".] Within the scatter of a factor
of 2, (« —x")/x" is isotropic and unchanged after the an-

neal.
The eA'ect of superconducting fluctuations on electronic

thermal conductivity has been studied theoretically. ' '
The usual Aslamazov-Larkin' term, which describes the
contribution of superfluid flow to the electrical conduc-
tion, does not contribute to the electronic thermal conduc-
tion because superconducting pairs carry no heat. In the
dirty limit, Ref. 12 predicts an increase in x, due to
enhancements in the quasiparticle density of states and
lifetime. For two dimensions (2D) a weak logarithmic
divergence is predicted near T„with no anomalous behav-

ior expected in 3D.
Varlamov and Livanov' have recently calculated the

fluctuation contribution to x, in a clean-limit model for
layered superconductors such as the cuprates. The inter-

layer coupling is parameterized by an overlap integral co

which describes hopping between layers. In this model,

«e/x,"=03(h/EF~)[e(e+. b$)] ', where EF is the Fer-
mi energy, r is the scattering time, bn =0.11(ro/T„), and
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e—= (T —T, )/T, . This expression predicts a crossover
from 2D behavior, x,"/x;"cs:e ', to 3D behavior, «,"/«;"

, for 80= e. The solid lines in Fig. 4 represent
these 2D and 3D forms. The data imply Bn =0.03-0.04
and hence co = 50-60 K. This compares favorably with
co=110 K, estimated by Kresin, Wolf, and Deutscher'
for plane-chain charge transfer.

To check the magnitude of the effect against the theory
we assume that all of the K enhancement plotted in Fig. 4
is due to fluctuations in K, and use the WFL estimate,
«.„/x~0.3, to give (x x)/a—-" ~0.3 x/ „"x. Using (x.

&")/x"=0.0075 at a=0.02 then implies EFr ~ 2.4
&10 ' eVs. For EF =0.3 eV, ' this yields the reason-
able result r ~ 8 & 10 ' s. Evidently a fluctuation
enhancement in K; alone can account for the eA'ect we ob-
serve.

Given that the lattice conduction predominates at T, in

YBCO and that carriers are significant scatterers of pho-
nons, we also anticipate that fluctuations will strongly
influence aL as well. To our knowledge this effect has not
been investigated theoretically or experimentally. The
principal eA'ect of fluctuations would be to reduce the
eA'ective number of carriers available to scatter phonons.
A crude estimate of this effect could make use of the
Bardeen-Rickayzen-Tewordt theory for lattice conduc-
tion ' ' and employ a phonon-electron scattering rate
proportional to 1

—(~%'~ ), where (~%'~ ) is the mean-
square amplitude of the Ginzburg-Landau order pararne-
ter. This poses an interesting problem for future investi-
gation.
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FIG. 4. Normalized fluctuation thermal conductivity,

(« —x")/x", vs (T —T, )/T, (x" is defined by the solid lines in

Fig. 2).
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