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Measurements of the transverse (kxy) and longitudinal (kxx) thermal conductivity in high magnetic

fields are used to separate the quasiparticle thermal conductivity (kel
xx) of the CuO2-planes from the

phononic thermal conductivity in YBa2Cu3O72d. kel
xx is found to display a pronounced maximum

below Tc. Our data analysis reveals distinct transport (t) and Hall (tH ) relaxation times below
Tc: Whereas t is strongly enhanced, tH follows the same temperature dependence as above Tc.
[S0031-9007(99)08592-0]

PACS numbers: 74.25.Fy, 72.15.Jf, 74.72.Bk
The study of heat transport in the superconducting state
is well known to provide valuable information on the
quasiparticle (QP) excitations and their dynamics. Com-
pared to other probes of the QP dynamics such as the
microwave conductivity thermal transport has the advan-
tage of probing only the QP response, since the superfluid
does not carry heat. On the other hand, a major complica-
tion in the analysis of the thermal conductivity is often a
substantial phononic contribution kph

xx to the heat current.
Such a situation is realized in the high-Tc superconductors
(HTSC), where the heat current above Tc is known to be
dominated by kph

xx [1]. Accordingly, the interpretation of
experimental data is ambiguous: For example, the maxi-
mum in the temperature dependence of the thermal con-
ductivity in the superconducting state of YBa2Cu3O72d

(YBCO) has been attributed to both, a maximum of the
electronic as well as the phononic contribution [1–4]. A
clear separation of the phonon and QP heat currents is dif-
ficult and up to now an unsolved problem.

It has been pointed out in Refs. [5,6] that the trans-
verse thermal conductivity kxy —the thermal analogue of
the Hall effect—is free of phonons, i.e., kxy is purely
electronic. kxy is related to the electronic thermal con-
ductivity kel

xx according to kxy ­ kel
xx tan aR where aR is

the thermal Hall angle. From the Wiedemann-Franz law
[7] one expects that aR is equal to the electrical Hall
angle aH as obtained from the electrical (sxx) and Hall
(sxy) conductivities via tan aH ­ sxyysxx . In conven-
tional metals tan aH ­ vct where vc ­ eBym is the
cyclotron frequency and t is the usual transport relaxa-
tion time. In contrast, in the normal state of the HTSC
tan aH is highly anomalous and has a temperature depen-
dence which is distinctly different from tsT d [8–10]. Up
to now no data on the QP Hall angle are available below Tc,
but one may suspect that its behavior is anomalous as well.
Therefore, in order to calculate kel

xx from kxy it is necessary
to treat tan aR ­ vctR as an additional independent pa-
rameter which must be determined experimentally.

In this Letter we determine both kel
xx and tan aR

below Tc in a single crystal of YBCO from combined
0031-9007y99y82(10)y2175(4)$15.00
measurements of kxy and kxx in high magnetic fields. Our
main results are as follows: (1) The electronic thermal
conductivity of the CuO2-planes shows a pronounced
maximum below Tc which is strongly suppressed by a
magnetic field. (2) tan aR , as extracted from the thermal
transport data below Tc, displays the same temperature
and magnetic field dependence as tan aH obtained from
electrical transport data above Tc, and it passes smoothly
through Tc. This shows that tR . tH and, remarkably,
that tH and t behave differently also below Tc.

The thermal conductivity tensor k is the sum of an
electronic and a phononic part k ­ kel 1 kph. It is
defined via the heat current density jh ­ 2k=T [11]. We
assume that kph remains diagonal even for B fi 0, i.e.,
kph

xy ­ 0. In this case the transverse components of k are
purely electronic. The transverse thermal conductivity,
also called the Righi-Leduc effect, is measured as follows:
In a magnetic field B ­ s0, 0, Bd a temperature gradient
=xT is applied in the x direction. Under the condition
jh,y ­ 0 a transverse temperature gradient =yT is found
in the y direction. Using the Onsager relations we find in
this situation

jh,y ­ kxy=xT 2 kxx=yT ­ 0 , (1)
with kxx ­ kyy for twinned crystals without in-plane
anisotropy. kxy can therefore be determined experimen-
tally by measuring =xT , =yT , and the total longitudinal
thermal conductivity kxx .

Our measurements were carried out at constant tem-
peratures with the magnetic field applied perpendicular to
the CuO2 planes. Typically, temperature gradients =xT
of order 0.5 Kymm were applied using a small man-
ganin heater mounted on top of the samples. The re-
sulting transverse temperature gradients =yT of order
1023 Kymm in magnetic fields up to 14 T were mea-
sured with AuFe-Chromel thermocouples calibrated in the
same field range [12]. To eliminate offset voltages due
to misalignment of the thermocouple we have measured
for both field directions 6B in order to determine the
Righi-Leduc component of =yT which must be antisym-
metric with respect to field reversal. We have measured
© 1999 The American Physical Society 2175
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in two different modes: Either B was reversed at fixed
temperature or we have heated the sample to tempera-
tures above Tc before the field was reversed. Because of
vortex pinning effects this latter mode was used for all
low temperature measurements. We note that sweeping
the magnetic field at fixed temperatures results in a strong
hysteresis of kxx in almost the entire temperature range
below Tc, similar as reported in Ref. [13]; kxy , which
must be extracted from the asymmetry of the field de-
pendence, can therefore not be determined by sweeping
the magnetic field. We have tested our method by mea-
surements on an insulator (kxy ­ 0) and on simple metals
[14]. Details of our experimental setup will be described
elsewhere. The results presented here have been obtained
on a high quality twinned single crystal of YBCO with
dimensions 1.9 mm 3 2 mm 3 0.38 mm and with a su-
perconducting transition at Tc . 90.5 K.

Representative experimental results are shown in
Fig. 1. kxx has a pronounced maximum at Tmax , Tc

which is strongly suppressed by the applied magnetic
field. The absolute value of kxx (ø 10 WyKm at Tc),
the relative upturn of kxx in zero field as characterized
by the ratio kxxsTmaxdykxxsTcd ø 1.6 for our sample, as
well as the sensitivity of the maximum to magnetic fields
are consistent with previous results [1–3]. The overall
temperature dependence of kxy is similar to that of kxx

but the maximum of kxy occurs at higher temperatures
and the relative change below Tc is larger in comparison
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FIG. 1. Open symbols: kxx (upper panel) and kxy (lower
panel) of YBa2pCu3O72d as a function of temperature T for
various fixed magnetic fields as indicated in the figure. Full
symbols: krest

xx as obtained from our data analysis (see text).
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to kxx . The absolute magnitude of kxy is comparable to
that reported previously in Ref. [6].

For our data analysis we assume that in YBCO three
channels of heat conduction are present:

kxx ­ kel
xx 1 kch

xx 1 kph
xx ­ kel

xx 1 krest
xx . (2)

Here kel
xx is the electronic contribution from the CuO2-

planes (CuO2 bilayers in YBCO) and kph
xx is that of the

phonons. kch
xx describes a possible contribution from the

CuO chains which are present in YBCO along the b
direction of the orthorhombic structure. These chains are
metallic for optimally doped samples and lead to a rather
strong a-b anisotropy in untwinned crystals (sbbysaa .
2) [8]. In a twinned crystal they should contribute to
the electrical and the heat conduction on average; a-b
anisotropy is, of course, absent. In the subsequent data
analysis kch

xx must be treated differently from kel
xx since

the CuO-chains as a quasi-one-dimensional channel for
charge and heat transport should neither contribute to the
transverse transport coefficients sxy and kxy nor to the
magnetic field dependence of the longitudinal ones.

We compare in Fig. 2 Dkxx ­ kxxsBd 2 kxxs0d and
kxyyB. Notably, these quantities have the same magnetic
field dependence, i.e.,

≠

≠B

µ
kxy

B

∂
~

≠kxx

≠B
. (3)

This observation provides the key to our data analysis.
We define

tan aR ­ vctR ­
kxy

kel
xx

, (4)
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sus magnetic field B at fixed temperatures given in the figure.
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where tRsB, T d is a “relaxation time” introduced to
parametrize the field and temperature dependence of
tan aR . Using Eqs. (2) and (4) we find

m
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≠B

√
kxy

B
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­ tR

≠kxx

≠B

1

"
kel

xx
≠tR
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2 tR

≠k
ph
xx

≠B
2 tR

≠kch
xx

≠B

∏
. (5)

Apparently, our experimental results suggest that the term
in brackets is zero. Since the three terms in brackets refer
to three distinct channels of heat conduction this requires
that tR , kph

xx , and kch
xx are separately field independent.

Note that this is certainly reasonable in view of the origin
of these contributions to the heat current.

Assuming thus that the three terms in brackets vanish
tR can be calculated from our data by comparing kxx and
kxyyB at different magnetic fields according to etRym ­
DskxyyBdyDkxx [see Eq. (5)]. The result is shown in
Fig. 3. Note that the values obtained for different magnetic
fields coincide within the experimental accuracy consistent
with the anticipated field independence of tR .

As a check of our result for tR we have also determined
etHym ­ sxyyBsxx for the same sample from measure-
ments of sxy and sxx in the normal state [14]. These data
as well as their extrapolation [15] to temperatures below Tc

are also shown in Fig. 3. The extrapolated values for t
21
H

look very similar to t
21
R regarding the temperature depen-

dence (see inset of Fig. 3), but they appear to be systemati-
cally larger by roughly a factor of 2. However, note that tR

as extracted from the thermal transport data is clearly unaf-
fected by the CuO chains and that this is also true for sxy .
In contrast, sxx has a contribution from the CuO chains,
i.e., sxx ­ spl

xx 1 ksch
xx l, where spl

xx is the electrical con-
ductivity of the CuO2 planes and ksch

xx l is an average of the
chain contribution appropriate for a twinned crystal. With
spl

xx ø ksch
xx l [8] we conclude that etHym ­ sxyyBsxx

is underestimated by a factor of 2. Correcting the normal
state data for this factor we find excellent agreement be-
tween tH and tR , i.e., our data tell tR . tH . This strongly
supports the procedure of our data analysis.

Once tR is known the remainder of our analysis is
straightforward: kel

xxsB fi 0d follows from Eq. (4) using
the data for kxysBd, and krest

xx is obtained subsequently
from Eq. (2) for each field strength. As a test for internal
consistency we have verified that krest

xx is indeed field
independent. Finally, kel

xxsB ­ 0d follows from Eq. (2)
using krest

xx and the zero field data for kxx . We have
also determined kel

xxsB ­ 0d directly from Eq. (4) using
an extrapolation of Bykxy to B ­ 0 in good agreement
with the results obtained from using krest

xx and Eq. (2).
In Fig. 4 we show kel

xxsBd as obtained from our data
analysis. kel

xx represents the electronic thermal conductiv-
ity of the CuO2-planes in YBCO. Our results thus con-
firm explicitly that kel

xx is strongly enhanced below Tc.
kel

xx ~ TnQPt implies that t is strongly enhanced below
Tc overcompensating the decrease of the QP number den-
sity nQP sT d with decreasing temperature. This confirms
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FIG. 3. T , Tc: myetR vs temperature T obtained from
etRym ­ DskxyyBdyDkxx , where DskxyyBd ­ kxysB1dyB1 2
kxysB2dyB2 and Dkxx ­ kxxsB1d 2 kxxsB2d. Different symbols
correspond to different values of B1 and B2. T . Tc: myetH
obtained from sxy and sxx . Solid line: extrapolated normal
state data (see text). Dashed line: extrapolated normal state
data divided by a factor of 2. Inset: The same data on a
double logarithmic scale. The dotted line corresponds to a T2

temperature dependence.

the results obtained for the QP relaxation time from the
microwave conductivity [16].

We also find that kel
xx is very sensitive to magnetic

fields contrary to what is observed in the normal state,
where the total thermal conductivity and thus kel

xx is field
independent. It is straightforward to attribute the field
dependence below Tc to an additional scattering mecha-
nism [17] characteristic for the superconducting state such
as scattering of QPs on vortices [6,18,19]. Assuming
the corresponding scattering rate t21

y to be proportional
to the number of vortices ny ~ B one expects for the
total scattering rate that t21 ­ t

21
in 1 t21

y ­ t
21
in 1 aB.

Here, tin includes the same scattering processes as in the
normal state, i.e., it has in general an elastic defect and an
inelastic contribution; the latter collapses below Tc. Using
kxy ­ kel

xxvctR ­ LsT dTsxxvctR where L is the Lorentz
number and sxx ­ nQP sT de2tym we find

B
kxy

­ CsT dt21 ­ CsT d st21
in 1 aBd , (6)

where CsT d ­ m2ysLTnQPe2tRd depends only on tem-
perature. Thus a plot of Bykxy vs B should yield a straight
line. This is indeed the case as shown in Fig. 4. We note
that by assuming a to be temperature independent tinsT d
can be extracted from the slope and the intersection of the
2177
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FIG. 4. Left panel: Electronic thermal conductivity kel
xxsBd

of the CuO2 planes as a function of temperature for various
magnetic fields as indicated in the figure. The zero field data
have been obtained from kel

xxsB ­ 0d ­ kxxsB ­ 0d 2 krest
xx (±)

as well as from an extrapolation of Bykxy to B ­ 0 (≤). Right
panels: Bykxy as a function of magnetic field B at various fixed
temperatures given in the figure.

Bykxy vs B curves (to within the constant factor a). We
find that tin increases strongly below Tc [14].

krest
xx as obtained from our data analysis is shown in

Fig. 1. Remarkably, krest
xx shows a pronounced maximum

below Tc, too. This maximum may be due to the
phononic contribution [1]. However, it may also arise
from the chain contribution. The latter has previously
been determined experimentally from the a-b anisotropy
of kxx in detwinned single crystals of YBCO [2,20]. kch

xx
shows a pronounced maximum below Tc with an overall
temperature dependence similar to that found here for
krest

xx [20]. Furthermore, the field independence of krest
xx

implies that the phononic contribution kph
xx is independent

of B. Such a conclusion has recently been drawn also
on the basis of low temperature results for the thermal
conductivity in Bi-based HTSC [21].

Finally, our data show clearly that tR . tH and that—
as in the normal state—tH and t behave differently also
below Tc. In particular, whereas t is strongly enhanced
below Tc, tH is unaffected by the superconducting
transition and shows the same temperature dependence
as above Tc. This finding should provide important
information for the theoretical understanding of transport
phenomena in the cuprates.

In summary, we have presented a separation of the QP
and phononic contributions to the thermal conductivity
below Tc in YBCO based on measurements of the
longitudinal and transverse thermal conductivity in high
magnetic fields. Our data analysis shows explicitly that
the QP contribution to kxx is strongly enhanced below Tc

and that it is the QP contribution to the heat current which
2178
is responsible for the magnetic field dependence of kxx .
We find that—as in the normal state—two relaxation
times must be distinguished also below Tc: Whereas
the QP relaxation time t is strongly enhanced below Tc

and magnetic field dependent, the Hall relaxation time tH

remains independent of B below Tc and has the same
temperature dependence as above Tc.
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