
PHYSICAL REVIE%' 8 VOLUME 41, NUMBER 16 1 JUNE 1990

Thermal conductivity of single-crystal Bi-Sr-Ca-Cu-0
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The ab-plane thermal conductivity ~ of single-crystal Bi&Sr2CaCu&08 „has been measured from
25 to 300 K, for samples of varying oxygen con6guration. Complementary electrical-conductivity
measurements on the same crystals allow a to be accurately decomposed into electronic and phonon
contributions. For metallic samples the electronic contribution to a is substantial. Analysis of x in

the normal and superconducting states allows the defect-scattering and electron-scattering contribu-
tions to ~ph to be evaluated near T, . ~ in the superconducting state is consistent with a BCS
description.

Understanding the normal-state properties and super-
conductivity mechanism in high-temperature supercon-
ductors (HTSC's) is a challenging problem. Transport
measurements such as electrical resistivity, thermopower,
and Hall effect are valuable in establishing normal-
state interactions and parameters. ' In the HTSC
Bi2Sr2CaCu20s „(Bi-Sr-Ca-Cu-O), for example, recent
transport experiments have demonstrated an anisotropic
electronic structure highly sensitive to the oxygen
configuration, with a possibly important role played by
defect scattering. '

The thermal conductivity ~ is a particularly useful
transport coefFicient in that it can probe scattering pro-
cesses in both the normal state and the superconducting
state below T, . Previous measurements of ~ in polycrys-
talline Bi-Sr-Ca-Cu-0 (Ref. 4) have demonstrated a
bumplike structure just below T„similar to that ob-
served in other HTSC materials and interpreted as
due to enhancement of the phonon contribution resulting
from a reduction of phonon-electron scattering. Howev-
er, using polycrystalline data, a quantitative deconvolu-
tion of ~ into its intrinsic electronic and phonon contribu-
tions is difficult due to the complexity of the polycrystal-
line system.

We here report measurements of the thermal conduc-
tivity of single crystal Bi-Sr-Ca-Cu-0 in the important
temperature range from room temperature to below T, .
The measurements were performed along the ab plane for
crystals with different oxygen configuration. In contrast
to polycrystalline measurements, we find that, for
oxygen-rich samples in the normal state, the electronic
portion of ~ is comparable to the phonon contribution.
By analyzing x in the superconducting state, we further
deconvolve the phonon thermal resistivity at T, into its
distinct electron- and defect-scattering components. Our
results are generally consistent with a ~ determined from
BCS theory.

Bi-Sr-Ca-Cu-0 crystals were prepared as described
elsewhere. The crystals were cleaved into thin ab-plane
sheets of typical dimension 2 X 1 X0.01 mm'. The oxygen
configuration of the crystals was altered by annealing in

either oxygen (samples A and B) or a vacuum (samples C
and D), using the same procedure employed in other Bi-
Sr-Ca-Cu-0 transport studies. ' The thermal conduc-
tivity was measured using a steady-state comparative
technique, ' where a constantan wire attached in series
with the sample served as a calibrated heat link. Since
the thermal conductivity of the constantan enters the
analysis, we determined, using an independent Joule heat-
ing method, the absolute (temperature-dependent)
thermal conductivity of the constantan; good agreement
with published results" was obtained. Average tempera-
ture gradients across the sample were 0.5 K, and error
due to radiation and heat leaks through the wires was es-
timated to be only a few percent. Although the absolute
~ measured for the samples has a potentially large error
due to uncertainties in the effective sample geometry,
such errors largely cancel out in our analysis where the
electrical conductivity, cr (measured on the same crystal
with similarly placed leads) is used. The error in n/o is
small, ~ 5%.

Figure 1(a) shows the temperature dependence of the
measured ab-plane thermal conductivity, ~ (T), for sam-

ples A and B. The data have the same qualitative shape
as polycrystalline results. For both samples ~ de-

creases almost linearly with decreasing temperature until

T, =89 K. Below T„~ increases and reaches a local
maximum at T=62 K; below this temperature ~ de-
creases rapidly. Figure 1(b) shows the electrical resistivi-
ty p(T) [=1/cr(T)] for samples A and B. The form of
p( T) is suggestive of "metallic" behavior, characteristic
of Bi-Sr-Ca-Cu-0 samples having undergone a high oxy-
gen anneal. The electrical resistivity data indicate onset
to the superconducting transition at T, =89 K and p=0
at T,f =81 K.

Figure 2 shows similar n. (T) and p(T) data for sam-
ples C and D. These samples were processed using a low
oxygen anneal, and, as seen in Fig. 2(b), do not display
metallic behavior in the electrical resistivity. Rather,
these samples have room-temperature electrical resistivi-
ties an order of magnitude higher than those of samples
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FIG. 1. (a) Measured ab-plane thermal conductivity vs tern-
perature for two metallic crystals of Qi2Sr2CaCu208 ~. (b) ab-
plane resistivity vs temperature for the same two crystals.
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FIG. 2. (a) Measured ab-plane thermal conductivity for two
nonmetallic oxygen-deficient crystals of Bi2SrzCaCu208 ~. (b)
ab-plane resistivity vs temperature for the same two crystals.

A and B, and both show the characteristic semiconduc-
torlike upturn in p( T) before p drops at the severely
depressed T, =55 K. The K for samples C and D again
varies nearly linearly with temperature (with a positive
slope slightly larger than for the metalhc samples A and
B) .Unlike the metallic samples, the oxygen-deficient
samples C and D show no upturn in ~ either at T =89
K or their own depressed T, =55 K, i.e., the "bump"
anomaly is fully absent. The only notable feature of the

data for samples C and D is a downward "kink" near
60 K. It is not clear if this kink is due to the onset of su-
perconductivity in these samples (T, =55 K), or if it cor-
responds to the same sharp downturn in ~ near 62 K
observed in the metallic samples A and B and represents,
for example, an intrinsic scattering mechanism such as
defects (it is unlikely to be due to boundary scattering). If
the latter case is true, then this implies that the gross de-
fect structure within the two differently treated crystals is
similar.

It is noteworthy that the magnitude of ~ for samples
C and D is approximately one-half that of the metallic
samples A and B. This demonstrates that removing elec-
trical carriers from the sample reduces the thermal con-
ductivity, which suggests that in the normal state above
T„ the electrons in metallic samples carry a significant
portion of the heat.

We now analyze our ~ data for the metallic Bi-Sr-
Ca-Cu-0 samples A and B, making use of the corre-
sponding electrical-conductivity data. The electronic and
phonon contributions to ~ in the normal state are most
directly obtained from the Wiedemann-Franz (WF) law.
Figure 3(a) shows the measured Lorenz ratio,
L(T)=a (T)/0(T)T, for samples A and B As men. -

tioned before, geometrical uncertainties cancel here. The
magnitude of the Lorenz ratio for the metallic samples
is roughly three times the Sommerfeld value,
L0=2.45 X 10 W 0/K . Since p(T) is roughly linear in
temperature for metallic Bi-Sr-Ca-Cu-O, the upward cur-
vature in the Lorenz ratio for sample 8 is mostly due to
the impurity offset in electrical resistivity of that sample.
Assuming the validity of the WF law for the metallic
samples, the data of Fig. 3(a) imply that roughly one-
third of the thermal conductivity is due to electrons,
while phonons make up the rest. This result is at odds
with most polycrystalline data, which has been interpret-
ed as implying that the electrons carry only 1 —12%%uo of
the heat in the HTSC's. Our result is similar to
findings for single-crystal YBa2Cu307 where electrons ap-
pear to carry —55% of the heat' (again contrary to
polycrystalline data interpretations).

The Lorenz ratio for the oxygen-deficient samples C
and D is shown in Fig. 3(b). Here L=20LO at higher
temperature (200—300 K) and increases with decreasing
temperature. If the WF law holds for samples C and D,
then the data of Fig. 3(b) imply that electrons carry less
than 5%%ui of the heat in oxygen-deficient Bi-Sr-Ca-Cu-O,
while phonons account for the rest.

Figure 4 shows the results of the first step in a quanti-
tative deconvolution of the thermal conductivity into its
different carrier and scattering components. Here the
measured thermal conductivity a (T) along with its con-
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stituent electron and phonon components x, (T) and

z (T) is shown for the two metallic samples. Combining

the WF law with the assumption

(T}=~,(T)+~ (T)

leads to

It is desirable to separate the phonon thermal conduc-
tivity into its defect and electronic scattering com-
ponents. To do this we use ~ data for metallic Bi-Sr-Ca-
Cu-0 samples from both the normal and superconducting
states. From Mathiessens's rule the phonon thermal
resistivity may be written as the sum of the thermal resis-
tivity due to electrons and that due to defects:

zz( T)=a(T.) Lo—o ( T)T . (2)
I/v (T)= W'(T)+ W (T) . (3)

Implicit in the use of the WF law is the assumption that
the thermal resistance is dominated by large-angle "hor-
izontal" scattering events. ' If small-angle "vertical"
events are significant, then a, (T)&Locr(T)T and

(T) Leo(—T)T is a lower bound for ir (T). Figure 4
shows explicitly that the thermal conductivity of metallic
Bi-Sr-Ca-Cu-0 is in the complicated regime where nei-
ther the electrons nor the phonons fully dominate the
heat transport. We note that the quantitative subtraction
in Eq. (2) is possible only if both ir (T} and cr(T) are
measured on the same crystal (which is the case here),
which minimizes geometrical error and allows the de-
rived ir, (T) to refiect the unique defect configuration of
the particular sample being measured for a (T). The
large electronic contribution to ~ suggests that calcula-
tions which ignore i~, (such as those' used to extract
values of A, from polycrystalline thermal conductivity
data) are inadequate for single-crystal Bi-Sr-Ca-Cu-0 (or
YBa2Cu307).

Phonon-phonon umklapp processes are ignored, as they
are likely overshadowed by scattering from the defects
and electrons. (This assumption is supported by data on

the oxygen-deficient samples shown in Fig. 2, where ~ is

dominated by phonons, but nowhere does it have the re-

gion of negative slope that one might expect if umklapp
scattering were important. We also note that the um-

klapp processes freeze-out at lower temperatures. The
temperature dependence of the thermal conductivity of
the oxygen-deficient samples thus implies that it is dom-

inated by phonon-defect scattering. )

In the normal state ~ ( T) for Eq. (3) is known from Eq.
(2), but Eq. (2) is no longer valid in the superconducting
state. There the temperature dependence of the phonon
and electron components are modified by the opening of
the superconducting energy gap. The thermal conduc-
tivity due to quasiparticles in the superconducting state
has been studied for weak-coupling BCS superconductors

(a)
~ ~

I

sample B
~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~

~ g s ~

Bi2Sr2CaCu208

~ ~
~ ~ ~ ~

~ g
s ~

r ~

~ ~ ~ ~ ~

~
~ ~ ~ ~ ~ ~ ~ ~

~ ~

sample A

L

4

~ s
~ ~

~ ~
~ ~

~ ~
~ ~ ~ ~

~ ~

P ~ ~
~ I

~ ~

~ I ~ ~

+K
P

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~ ~

OO

CO 0..
Ci

150—
Il

(b)
~ ~ Bi2Sr2CaCu20& „

0%

sample A

(b)
~

~
~ ~

~ ~
~ ~

~ ~ ~
~ ~ ~

—Ke

~ ~

sample D
I

~ ~
Wo ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

1~

~

p

50 ~
sample C

~ ~ ~ ~
~ ~ ~ ~ o ~ s ~

~ ~ ~

sample 8
~ es ~ ~ ~

~ ~ ~
~ ~

~ ~
~ ~

~ ~ ~ ~ ~ ~ ~

Ke

0
0

I

100
I

200
I

300
T(K)

FIG. 3. ab-plane Lorenz ratio, L =sc /oT, for (a) the two
metallic crystals shown in Fig. 1 (the Sommerfeld value,
L0=2.45X10 WQ/K, is included for comparison) and (b)
the two nonmetallic, oxygen-deficient crystals shown in Fig. 2.
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FIG. 4. Temperature dependence of measured ab-plane
thermal conductivity ~ shown with deduced phonon and elec-
tron components (~~ and ~, ) for (a) sample A and (b) sample B.
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in the limits where the scattering is dominated by either
defects or phonons. ' ' The strong-coupling regime has
been studied for the phonon-limited thermal conduction
of quasiparticles when T/T, is near 1. ' ' The thermal
conductivity of phonons in weak-coupling superconduc-
tors has also been studied theoretically. ' ' ' It is con-
venient to define

0( TIT, ) =«, ( T), I«, ( T)„

and

a(TIT, ) '= W'(T)„/W'(T},
for a BCS superconductor in different scattering and cou-
pling regimes. Here «, (T), is the electron thermal con-
ductivity for a superconducting material at T & T„while
«, (T}„ is the electron thermal conductivity that same
material would have if there were no superconductivity
present (for instance, if it were placed in a large magnetic
field). W~(T), and W'(T)„represent the electron-limited
phonon thermal resistivity under analogous conditions.
With the preceding definitions of a and P, the total
thermal resistivity becomes, for T & T„

I

1/k (T)=l/[kp(T)+k, (T)]=[W"(T)„+aW'(T)„]/'L1+P «(T)„[W (T)„+uW'(T)„]j, (4)

where the assumption has been made that W ( T) (the defect-limited phonon thermal resistivity) does not change appre-
ciably due to the onset of superconductivity. Equation (4) reduces to Eq. (3) for T T, with aid of the WF law.

It is desirable to solve Eq. (4) for the two parameters Wz(T) and Wz(T). Wz, the thermal resistivity of the phonons
due to scattering by defects, provides basic information on the role of defects in the crystal, while S~, the thermal resis-
tivity of the phonons due to scattering by electrons, provides information on the electron-phonon interaction. Equation
(4) may be solved for these parameters near T, using experimental data from the normal and superconducting states
(data from the normal state alone leads to more unknown variables than equations). For the normal state we use data
from the metallic samples at T& = T, =89 K, the onset of the resistive transition, while for the superconducting state we
use data at Tz =62 K, the maximum of the thermal conductivity below T, . These temperature points are close enough
to justify the approximation that Wz(T}„and Wz(T)„change negligibly in the temperature range T, + T+ Tz. [The
data of Fig. 2(a) on the oxygen-deficient material also help to justify this approximation in regard to W~ ( T)„]. Evaluat-
ing Eq. (3) at T, and Eq. (4) at Tz leads to the following expression for W'( T, ):

W'(T&)=[«(Tz) —«(T&) P«, (Tz—)„]/((a—1)«(T&)[P«,(Tz)„—«(Tz)]} . (5)

W~(T, ) follows directly from Eq. (3). Equation (5) is

evaluated using the data shown in Fig. 4 for «(Tz) and

«( T, ), while «, ( Tz )„ is determined by extrapolating the
linear resistivity data of Fig. 1 down to T2 and using the
WF law. a(Tz/T, =0.7) '=10 in the weak-coupling
limit' [a(TIT, ) has not, to our knowledge, been calcu-
lated in the strong-coupling limit]. P(Tz/T, ) is more

difficult to obtain since the electron thermal conductivity
is not clearly in the defect- or phonon-dominated scatter-
ing limit. However, in the weak-coupling regime the two
limits yield roughly equivalent values at TIT, =0.7, with

P(0.7)=0.7. '

Our final values of W'(89 K) and W"(89 K) are then

1.6 X 10 ' and 2.6 X 10 K m/W, respectively, for sam-

ple A, and 8.0X10 km/W and 1.7X10 ' Km/W, re-

spectively for sample 8. The defect-scattering com-
ponent of the phonon thermal resistivity is thus roughly
twice the magnitude of the electron-scattering component
in the vicinity of T„which demonstrates an important
role played by the defects.

Our treatment of the thermal conductivity leading to
Eqs. (4) and (5) can be examined for self-consistency using
the standard transport relation'

W'(T)=[pz(T)IT](e/k~) [3',k~/Cz(T)], (6)

where pz( T) is the electrical resistivity due to phonons, E
is the total number of atoms (units cells), n, is the num-

ber of charge carriers per atom (unit cell), and Cz is the
lattice heat capacity. Using W~(T, ) obtained above,
pz(T)IT obtained from the slope of the measured resis-

tivity (Fig. 1}, and n, =1 as obtained from Hall effect
measurements, Eq. (6) leads to a lattice specific heat
cz(89 K)=80 J/mol K for sample A and cz(89 K) =110
J/mol K for sample 8 ("mol" refers to the number of unit
cells). Unfortunately no direct specific-heat measure-
ments on single-crystal Bi-Sr-Ca-Cu-0 have been report-
ed in this temperature range. Our predicted values of c&,
however, are of similar magnitude to cz (89 K)=300
J/molK obtained by direct specific-heat measurements
on polycrystalline Bi-Sr-Ca-Cu-0 specimens, ' and thus
lend support to the assumptions and approximations
made in our analysis.

In conclusion, the normal-state thermal conductivity of
Bi-Sr-Ca-Cu-0 in the metallic regime has substantial
electron and phonon contributions. The behavior in the
superconducting state is consistent with conventional
BCS behavior and suggests that near T, the phonon por-
tion of the thermal resistivity has electron- and defect-
scattering terms, the defect term being approximately
twice as large as the electron-scattering contribution.
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