
RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 65, 140506~R!
Low-temperature thermal transport in high-temperature superconducting Bi2Sr2CaCu2O8 via a
Y-doped insulating analogue
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In order to separate electronic and phonon mechanisms of thermal transport in high temperature supercon-
ducting Bi2Sr2CaCu2O8, we measured thermal conductivity of single crystals of Y-doped Bi2Sr2CaCu2O8, an
insulating analog of pure Bi2Sr2CaCu2O8, in the temperature range between 40 mK and 2 K. Temperature
dependence of the thermal conductivity of insulating samples changes fromT1.7 between 1 and 2 K to T2.6

below 200 mK, indicating saturation of the phonon mean free path with decreasing temperature. Overall,
thermal conductivity of the insulating samples~which is due entirely to phonons! is strongly suppressed in
comparison to that of the superconducting samples. Therefore, a large~and at the lowest temperatures, pre-
dominant! part of the total thermal transport in superconducting Bi2Sr2CaCu2O8 is due to electrons.
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Thermal conductivity has become a popular tool to stu
the symmetry of the order parameter in unconventional
perconductors. The reason for this lies in the particular s
sitivity of thermal transport to the normal quasiparticle sp
trum deep in the superconducting regime, because
superconducting condensate itself does not carry heat. T
retical investigations predicted universal~impurity concen-
tration independent! electrical and linear-in-temperature co
tribution to the thermal conductivity for a superconduc
with a dx22y2 order parameter.1–4 Such behavior is under
stood as a result of the cancellation between increases in
the bandwidth of electronic impurity states and in impur
scattering of quasiparticles along the nodal directions o
dx22y2 superconducting order parameter. Detailed investi
tion of the low temperature thermal conductivity of Z
doped YBa2Cu3O6.9 indeed revealed such a behavior,5 with
the absolute value of electronic thermal conductivity within
factor of 2 of expected value, a validation of the develop
theories of impurity scattering in the high temperature sup
conductors~HTS!.

Low temperature thermal conductivity was also measu
in another HTS compound, Bi2Sr2CaCu2O8, with some un-
expected results. Magnetothermal conductivity was fi
measured for temperature down to 6 K and field up to 14 T.6

After the initial decrease of thermal conductivityDk of a
few percent, a sharp kink in thermal conductivity was o
served at a critical field ofHk , with thermal conductivity
becoming field-independent aboveHk . Such behavior was
observed for the temperature range between 6 and 20 K,
both Dk and Hk proportional toT2. These results were in
terpreted as a phase transition in the condensate, with a
the Fermi surface gapped in the new high field state. Wit
this picture the quasiparticles~electrons! were therefore re-
sponsible only for a few percent of the total thermal cond
tivity Dk at zero field. Several groups were able to bo
reproduce and extend measurements of magnetothe
transport in Bi2Sr2CaCu2O8.7,8 Observation of hysteresis i
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magnetic field, sample-dependent behavior, and simu
neous theoretical work9,10 lead to the conclusion7,8 that it is
the vortex scattering of normal quasiparticles that is resp
sible for the apparent field plateau feature for temperat
above few K. Recent theoretical work by Vekhteret al.10

concludes that the ‘‘plateau’’ is the result of the transiti
from the temperature dominated regime~at low field! to the
field dominated regime above few Tesla, where the electro
thermal conductivity varies asAH ln(Hc2 /H).

The low temperature thermal conductivity~below few
hundreds of mK! was shown to follow theAH behavior both
in YBa2Cu3O6.9 ~Ref. 11! and Bi2Sr2CaCu2O8.7 However,
the much larger magnitude of theAH term in the latter com-
pound was puzzling,11 since the YBa2Cu3O6.9 single crystals
are generally considered to be of higher quality on the ba
of the normal state properties, such as residual resistivity

In an unrelated experiment, a sharp drop of thermal c
ductivity in two Ni-doped Bi2Sr2CaCu2O8 samples was ob-
served in zero field at about 200 mK.12 It was suggested tha
this feature is a consequence of a bulk phase transition in
second superconductingdx22y21 idxy ~so called d1 id)
state,12,13 where the nodes of thedx22y2 state are lifted, and
the energy gap is finite around the whole Fermi surface.
this interpretation to be valid, it is necessary that most of
heat current in Bi2Sr2CaCu2O8 at low temperature~below
few degrees K! is carried by electrons.

Interpretations of the experimental results of the therm
transport studies of Bi2Sr2CaCu2O8 described above rely
crucially on the ratio of electronic to phonon heat currents
would therefore be of great value to separate these contr
tions experimentally.

The background phonon thermal conductivity in the s
perconducting YBa2Cu3O6.9 was measured directly by
deoxygenating a pure superconducting sample, thereby d
ing it insulating.5 The thermal conductivity of this insulating
analog was taken as a measure of the phonon thermal
duction in the superconducting sample. It was determine
this way that the phonons carried a major part of the h
current above about 100 mK, and that all of the increase
©2002 The American Physical Society06-1



m
te

he

on
s
th

su
n

ed
a
th
o

o

re
-
s
e

ly
ng

th
le

on

f

m

he

ro
in

a
vo

e
gi
h
ca

co

a
e
he
m
ho

no
om,
a-

d
e
to-
this
of

ion
o
es
ts

ions

d
tion

e

ive
ture
ws

.

e it

t-

re
-

RAPID COMMUNICATIONS

R. MOVSHOVICH et al. PHYSICAL REVIEW B 65 140506~R!
the thermal conductivity above the universal value for te
perature up to a few hundred millikelvin can be accoun
for by phonons.

We took another approach to determine the phonon t
mal conductivity in Bi2Sr2CaCu2O8, substituting Y31 for
Ca21 ~and thereby removing holes from the conducti
band! to drive it across the superconductor/insulator tran
tion. Such an approach was used previously to study
phonon thermal conductivity in both Bi2Sr2CaCu2O8 and
Bi2Sr2YCu2O8 compounds between 10 and 300 K.14 This
study demonstrated that the thermal conductivity in the in
lating Bi2Sr2YCu2O8 represents very closely the phono
background thermal conductivity of Bi2Sr2CaCu2O8 in the
normal state. As the temperature is lowered belowTc , the
influence of crystalline point imperfections in the dop
samples should decrease even further, since the long w
length phonons, insensitive to point defects, become
dominant heat carriers. Therefore we expect the thermal c
ductivity of the insulating Y-doped Bi2Sr2CaCu2O8 samples
to be a very good representation of the phonon thermal c
ductivity of the superconducting Bi2Sr2CaCu2O8.

The insulating crystals used in our study we
Bi2Sr2Ca12xYxCu2O81d with x'0.65, determined as de
scribed below. This composition was chosen on the basi
the following considerations. Higher Y-doping lowers th
quality of the crystals. Indeed, several groups15–18 reported
that highly Y-doped crystals present ‘‘islands’’ of distinct
different dopant concentration, vacancies, and twinni
Therefore, our strategy was to substitute just enough Y31 for
Ca21 in order to suppress superconductivity, and keep
highest crystalline homogeneity and quality of the samp
Single crystals of Bi2Sr2Ca12xYxCu2O81d were grown by
the self-flux technique, using the directional solidificati
approach described by Mitziet al.15 It is known for this sys-
tem that actual~measured! crystal composition is distinctly
different from the starting~nominal! composition. The start-
ing materials were taken in atomic ratio o
2.4Bi:2Sr:0.5Ca:0.5Y:2.4Cu. Bi2O3 and CuO were included
in excess to act as flux for the crystal growth, and to co
pensate for the evaporation of Bi2O3 during the growth. The
resulting mica-like crystals were easily removed from t
melt.

We characterized the sample by performing synchrot
x-ray powder diffraction measurement on the X7A beaml
at the National Synchrotron Light Source at Brookhaven N
tional Laboratory. The diffraction peaks’ shape and the e
lution of their full-width at half-maximum~FWHM! as a
function of q give us insight into the homogeneity of th
samples, whereas determination of the lattice constants
information on the average Y-content of the crystals. T
x-ray diffraction spectrum was compared with the theoreti
one calculated using the softwareLAZY-PULVERIX40. This
comparison revealed that most observed diffraction lines
respond to Bi2Sr2Ca12xYxCu2O81d . Additional weak peaks
observed in the experimental pattern are expected, and
due to flux or secondary material remaining on the surfac
some crystals.19 The results obtained from these fits are t
following: First, the diffraction peaks do not have a syste
atically asymmetric shape, which would suggest slight in
14050
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mogeneities in composition. Furthermore, there are
weaker peaks closely adjacent to, but distinguishable fr
the main peaks~which would reflect compositional segreg
tion!. It is worth noting here that Mitziet al.15 observed such
a secondary group of diffraction lines for highly Y-dope
crystals (x'0.8–1), even with laboratory x rays which hav
one order of magnitude lower resolution and peak-
background ratio than the synchrotron x rays used in
work. Second, by expressing the evolution of the FWHM
the peaks as a function of 2Q, and using the Williamson-
Hall analysis,20 a Dc/c of 7.331024 was deduced, which
corresponds to a compositional inhomogeneityDx,2.4%.
This result is consistent with the sharpness of the diffract
peaks of the sample~the FWHM of most peaks is about 3 t
4 times that of Si!, an observation which also demonstrat
the high quality of the sample. Finally, the cell constan
were obtained by a least-squares refinement of the posit
2Q of 15 reflections. The resulting parameters area
55.453(3) Å, b55.409(4) Å, and c530.302(11) Å,
which result in x'0.65 according to the well establishe
correlation between the lattice constants and Y concentra
x.16

Figure 1~a! shows low temperature resistivity of on
Bi2Sr2Ca12xYxCu2O81d sample withx'0.65 versus tem-
perature. This sample is clearly insulating, with the negat
temperature derivative of resistance in the whole tempera
range from room temperature down to 4 K. The inset sho
that lnR is close to linear in 1/T1/4, which is characteristic of
the variable range hopping~VRH! conduction mechanism
Substituting Y31 for Ca21 in Bi2Sr2CaCu2O8 not only re-
moves holes from the conduction band but also, becaus

FIG. 1. Room temperature to 5 K transport in
Bi2Sr2Ca0.35Y0.65Cu2O81d . ~a! Resistance of
Bi2Sr2Ca0.35Y0.65Cu2O81d sample vs temperature, showing insula
ing behavior with dR/dT,0. ~b! (s) thermal conductivity of
Bi2Sr2Ca0.35Y0.65Cu2O81d sample used in the very low temperatu
studies~see below!; (h) thermal conductivity of Y-doped insulat
ing Bi2Sr2CaCu2O8 from Ref. 14.
6-2
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takes place in the immediate neighborhood of the Cu
planes, generates a random potential felt by the charge
riers. It is therefore not surprising that resistivity follows th
VRH dependence. Similar conclusions were reached in s
eral previous studies,21–24 even though the question of th
dimensionality~2D or 3D! of the VRH conduction remains
under debate.

Figure 1~b! shows the thermal conductivity between 3
K and 5 K of the Bi2Sr2Ca0.35Y0.65Cu2O81d sample used for
the ultra low temperature measurements~see below!. For
comparison, we also plotted the thermal conductivity data
insulating Y-doped Bi2Sr2CaCu2O8 sample from the previ-
ous work by Allen et al.14 Thermal conductivity of both
samples display similar trends, with monotonic decre
upon cooling from room temperature followed by a pe
around 10–15 K. Samples appear to be of comparable q
ity, with thermal conductivities within a factor of 2 in th
whole temperature range investigated. However, the
temperature end of the data for the sample used in
present study is about 80% greater, and, therefore, repre
more accurately the low temperature phonon thermal c
ductivity in pure Bi2Sr2CaCu2O8.

Figure 2 shows the thermal conductivity data for two
sulating samples from the same growth as the sample
cussed above. Also for comparison we show the data
lected and discussed previously on three superconduc
samples, grown by the traveling solvent floating zo
method.12 The data for the two insulating samples overl
rather well, even though the geometrical factors for th
samples are different by a factor of 2. The temperature
pendence changes fromT1.7 above 1 K to T2.6 below
'250 mK, indicating increase of the phonon mean free p
with decreasing temperature. Phonon thermal conducti
with temperature-independent mean free path should be
portional toT3, and this regime is evidently approached b
low 250 mK.

FIG. 2. Thermal conductivity vs temperature of Bi2Sr2CaCu2O8

samples. Superconducting samples: (L) undoped; (s) 0.6% Ni-
doped; (h) 1.5% Ni-doped. Insulating samples: (1,n)
Bi2Sr2Ca0.35Y0.65Cu2O81d samples 1 and 2.
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The mean free path in the case
Bi2Sr2Ca0.35Y0.65Cu2O81d is not, however, determined b
scattering off the sample boundaries, in contrast to the c
of YBa2Cu3O6.9. There it was shown that all of the low
temperature rise of the thermal conductivity~below 200 mK!
can be accounted for by the sample-size-limited phonon t
mal conductivity.5 Such an estimate for the insulatin
samples shown in Fig. 2 falls more than an order of mag
tude above the experimental data. Therefore, the mecha
which leads to the saturation of the phonon thermal cond
tivity at low temperatures is not the surface boundary sc
tering. The high quality of the single crystals o
Bi2Sr2Ca12xYxCu2O81d , as demonstrated by the synchr
tron x-ray diffraction analysis, makes phase segregation
unlikely reason for the increase in phonon scattering. S
stantially shortened mean free path must be an intrinsic p
erty of Bi2Sr2CaCu2O8 and related compounds. Strong ph
non scattering in insulating Bi2Sr2YCu2O8 has been noted
previously,14 where the authors conclude that the phono
are either poorly defined or nonexistent at room temperat
The overall temperature behavior of thermal conductivity
Bi2Sr2YCu2O8 ~and by extension, Bi2Sr2CaCu2O8, its super-
conducting analog! resembled more that of glasses than
good crystalline insulators.

Thermal conductivity of insulating
Bi2Sr2Ca0.35Y0.65Cu2O81d samples is about an order of ma
nitude smaller than that of the superconducti
Bi2Sr2CaCu2O8 samples at the lowest temperature, and
below it in the whole temperature range studied~see Fig. 2!.
Therefore, the majority of the heat current in supercondu
ing Bi2Sr2CaCu2O8 must be carried by the electrons. A co
sistency check can be made by estimating the electro
mean free path~mfp! that will account for the temperatur
dependence of the low temperature thermal conductivity
superconducting Bi2Sr2CaCu2O8. We use the expression fo
thermal conductivity of thed-wave superconductor in 2D
arrived at by Krishanaet al.,6

k2D5h
kB

2T

\

kBT

D
kFl , ~1!

where kF is a Fermi wave vector andl is a quasiparticle
mean free path~mfp!, to estimate the electronic mfp an
scattering rate for pure Bi2Sr2CaCu2O8. Recent results on
microwave conductivity on Bi2Sr2CaCu2O8 ~Ref. 25! vali-
date the assumption of the energy independence of the
siparticle relaxation rate relied upon in derivation of Eq.~1!.
We use the data in Fig. 2 of Ref. 12, wherek/T is plotted
versusT to highlight the low temperatureT2 temperature
dependence, and obtainl'6 mm. We can compare this
value with experimental values for the HTS available in t
literature. Mean free path for several optimally dop
YBa2Cu3O6.9 samples was determined via thermal Hall e
fect measurements at temperatures above 10 K.26,27Longitu-
dinal mean free pathl grows dramatically below the supe
conducting transition temperatureTc , from 550 to 4000 Å
between 50 and 10 K. The overall dependence in this te
perature range is close tol}T21. The mfp does not show an
sign of saturation in the temperature range studied. The t
6-3
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perature range of the thermal conductivity data used for
estimate of the low temperature quasiparticle mfp is two
ders of magnitude lower~between 50 and 250 mK! than in
Refs. 26,27. Therefore, mfp of about one order of magnit
larger, in the range of microns, seems to be reasonable
consistent with the observed trends at higher temperatu
More recent microwave spectroscopy measurements of
YBa2Cu3O6.9 samples determined the quasiparticle mfp to
4 mm,28 of the same order as the estimate we obtain
Bi2Sr2CaCu2O8.

The discussion above of the estimated quasiparticle
supports the conclusion we drew from the thermal cond
tivity measurements of the insulating analog
Bi2Sr2YCu2O8: that the low temperature thermal transport
pure Bi2Sr2CaCu2O8 at low temperature is dominated b
quasiparticles. One of the consequences of this is that
200 mK anomaly in thermal conductivity of the two N
doped Bi2Sr2CaCu2O8 samples, observed previously, mu
be of electronic origin, in support of thed1 id hypothesis of
the origin of this anomaly.12

The predominance of the electronic thermal conductiv
at low temperature in Bi2Sr2CaCu2O8 may help to interpret
other recent experimental findings as well. For examp
a larger relative increase in the low temperature ther
conductivity in Bi2Sr2CaCu2O8 in comparison with
YBa2Cu3O6.9 ~as discussed above! is likely due to the much
larger role the quasiparticle thermal transport plays
Bi2Sr2CaCu2O8.
k,
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In conclusion, thermal conductivity measurements
Bi2Sr2Y12xCaxCu2O8, an insulating analog of the high tem
perature superconducting Bi2Sr2CaCu2O8, show that the
thermal transport in Bi2Sr2CaCu2O8 below '2 K is domi-
nated by electrons. This finding has important implicatio
for our understanding of the low temperature properties
HTS, including zero field and magnetothermal transport.
particular, it contributes to a self-consistent picture of t
very low temperature properties of HTS deep in the sup
conducting regime. In contrast, the difference between
normal state properties of YBa2Cu3O6.9 and Bi2Sr2CaCu2O8,
e.g., residual resistivity, points to a lack of unified picture
transport in HTS aboveTc .
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