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Thermal Conductivity and Scattering Mechanisms in High-T_ Oxide Superconductors *
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Scattering mechanisms of a c-axis aligned (Bi,Pb)ZSrZCaZCU3Oy have been studied by a numerical analysis based on a
model in which two scattering mechanisms, phonon-electron scattering and electron-electron scattering , are coexisting as
the main cause of the thermal conductivity enhancement below the superconducting transition temperature, T¢. We found a

fairly good agreement between experimental results of temperature dependence and magnetic field dependence of the
thermal conductivity and the coexisting model, as well as the model with electron-electron scattering (Proc.US-Japan WS
on J¢ in high T¢ Oxide Superconductors (Oct.1995,Tsukuba): to be published), suggesting the coexistence of above men-

tioned two scattering mechanisms.
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1. Introduction

Thermal transport studies on metals and alloys give
important informations about thermal carriers such as
phonons and electrons, and their scattering processes.!»2)
Electronic transport properties of superconductors, i.c.
dc conductivity and Seebeck coefficient, vanish in the
superconducting state, while the thermal conductivity has
been observed even in such a state. Thus, the thermal
conductivity measurement is a significant probe to
examine scattering mechanisms not only in the normal
state but also in the superconducting state.

Recently, a number of studies on the thermal
conductivity x of high-T¢ oxide superconductors have
been reported.35) A common feature in their studies
except forthe 2-1-4 systems such as Lap 4SryCuO4 and
Nd;_xCexCuOy4 crystals that high-T
superconductors show an anomaly in the thermal
conductivity associated with the superconducting
transition. The origin of such an anomaly in x is not
made clear yet at present and two-types of scenarios
have been mainly presented to interpret the observed
anomaly . One scenario is essentially concerned with the
Bardeen, Rickayzen and Tewordt (BRT) theory proposed
firstly for the conventional superconductors, which
attributes the anomaly in thermal conductivity to the
phonon thermal conductivity.6’7) In the superconducting
state, quasiparticles as thermal carriers are condensed into
Cooper pairs and the quasiparticle number rapidly decrease,
so that the electron thermal conductivity decreases below
Tc.8) When the electron-phonon interaction is operative
and the phonon component in x is dominant , a rapid
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decrease in the quasiparticle number gives rise to a large
reduction in the scattering cross section of phonons and the
an observed thermal conductivity shows an enhancement

in the superconducting state. On the other hand, an
alternative scenario is based on an unconventional idea
firstly proposed by Yu eral ) to explain the anomaly
in the ab-plane x of the untwinned YBayCu3O7_«
(YBCO) single crystal. According to their idea, the
damping rate in quasiparticle is strongly suppressed in the
superconducting state, in other words, the scattering cross
section of quasi-particles decreases more remarkably in
comparison with a decrease in the quasiparticle number. As
a result, the electronic thermal conductivity shows a peak
below T¢. On the background of this idea, there is a fact of
experimental results in which ac conductivity of the
YBCO and Bip Sry Ca Cup0y (BSCCO or Bi-2212)
systems also show a rapid increase below T similarto the
thermal conductivity.1%11) [n addition, the marginal
Fermi-liquid phenomenology proposed by Varma et al.12)
has previously predicted such behaviours both in the ac
conductivity and in the electronic thermal conductivity.
The former approach focuses the origin of the anomaly on
the phonon component, while the latter ascribes it to the
electronic component.

For type-II superconductors in a magnetic field higher
than their lower critical fields, thermal carriers interact
with quasiparticies within the normal region produced by
an external field and are scattered by quasiparticles in the
normal cores. 13:14) Thus, the thermal conductivity study
in magnetic fields gives further information about the
vortex state of the superconductor and scattering
mechanisms. The thermal conductivity of high-T; oxide
superconductors in a magnetic field has been investigated
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to clarify extraordinary. properties in the vortex-state of
such materials.15-16) In particular, a precise study on the
angular dependence of x ina field strongly suggests that
the BSCCO system is a highly anisotropic or a quasi-2D
superconductor which is consistent with the electronic
transport study or the superconducting fluctuation study in
the specific heat.17~19)  Moreover, the vortex-state
thermal conductivity is considered to be a powerful tool
to approach the origin of a peak in « since the interactions
of thermal carriers with quasiparticles in the vortex cores
gives information about electron-phonon interaction or
electron-electron interaction.

In this paper, scattering mechanisms in the thermal
conductivity of a c-axis aligned (Bi,Pb)2S8r;CazCu30y
crystal has been reexamined by a numerical analysis based
on a model in which two scattering mechanisms, phonon-
electron scattering and electron-electron scattering, are
coexisting for the main cause of the thermal conductivity
enhancement below the superconducting transition
temperature,T¢, succeeding to the pervious report.zo)

2. Theoretical background

A. Analysis based on the conventional superconductor
model

The measured thermal conductivity is written as a sum
of the electronic and phonon components, k= kg + Kph-
The normal-state electronic thermal conductivity x.? is
estimated from the electric conductivity data using the
Wiedemann-Franz (W-F) law, &g =Lg oT , where Ly and
o are Lorenz number and the electrical conductivity. The
value of x.» shows almost no dependence on temperature
because the resistivity of the BPSCCO sample varies
linearly with temperature from room temperature down to
Tc onset- The estimated value of k.7 becomes ~7 mW/
cmK at 150 K. This indicates that 25 % of the total
thermal conductivity is made by electrons at this
temperature. The superconducting electronic thermal
conductivity x5 is calculated on the basis of the
Kadanoff-Martin (K-M) theory ;
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with E-+fe" +4*, where %5 is normalized value by the

electronic thermal conductivity at T, 8) The variables of
¢ and A(T) normalized by kT denote quasiparticle energy
measured from the Fermi-level and the superconducting
energy gap according to the Bardeen, Cooper and
Schrieffer (BCS) theory. The denominator in integrand
of eq.(1) represents the scattering rate of quasiparticles.
The first term in the denominator means the residual scat-
tering rate of quasiparticles due to impurities. In the second

term, the parameter a represents the strength of a power-
law scattering rate to the residual scatteringrate.If n=3, a
power law of t3 in the second term of eq.(1) is reduced
to the scattering rate of quasiparticles due to phonons and
then the parameter of a describes thermal resistivity
ratio of phonons to impurities, as discussed in the original
paper by Kadanoff and Martin. If @ approaches to zero,
eq. (1) is reduced to the Bardeen, Rickayzen and
Tewordt (BRT) expression, which describes the supercon-
ducting-state electronic thermal conductivity in the pre-
dominant impurity scattering. ©)

In high-T, superconductors such as the BPSCCO system,
the T-linear dependence of the electrical resistivity yields
that the inverse relaxation time of quasiparticles in the
normal state is proportional to the temperature. In the
assumption of the W-F law, the inverse relaxation time in
the thermal transport also becomes a linear function of 7.
Accordingly, the power exponent in the second term of
eq.(1) is taken as n = 1 if the relaxation time of
quasiparticles in the superconducting state is equivalent to
that in the normal state.

In calculation for the s-wave and d-wave pairing states,
the wave functions are taken as Yg=1and ¥;=
V2cos(2¢), where ¢ is the azimuthal angle of wave
number £ in the ab-plane. 21)  The electronic thermal
conductivity of the superconductor for the d-wave pairing

is calculated such as
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with A(t,¢)=xA,. (), (¢) and E=-\/£1+A2 , where

x is ascaling parameter for the superconducting gap to
the value of the BCS gap i.e., x = A(O)/AM(O) .

In order to separate the measured thermal conductivity
into the phonon and electronic components, the electronic
thermal conductivity is calculated using the W-F law and
Kadanoff-Martin expressions. The value of x5 rapidly
decreases with lowering temperatures since the thermal
carrier is condensed into Cooper pairs, carrying no heat
flux. It should be noted that within the framework of the
electronic thermal conductivity theory for the
conventional superconductors, the origin of anomaly
below T, is attributed to the phonon component.
Subtracting the value of x5 from the measured value,
the phonon thermal conductivity kpp is obtained.

Next, the phonon thermal conductivity Kph is discussed
in terms of the relaxation time approach by Tewordt and
Wolkhausen (TW)7) which was originally proposed to
explain the behavior of k(T) in YBCO system. The
expression in kpp in  a magnetic field is given in the
following form,
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where @ and gpp(x) are the Debye temperature and the

total relaxation time of phonons, 7-22) respectively. In
€q-(4), Tph-b » Toh-sh» Toh-p » Tph-¢5 and zpp f represent
the relaxation time of phonon scattered by boundaries,
sheetlike-faults, point-defects, quasi-particles in the
superconducting state and vortex cores or quasiparticles
within normal cores , respectively. For convenience, eq.
(3) is rewritten such as,

e/T 4 x

3 X e
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. 1 i, (5)

1+ B()2 +C()* + D (1 - Mgt xy)(6) + h()]

where the variables of ¢, x,y and k& denote reduced
temperature (T / T¢), reduced phonon energy (Aw/kT),
reduced gap energy (4/kT) and reduced field (H/H_}),
respectively. The parameters of 4,8,C and D correspond to
the strength of boundary scattering, sheetlike-fault
scattering, point-defect scattering and electron-phonon
scattering, respectively. An exact expression in the function
ofg(%,y,t) (= Tph-e™ /Tph-e ) is given in the BRT and TW
papers as follows,
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Figure.1 ~ Comparison of the temperature dependence of

the thermal conductivity with the calculated one on the
basis of the conventional superconductor model.
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Here, functions of N(x) and M(x) are given as

x y ..
N(x) = ===, M(x) = —====, for s-wave pairing (7)
112 _ yZ /xz _yz
?j[
¢ x .
N@x)= | ——=—==M(x) = 0 for d-wave pairing. (8)
2 2
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In addition to the various scattering centers of phonons in
zero-field, the phonon scatterer due to quasiparticles within
normal cores is newly introduced in a thermal resistance in
a magnetic field. The inverse relaxation time (1/ gppf) is
proportional to the product of the fraction & of normal
region produced by the applied field and the inverse
relaxation time scattered by normal electrons (1/ Tph-e )
ie.,

1

— = &%

Tph-f Tph-e

n n
¢0 Iph -e Hc2 rph-e

H 1 H
1n=”2u0 1

(9)

where & n&% ,n and g denote the radius of normal core,
the cross section of normal core, the number of the normal
core per the unit cross section and a flux quantum,
respectively. Moreover, it is assumed that the upper critical
field is taken as a parabolic function of temperature,
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Figure.2 Comparison of the field dependence of the
thermal conductivity with the calculated one on the basis
of the conventional superconductor model.
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Figure.3 Comparison of the temperature dependence of the

thermal conductivity with the fitted curve using the

modified K-M expression.

Heo(T) = Hea(0)[1-(T / Tp)?] and the dependence of the
superconducting energy gap on the field is assumed as
A(T)=A0)[1-(H | He)] 2.

Following this model, the origin of apeak in kbelow T,
is explained by a rapid decrease of the phonon scattering
cross section due to the condensation of quasiparticles into
Cooper pairs in the superconducting state. The slope in
Kkph just below T¢ for d-wave state becomes less steep in
comparison with that for s-wave state because the density
of state of quasiparticles inside the superconducting
energy gap remains finite in the former state.22)

B. Analysis based on the strong suppress model of
quasiparticle scattering rate.

Next , we describe the procedure of analysis on the
basis of the strong suppression model of quasiparticle
scattering rate.”) Firstly, the measured thermal conductivity
in the absence of a magnetic field is separated into x, and
Kph using the value of x of aninsulating sample in which
the charge carrier was removed by an annealing in a
vacuum from the metallic sample cut out in the same
batch as the superconducting sample. Here, it is assumed
that the electron-phonon interaction strength is very small
compared with the electron-electron interaction strength.
On the basis of this assumption, the value of xpp is not
sensitive to the existence of charge carriers, so that the
value of x of the insulating semple is almost
corresponding to the value of kpp, of the superconducting
BPSCCO sample. Subiracting the value of x of the
insulating sample from that of the superconducting
BPSCCO sample, the electronic thermal conductivity is
obtained . The origin of the peak in x is attributed not to
phonon component but to the electronic component. The
value of k. is in agreement with that estimated from the
W-F law within an accuracy of 25 %. 20) The
experimental value of the normalized x for zero-magnetic
field is fitted using the modified K-M expression varying
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Figure.4 Comparison of the field dependence of the thermal
conductivity with the calculated one on the basis of the
modified K-M expression.

the power-law value in the quasiparticle scattering rate in
eq.(2).

Next, the thermal conductivity of the BPSCCO sample in
a field is studied using the electron-electron interaction
model. Subtracting the value of x of the insulating
sample from measured value of ¥ in the vortex-state, one
can obtain the electronic thermal conductivity in a field. It
should be emphasized that not the xpp value but the x,
value is dramatically suppressed with increasing the field.
The data in gk in a field is fitted using modified K-M
expression as follows,

o

2
d¢ 3 E l+a

Es = —¢'——2' deezsech ( ) ,(10)
2::27: A ¢/ E +a[(l -h)t" + ht)

where the quasiparticle scattering rate due to the normal
region & is taken into account.

C. Analysis based on the coexistence model

In this model we assume the coexistence of two
scattering mechanisms mentioned above for the main
cause of the thermal conductivity enhancement below T¢
in the c-axis oriented BPSCCO sample.29) First,
electronic thermal conductivity k¢* in the normal state
was estimated by using the W-F law in terms of
measured p(T) in the normal state. Then, superconducting
state thermal conductivity x.° is estimated using eq.(2)
by assuming an appropriate value of n. The phonon
thermal conductivity xpp is obtained by subtracting the
estimated . for the temperature region above T¢and x°
for the temperature region below T, respectively, from the
measured fotal thermal conductivity x , A numerical
paxameter fitting analysis is examined for thus obtained
phonon thermal conductivity kpp by using the expression
of eq.(5).
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Figure.5 Comparison of the temperature dependence of the
thermal conductivity with the calculated one on the basis of
the coexisting model.

3. Results of numerical analyses and discussion
Analysis based on the conventional superconductor
model and on the strong suppression model on the
quasiparticle scattering rate are reported in the previous
paper.20) Figure 1 shows the measured temperature
dependence of thermal conductivity and analyzed results
for B=0T and 13T. The best fit is obtained for parameters of
a=10, A=2284, B=150, C=20, D=150, ©=400K, and %=1.7
for the d-wave state . Figure 2 shows the comparison in the
reduced magnetic field dependence of the reduced phonon
thermal conductivity calculated taking into account the
phonon - normal core scattering process with measured
results for T=50K. There are a fairly good agreement in the
temperature dependence between measured results and
analyzed values of the thermal conductivity . However, the
phonon - normal core scattering model based on the
electron - phonon interaction does not give a satisfactory
explanation on the field effect of the thermal conductivity
behavior for the BPSCCO sample as can be seen in Fig.2.

Figure 3 shows the measured and derived temperature
dependence of the thermal conductivity and the best fitted
curve of k25 for d-wave pairing with a=10, n=6 , and
x=1.2. In Fig.4, reduced value of «(B)/«(0) (= [xph
+Ke(B)]/[ kph +ke(0)] , where ke (B) is calculated
on the basic of K-M expression , is shown up to a reduced
field of 0.2 at the temperature of 50K. As already pointed
out in the previous paper, we can see a fairly good
agreement between experimental results and theoretical
results based on the electron - electron scattering model.

A numerical analysis based on the coexisting model is
firstly examined in this paper. We found a better agreement
for the d-wave pairing in the numerical analysis based on
the strong suppress model . Therefore, we also use d-wave
pairing expression in this numerical analysis based on the
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Figure.6 Comparison of the field dependence of the thermal
conductivity with the calculated one on the basis of the
coexisting model.

coexisting model. The best fitting is obtained with
parameters of a=10, n=4, A=2300, B=150, C=2, D=150,
©=400K, and y=1.2. Figure 5 shows a comparison of
measured temperature dependence with the fitted curve
with this model. Figure 6 shows the comparison in the
magnetic field dependence. As can be seen in these
figures, we can see fairly good agreement in the
temperature dependence , while intermediate magnetic
field dependence between conventional model and
strong suppression model. One of the reason of this
intermediate agreement in the magnetic field dependence
might be that the assumed upper critical field
Be2(0)= 65T is too much smaller than actual value in this
material.

Since the thermal conductivity enhancement was also
observed even in the samples in which phonon part are very
dominant and hence electronic part is very small, as well as
in the high quality samples like single crystals in which
electronic conduction makes a significant part, it is very
plausible that both scattering mechanisms coexist in this
sample with intermediate quality.

4. Summary

Succeeding to the previous study 29), we examined
numerical analysis based on a coexisting model in order
to explain the observed thermal conductivity enhancement
in a highly c-axis oriented Bi(2223) sintered sample. As
a result, we can see fairly good agreement in the
temperature dependence , while intermediate agreement
in the magnetic field dependence between conventional
model and the strong suppression model.
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