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Thermal conductivity of YBa2cu307 —8 below 1 K: Evidence for
normal-carrier transport well below T,
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We report measurements of thermal conductivity at temperatures below 1 K on superconduct-

ing and insulating (oxygen-de6cient) ceramic YBa2Cu307-s. For the superconductor, the tem-

perature dependence of the thermal conductivity x begins to weaken below -0.5 K, approaching
a T-linear behavior. Below 1 K, the insulating material, produced by vacuum-annealing the su-

perconductor, exhibits a xccT3 dependence characteristic of phonon boundary scattering. Rean-
nealing samples in flowing oxygen restores superconductivity at 90 K and the T-linear behavior of
the thermal conductivity at the lowest temperatures. Scanning electron micrographs reveal an
identical grain structure before and after successive heat treatments, indicating that the anomaly
in ~ for the superconductor is not associated with the specific geometry of the microstructure.
The data are consistent with the presence of a small number of normal carriers in the high-T,
material.

It is well established that the superconducting proper-
ties of YBa2Cu30q —s are very sensitive to oxygen con-
tent. ' 5 The orthorhombic structure supports high-T,
(90-K) superconductivity for 0 & b & 0.3 and has metallic
properties, whereas the tetragonal phase (0.8 & b & 0.6) is
a nonsuperconducting insulator. An understanding of the
differences in electronic structure between these two
phases may provide important insight into the mechanism
responsible for high-T, superconductivity. Here we report
measurements of the thermal conductivity x at sub-Kelvin
temperatures on superconducting and insulating (oxy-
gen-deficient) ceramic (1-2-3) material. We find that the
temperature dependence of ir for the superconductor
weakens below -0.5 K, approaching a T-linear behavior
at 0.2 K. In contrast, the insulator exhibits a T3 depen-
dence characteristic of phonon boundary scattering below
1 K. We discuss the implications of this surprising
difference in heat transport.

The starting material, prepared according to standard
methods, exhibited superconductivity at 91 K as deter-
mined by dc resistance and susceptibility measurements.
Samples were cut from as-prepared disks into paral-
lelepipeds of typical dimensions 0.3x0.3x1.5 cm . Two
calibrated germanium-resistance thermometers, housed in

tiny copper holders, were clamped and affixed with Sty-
cast to opposite ends of the sample. A metal film resistor,
serving as a heater, was mounted on the free end of the
specimen with the other end thermally anchored to the
mixing chamber of a dilution refrigerator. Temperature
gradients during the steady-state measurements were typ-
ically 5-10% of the average temperature. The accuracy
of these measurements is limited by the uncertainty in the
geometry of the samples which we estimate as -5%.

Samples from separate starting disks were measured in
both the superconducting and insulating states. The latter
was achieved by vacuum annealing the superconducting
specimens for 5 h at 600'C. From microbalance mea-
surements, we calculate 0.7~8~0.8 for the vacuum-
annealed material, assuming that the reduced mass is as-
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FIG. 1. Field-cooled magnetization (Meissner effect) for
YBa2Cu307-~ in the as-prepared state and after successive heat
treatments. Measurement field was 30 Oe.

sociated with the oxygen loss. The field-cooled rnagneti-
zation (Meissner effect) for one of the samples is shown
before and after heat treatments in Fig. 1. The vacuum-
annealed material shows no indication of superconductivi-
ty above 2 K. Two samples were annealed at 600'C and
cooled slowly to room temperature in flowing oxygen.
This procedure restored superconductivity at 90 K and al-
lowed for a check on the reproducibility of the low-
temperature thermal conductivity data of the supercon-
ducting material. The as-prepared and reannealed ma-
terials had the same measured density of 5.22 g/cm, 80%
of the theoretical density. The slightly larger flux expul-
sion exhibited by the reannealed material suggests a re-
duced pinning apparently resulting from the heat treat-
ment.

Values of the thermal conductivity reported6 io for su-
perconducting YBazCu307-s above 2 K vary by as much
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as an order of magnitude. This variation can be account-
ed for, to a large extent, by differences in compactness of
the starting material. In the present case, the use of suc-
cessive heat treatments carried out on individual speci-
mens ensures that no variations associated with different
preparation conditions affect the measurements. We have
examined the microstructure of each specimen before and
after heat treatments for possible changes that could have
a bearing on the thermal conductivity data and their inter-
pretation. Scanning electron micrographs (SEM) are
shown in Fig. 2 for the as-prepared state, and after succes-
sive heat treatments. No changes in the distribution of
grain sizes or in porosity are evident. With this result in
mind we now address the low-temperature data.

The thermal conductivity for one of the specimens stud-
ied is shown in Fig. 3 with heat treatment indicated for
each curve. Other specimens show the same qualitative
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FIG. 3. Thermal conductivity of a specimen in the as-

prepared state and after successive heat treatments. The solid

lines through the data are fits to the form r AT+BT3 with pa-
rameters listed in Table I. Corresponding Meissner curves are
shown in Fig. 1.
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FIG. 2. Scanning electron micrographs for a single specimen
of YBa2Cu307 —q before and after successive heat treatments.
The view is perpendicular to the direction of heat flow on freshly
cleaved material.

behavior. While the curves have a similar temperature
dependence above -0.8 K, there is an apparent increase
in the magnitude of x for the vacuum-annealed material
by roughly a factor of 2 over that of the superconductors
(as-prepared and reannealed). A decrease in the Debye
temperature, eD, from 410 K for the orthorhombic phase
to 300 K for the tetragonal phase has been observed in
low-temperature specific-heat measurements" on single-
crystal YBa2Cu307 —s. This lattice softening in the
tetragonal structure may account for the enhanced
thermal conduction of the vacuum-annealed specimen at
temperatures above 0.8 K. Since at low temperatures one
expects the lattice conductivity to vary as a.

L, cceD, the
change in eD would suggest an increase in xL by a factor
of 2.5 in reasonable agreement with the data. The T3
variation of r exhibited by the vacuum-annealed material
below 1 K is typical of polycrystalline insulating materials
where the phonon mean free path is fixed by scattering at
grain boundaries. For phonon transport, the thermal con-
ductivity can be expressed as

—,
' Cvl (2x kgl/I5It, v )7',

where C is the Debye heat capacity, v is the sound veloci-
ty, and l is the phonon mean free path. From the data in
Fig. 3 and using' v 7000 m/sec we estimate I = 25 pm.
This value is consistent with the range of grain sizes (5-40
pm) evident in the micrographs for this sample (Fig. 2).

The most dramatic feature of the data is the behavior
below 0.5 K. In this regime, the temperature dependence
of a. for all superconducting specimens measured begins to
weaken and approaches a T-linear variation, with values
at 0.1 K nearly an order of magnitude larger than that of
the oxygen-deficient material. This result is quite surpris-
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ing since, at temperatures far below T„oneexpects heat
transport by phonons only and, thus, a thermal conduc-
tivity that has the same temperature dependence for both
superconducting and insulating materials.

In this porous, ceramic material we must consider the
possibility of a strongly frequency-dependent phonon
scattering (e.g. , Rayleigh) from the microstructure which
can result in a weakened temperature dependence of a or
a plateau as is characteristic of amorphous materials. '

This behavior would be expected at temperatures where
the dominant thermal phonon wavelength, Xq, hv/
2.7k' T, exceeds the size of grains or pores. Our scanning
electron microscopy (SEM) studies indicate no discerni-
ble changes between the as-prepared and heat-treated ma-
terials and clearly rule out the specific geometry of the mi-
crostructure as a source of such scattering. Another possi-
bility is that the oxygen defect structure is causing the
scattering. Neutron-diffraction results'2 indicate that the
oxygen-deficient tetragonal structure has a highly disor-
dered two-dimensional network of Cu-0 in the basal plane
as a consequence of the break-up of the Cu-0 chains
which occur in the high-T, phase. The corrugated Cu-0
planes are apparently the same in both phases. Thus, one
would expect a point-defect (Rayleigh) phonon scattering
from this atomic-site disorder to be more pronounced in

the tetragonal rather than the orthorhombic structure.
Furthermore, this disorder occurs on a scale of tens of A
which corresponds to the wavelength of phonons above 10
K, and would seem unlikely to explain the data below 0.5
K. We are thus led to consider the anomalous behavior of
the thermal conductivity in the superconducting material
as associated with a nonphonon contribution to thermal
transport.

At sufficiently low temperatures where the contribution
from phonons decreases rapidly, even a small number of
free carriers may dominate the heat transport. In this
temperature regime, where carriers are scattered from im-
purities and defects, the thermal conductivity is expected
to vary linearly with temperature. From the Wiede-
mann-Franz law (WFL) the electronic thermal conduc-
tivity can be written as

ag (Lo/pT),

where Lo (n /3)(kg/e) 2.45X10 s V2K and p is
the electrical resistivity. The data for the as-prepared and
reannealed materials have been fitted to the form
a aE+trL, AT+BT3 (solid curves in Fig. 3) and the
fitting parameters for all of the superconducting samples
studied are summarized in Table I. We may attempt to
apply the WFL to the leading term, A =Lp/p, thus postu-
lating that a small density of carriers remain normal well
below T,. Since we cannot directly measure the residual
electrical resistivity at low temperatures, we invert this
procedure and extract from our thermal conductivity data
an "effective residual resistivity" pIi that would be associ-
ated with these normal carriers. This value may be com-
pared to that estimated by making a linear extrapolation
of the normal-state resistivity to zero temperature' pP'.
The ratio (pIi /pIi"") ' can be interpreted as the fraction
of normal carriers contributing to low-temperature heat
transport. The values for the as-prepared material are

1

1

1b'
2

As-prepared
Reannealed
Reannealed
As-prepared

1.40
0.92
1.66
1.95

8.74
13.5
12.0
8.81

2.01
2.53
1.40
1.60

'From the same disk as sample 1 and subjected to the same suc-
cessive heat treatments.

pIi =1600 poem and pIi""=75 pQcm, yielding a nor-
mal carrier fraction of -5%. Implicit in this estimate is
the assumption that the "metallic" linear behavior of the
normal-state resistivity would persist down to low temper-
atures. '

This estimate of 5% uncondensed carriers could account
for the large T-linear term (y) that has been observed in
the low-temperature specific heat of this material. "'6
In the free-electron approximation, this term is given by

y 3 rr k)N(eF),

where N(eF) is the density of states at the Fermi level.
Taking 5% of a total carrier concentration'9 of n 5
& 102' cm 3 reproduces the range of experimental
values"'6 's of y (5-9 mJ/molK2) with a reasonable
effective mass (4m, -8m, ). Measurements on single crys-
tals" indicate that y does not change appreciably in going
from the superconducting to the insulating state. If nor-
mal carriers are present in both phases, then we must con-
clude from our transport data that the electronic states
become localized in the insulating material, thus allowing
the rapidly decreasing phonon contribution to serve as the
principal heat conduction channel. In support of this in-

terpretation are measurements of resistivity at high tem-
peratures in YBa2Cu307 s which indicate that as oxy-
gen content decreases a change from metallic to activated
transport occurs for b=0.5. We emphasize that our
measurements, while suggesting an intrinsic origin to the
free carriers, do not rule out the possibility that these car-
riers are associated with regions of normal material2' that
may be present in the sinter. In this regard, we note that
measurements of thermal conductivity on a single-crystal
specimen of superconducting YBaqCu307 —

& indicate an
order of magnitude larger value than in the ceramic.
These data show a slight weakening in the temperature
dependence of a near -0.4 K, though a T-linear behavior
is not achieved. Finally, we mention that sub-Kelvin mea-
surements of the thermal conductivity in superconducting
and oxygen-deficient La& —„Sr,Cu04 —

~ material show the
same qualitative behavior as those presented here for
YBa2Cu307 —s. These results will be reported else-
where. '3

In summary, we observe dramatic differences in the
thermal conductivity of ceramic YBa2Cu307 —s at temper-

TABLE I. Properties of superconducting YBa2Cu307 —q sam-
ples. A and B are coefficients from fits of the data to the form
x AT+ BT . Sample numbers refer to different starting disks
(sample l is shown in Fig. 3).

A 8 p (300K)
Sample Treatment (mW/m K ) (mW/m K ) (m 0 cm)
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atures T & 0.5 K depending on whether the material is su-

perconducting or insulating. The consequence of the
different limiting power-law behavior is an order of mag-
nitude larger thermal conductivity at 0.1 K in supercon-
ducting specimens. In the absence of any discernible
changes in the microstructure of the samples arising from
heat treatments, the data suggest the presence of a small
number of free carriers well below T, in this material.
We estimate that these represent roughly 5% of the total

carrier density, and provide a plausible explanation for the
large y term in the specific heat.

This work was supported in part U.S. National Science
Foundation Materials Research Group, Grant No.
DMR-8602675 and by U. S. Army Research Office Con-
tract No. DAAL 03-87-K-0007. The YBa2Cu307 —s
starting material was kindly provided by Marlow Indus-
tries, Dallas, TX.

' J. D. Jorgensen, M. A. Beno, D. G. Hinks, L. Scxferholm, K. J.
Volin, R. L. Hitterman, J. D. Grace, I. K. Schuller, C. U.
Segre, K. Zhang, and M. S. Kleensch, Phys. Rev. 8 36, 3608
(1987).

J. D. Jorgensen, B. W. Veal, W. K. Kwok, G. W. Crabtree,
A. Umezawa, L. J. Nowicki, and A. P. Paulikas, Phys. Rev. 8
36, 5731 (1987).

3C. Chaillout, M. A. Alario-Franco, J. J. Capponi, J. Chenavas,
J. L. Hodeau, and M. Marezio, Phys. Rev. B 36, 7118 (1987).

4R. Beyers, G. Lin, E. M. Engler, V. Y. Lee, M. L. Ramirez,
R. J. Savoy, R. D. Jacowitz, T. M. Shaw, S. LaPlaca,
R. Boehme, C. C. Tsuei, Sung I. Park, W. M. Shafer, and W.
J. Gallagher, Appl. Phys. Lett. 51, 614 (1987).

~Madoka Tokumoto, Hideo Ihara, Toshiya Matsubara,
Masayuki Hirabayashi, Norio Terada, Hiroyuki Oyanagi,
Keizo Murata, and Yoichi Kimura, Jpn. J. Appl. Phys. 26,
L1565 (1987).

6V. Bayot, F. Delannay, C. Dewitte, J.-P. Erauw, X. Gonze,
J.-P. Issi, A. Jonas, M. Kinany-Aloaoui, M. Lambricht, J.-P.
Michenaud, J.-P. Minet, and L. Piraux, Solid State Commun.
63, 983 (1987).

~D. T. Morelli, J. Heremans, and D. E. Swets, Phys. Rev. 8 36,
3917 (1987).

SC. Uher and A. B. Kaiser, Phys. Rev. B 36, 5680 (1987).
9U. Gottwick, R. Held, G. Spam, F. Steglich, H. Rietschet,

D. Ewert, 8. Renker, W. Bauhofer, S. von Molnar,
M. Wilhelm, and H. E. Hoenig, Europhys. Lett. 4, 1138
(1987).

' J. J. Freeman, T. A. Friedman, D. M. Ginsberg, J. Chen, and
A. Zangvil, Phys. Rev. B 36, 8786 (1987).

"S. von Molnar, A. Torressen, D. Kaiser, F. Holtzberg, and

T. Penney, Phys. Rev. B 37, 3762 (1988).
A. Migliori, Ting Chen, B. Alavi, and G. Griiner, Solid State
Commun. 63, 827 (i987).
M. P. Zaitlin and A. C. Anderson, Phys. Rev. B 12, 4475
(1975).

14We use dp/dT ~ 6 tt 0 cm/K as determined from the resistivi-

ty of the as-prepared material.
~5A somewhat larger fraction (10-15%) would result if the

resistivity tended to saturate at low temperatures.
N. E. Phillips, R. A. Fisher, S. E. Lacy, C. Marcenat, J. A. Ol-

sen, W. K. Ham, A. M. Stacy, J. E. Gordon, and M. L. Tan,
in Proceedings of the Eighteenth Yamada Conference on Su
perconductivity in Highly Correlated Fermion Systems, Sen-
dat, Japan, 1987 [Physica B 14$, 360 (1987)l.

~7D. G. Haase, R. Velasquez, and A. I. Kingon, in Supercon-
ductivity: Synthesis, Properties and Processing, edited by
W. E. Hat6eld (Marcel Dekker, New York, 1988), p. 321.

' S. J. Collocott, G. K. White, S. X. Dou, and R. K. Williams,

Phys. Rev. B 36, 5684 (1987).
~~Values reported from Hall measurements at 100 K typically

range from 10 '-10 cm . See, e.g., Refs. 8 and 9.
2 P. P. Freitas and T. S. Plaskett, Phys. Rev. B 37, 3657 (1988).

D. S. Ginley, E. L. Venturini, J. F. Kwak, R. J. Baughman,
B. Morosin, and J. E. Schirber, Phys. Rev. B 36, 829 (1987).
J. E. Graebner, L. F. Schneemeyer, R. J. Cava, J. V.
Waszczak, and E. A. Rietman, in High-Temperature Super-
conductors, Fall 1987, edited by M. B. Brodsky, R. C. Dynes,
K. Kitazawa, and H. L. Tuller, Materials Research Society
Symposia Proceedings, Vol. 99 (Materials Research Society,
Pittsburgh, 1988), p. 745.
C. Uher and J. L. Cohn (unpublished).




