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Effect of magnetic field on thermal conductivity of YBa2Cu307 8 single crystals
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We report measurements of the thermal conductivity in a magnetic field on single crystals of
YBa2Cu307 —b. Unlike in sintered samples, the zero-field thermal conductivity of these crystals
above the superconducting transition temperature shows a marked decrease with increasing tem-
perature, demonstrating the importance of phonon-phonon processes and the high quality of the
crystals. We find that the thermal conductivity K is very sensitive to the presence of Auxoids

which are strong scatterers of phonons. The degradation of rc is particularly large when the mag-
netic field H is oriented perpendicular to the Cu-0 planes. The anisotropic behavior of x(H) is in

qualitative agreement with a geometric argument based on the anisotropy of the superconducting
coherence length. We detect hysteresis at the level of several percent in the dependence of rc on

the field.

The thermal conductivity tc of high-T, superconductors
has been an intensely studied subject' since the discovery
of these remarkable materials. Unlike in conventional su-
perconductors, lattice vibrations carry most of the heat in
the normal state of the high-T, materials, their domi-
nance being more pronounced in sintered samples than in
single crystals. As the temperature is lowered below the
superconducting transition temperature T„a sharp in-
crease in tc is observed. Although the charge-carrier
thermal conductivity decreases in this situation due to the
condensation of carriers into Cooper pairs, the large pho-
non contribution leads to an overall increase in tc due to
the diminished scattering of phonons by the carriers. The
rising thermal conductivity below T, and a large peak ob-
served near T,/2 are distinct features of the heat transport
in high-T, superconductors. Theoretical modeling of the
thermal conductivity has yielded an estimate on the
carrier-phonon coupling strength2 and insight into the
defect structure in the quasi-two-dimensional environment
relevant to these perovskites.

In this paper we investigate the magnetic-field depen-
dence of the a-b plane thermal conductivity of
YBa2Cu307 —b single crystals. In the normal state, a mag-
netic field is not expected to significantly alter the dynam-
ics of the charge carriers (due to their low mobility) or the
lattice; however, for T & T„such a 6eld can have a
dramatic effect on thermal transport. The way in which
the field affects kinetic coefficients such as the thermal
conductivity depends on how the flux enters a supercon-
ductor. In type-II superconductors, which encompass
high-T, perovskites, for fields above the lower critical field
H, ~, the flux penetrates a homogeneous material in the
form of single-quanta flux lines (Abrikosov's vortex fila-
ments) arranged in a regular two-dimensional lattice.
The density of fluxoids is controlled by the strength of the
magnetic field and their average spacing decreases propor-

tionally to H '+. The presence of fluxoids may seriously
impede the phonon heat current. The compact fluxoid
cores in high-T, materials should act as efficient scatter-
ing centers for phonons at temperatures not far below T,
where the phonon wavelength is comparable to the super-
conducting coherence length g. The thermal conductivity
of high-T, superconductors is thus expected to decrease
significantly with increasing field in the mixed state.

An attempt to observe this effect has been made recent-
ly by Zhu et al. in a study of sintered YBa2Cu307 —$ fof
fields of up to 3 T and temperatures T ( 25 K. They
detected a small decrease in the thermal conductivity
amounting to 2-9% of the total conductivity. In their re-
cent Letter describing transport entropy of vortex motion
in YBa2Cu307 —s, Palstra et al. indicated a significant
decrease in the thermal conductivity of a single crystal in
the field of 10 T directed perpendicular to the a-b plane.
Similar changes in the thermal conductivity for fields of 3
T were seen by Florentiev et a/. In this Rapid Communi-
cation we describe a detailed study of the changes ob-
served in the thermal conductivity of high-quality single
crystals of YBa2Cu&07 s arising from the effect of mag-
netic field directed both perpendicular and parallel to the
Cu-0 planes.

Measurements were performed on two crystals (desig-
nated sample I and sample 2, respectively) of typical size
2x I x0.2 mm ) grown by a self-flux method. ac suscep-
tibility measurements indicate superconducting transi-
tions at 92 K with transition widths h, T, —0.5 K. The ox-
ygen deficiency of these crystals is inferred from a study
of similarly prepared crystals where the c-axis lattice pa-
rameter (a measure of oxygen content) is correlated with
features in the dc magnetization hysteresis loops. We es-
timate that b= 0.1 and 0.16 for crystals 1 and 2, respec-
tively.

Thermal conductivity was measured using a steady-
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FIG. 1. Thermal conductivity for samples 1 and 2. Open and
solid squares show sample 1 in zero field and at 1.5 T, respec-
tively. Open circles, stars, and solid circles stand for sample 2 in

zero field, 2, and 6 T, respectively. The inset presents a
magnified plot of «(T) at T) T, for sample 1.

state technique with a temperature gradient applied along
the a-b plane. The magnetic field was oriented perpendic-
ular to the direction of the heat flow and could be rotated
to achieve any desired angle 8 with respect to the c axis of
the crystal. One end of the sample was attached to a
copper tip of the cryostat with Stycast epoxy. Two thin,
copper strips, spaced about 0.7 mm apart and laid across
the breadth of the sample, were affixed with Stycast to
provide electrically insulated, isothermal platforins trans-
verse to the temperature gradient. A chromel-constantan
differential thermocouple, assembled from 0.001-in-diam
wires, was soldered to these strips to monitor the tempera-
ture gradient along the sample. In addition, a simple ther-
mocouple was soldered to a copper strip near the sink to
establish the absolute sample temperature. Chromel-
Constantan thermocouples were calibrated in a inagnetic
field and their sensitivity was found to vary with field in a
similar way as reported in Ref. 9. For a heater we used a
miniature I kQ strain gauge which had a very thin piece
of copper varnished to its back to ensure fast, uniform
heating. The thermal response time of the experimental
setup was relatively fast; in the entire temperature range
investigated a steady state was reached within less than 30
s after applying heat. In all cases, magnetic field or angu-
lar sweeps at constant temperature were made on a zero-
field-cooled sample to ensure that no initial flux was
trapped in the sample. Temperature sweeps for fixed
magnetic fields were performed by warming a zero-field-
cooled sample. We observed no measurable difl'erence in
x for field-cooled and zero-field-cooled configurations.

In Fig. 1 we show the temperature dependence of the

thermal conductivity for both crystals in zero field and at
several different magnetic fields oriented along the e axis
of the crystals. Unfortunately, because crystal 1 broke
when attempting measurements in a 3-T field, we have
only one set of field measurements on this sample, the
curve at 1.5 T. Crystal 2 shows a somewhat lower
thermal conductivity than the first sample but we were
able to measure the thermal conductivity up to fields of 6
T. We note that in these high-quality single crystals the
thermal conductivity below T, rises sharply and, at the
maximum, the magnitude of «. is nearly twice the value at
T,. In sintered samples, for comparison, the correspond-
ing increase in the thermal conductivity is typically only
10-15%. Clearly, the superior quality of the single-
crystalline lattice allows for a greater enhancement in the
phonon mean free path when the free carriers condense
and this, in turn, leads to the larger increase in K.

The high quality of the samples is also reflected in the
behavior of the thermal conductivity above the supercon-
ducting transition temperature where we observe a dis-
tinctly decreasing thermal conductivity with increasing
temperature. In this temperature range, the total thermal
conductivity can be viewed as arising froin two separate
channels, free carriers and phonons. The nearly linear
temperature dependence of the a bplane -electrical resis-
tivity in YBa2Cu307 —b implies, via an application of the
Wiedemann-Franz law, a temperature-independent car-
rier thermal conductivity. ' The temperature dependence
of the measured thermal conductivity must then come
from the phonon term. At these elevated temperatures
the phonons will scatter on free carriers, defects, and other
phonons. The phonon-carrier and phonon-defect scatter-
ing rates tend to constant values with increasing tempera-
ture, " thus leaving the phonon-phonon term to govern the
temperature variation of x. The dramatic decrease in «.

with increasing temperature (displayed for better clarity
in the inset of Fig. 1) attests to the importance of
phonon-phonon scattering in our single crystals. In sin-
tered specimens, the more pronounced defect scattering
and higher radiation losses associated with a considerably
lower thermal conductivity (a factor of 2-3 times in com-
parison to single crystals) can account for measurements
which reveal temperature independent or increasing x

with temperature.
We now examine the magnetic-field dependence of x at

fixed temperature. As indicated in Fig. I, the presence of
fluxoids significantly diminishes the thermal conductivity,
particularly in the range 20 K & T & 60 K. As expected,
for T) T, the magnetic field has no significant efl'ect on
x. Figures 2(a) and 2(b) show the normalized magneto-
thermal conductivity x(H)/x(0) at several temperatures
for fields oriented perpendicular to the Cu-0 planes. Note
that the effect of magnetic field on the thermal conductivi-
ty increases as one cools below T„ is greatest near the
zero-field conductivity maximum at T,„=40 K, and
then diminishes at lower temperatures. This behavior can
be understood by the following qualitative arguments. As
the temperature decreases below T,„, the transport of
heat is increasingly dominated by long-wavelength pho-
nons. Because the phonon-carrier scattering rate for a
given phonon mode is inversely proportional to the phonon
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FIG. 2. (a), (b) Field dependence of the thermal conductivity
at different temperatures for sample 2 (increasing field applied
perpendicular to the a-b plane).

wavelength, the scattering of phonons by norma1 excita-
tions in the vortex cores becomes less effective with de-
creasing temperature. Above T,„, as T tends to T, the
phonon scattering rate is increasingly determined by
scattering from uncondensed carriers and other phonons.
Thus, in the total phonon-scattering rate, the phonon-
vortex interaction becomes less important. At its peak the
zero-field heat conductivity is limited principally by defect
scattering and thus "turning on" the phonon-carrier
scattering with field has, at T,„, the largest relative eA'ect

on the overall scattering rate.
At all temperatures, x(H) continuously decreases with

increasing field. If the thermal resistance were to increase
in proportion to the number of Aux lines, and hence to the
average internal magnetic field B, we might expect x to
follow the relation x. ' =a+PB, where PB is the thermal
resistance due to the Aux lines and a is the thermal resis-
tance due to all other scattering centers. Although this
model predicts the general shape of x(H), it greatly
overestimates the suppression of x. The field is evidently
less effective in reducing x than this simple picture pre-
dicts. Clearly, further theoretical work is required to de-
scribe the field dependence of the thermal conductivity.

Two of the most interesting observations in the
magnetic-field dependence of x' are hysteresis effects and
strong anisotropy for fields oriented parallel and perpen-
dicular to the Cu-0 planes. Both of these are demonstrat-
ed in the «(H) data in Fig. 3(a) for sample 2 at 41 K.
Hysteresis is evident for the field sweeps in the perpendic-
ular orientation where, upon lowering the field (solid
squares), a distinct change in the dependence of x on H is
measured as compared to that for increasing field (open
squares). This hysteresis is evidently associated with

FIG. 3. (a) Field dependence of the thermal conductivity
x(H)/x(0) for sample 2 at 41 K.' Diamonds indicate magnetic
field oriented parallel to the a-b plane, squares represent a field
perpendicular to the a-b plane. Open squares are for an increas-
ing field, solid squares for a decreasing field. Note a significant
hysteresis when the field is perpendicular to the a-b planes.
There is virtually no hysteresis in the parallel-field orientation
and x(H) retraces essentially the same points on the up and
down field sweeps. (b) Temperature dependence of the normal-
ized remnant thermal conductivity hx„(defined in the text).

trapped Aux and is observed from 62 K down to the lowest
temperatures measured. We define the normalized rem-
nant thermal conductivity as hx„(xp x„)/x'p,
where xp is the initial zero-field value of the thermal con-
ductivity, and x„ is the value measured after applying
and removing a field of 6 T. This quantity is plotted in
Fig. 3(b) as a function of temperature. For T) 62 K,
dx„ is zero within the experimental resolution. In the
range 40 K & T & 62 K, Ax„ increases rapidly with de-
creasing temperature, and for T &40 K the increase is
more gradual. An overall increase in Ax„ is consistent
with an increasing remnant magnetic field with decreasing
temperature as is widely observed in magnetization mea-
surements. However, the particular temperature depen-
dence of hx„ is modified by the relative importance of
the Auxoid scattering which, as we have discussed above,
changes with temperature. Magnetic hysteresis and
time-dependent phenomena in the thermal conductivity of
these specimens will be presented in more detail else-
where. '

The most prominent feature of Fig. 3(a) is the sig-
nificant anisotropy in x(H) for the two field orientations.
Flux lines clearly appear far more eAective in scattering
phonons when they lie perpendicular to the planes rather
than when they fit between them. This also follows from
the angular dependence of the magnetothermal conduc-
tivity shown in Fig. 4(a). The anisotropy, defined by

&x ~/Axe =—lx~ (T,H) —x~ (T,O) ]/[xi'(T, H) —x ii (T,O)],
is approximately independent of field for H & 1.5 T in the
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FIG. 4. (a) Angular dependence of the thermal conductivity
for sample 1 at 41 K and H 1.5 T. 0 is the angle between the
magnetic field and the c axis of the crystal. (b) Anisotropy
d, ic~/hindi (defined in the text) for specimen 1 at 1.5 T (circles)
and specimen 2 at 3 T (diamonds). The solid line is a guide to
the eye.

cross-sectional area of vortices transverse to the heat Bow.
At higher temperatures the data are in reasonable agree-
ment with this simple picture. Deviations of the anisotro-

py from the nominal value of 3-5 are probably associated
with flux pinning and distortions in the field penetration
profile. At lower temperatures and fields, where pinning is
strong, we expect the simple picture to be less appropriate,
in qualitative accord with the data.

In summary, we have shown that the thermal conduc-
tivity of high-quality single crystals of YBa2Cu307 —b is
very sensitive to the presence of magnetic vortices and the
phonon-fluxoid scattering leads to a significant reduction
in the phonon mean free path. The scattering of phonons
on the vortices is highly anisotropic and is most efl'ective
when the flux lines are oriented perpendicular to the Cu-0
planes. The anisotropy in x(H) is approximately given by
the coherence length ratio g,b/g„ in agreement with a
simple geometric argument. The great sensitivity of the
phonon mean free path to the flux-line lattice density
offers promise for using the thermal conductivity as a
probe of the superconducting mixed state and associated
magnetic relaxation processes. Such a novel application
of thermal-conductivity measurements is now being inves-
tigated.

range 20 K (T & 60 K. In Fig. 4(b) we plot Air~/hxt
versus temperature for specimen 1 at 1.5 T and specimen
2 at 3 T. We see that the anisotropy increases from a
value of about 2 at 20 K and tends to saturate at a value
near 4 at higher temperatures. For a uniform lattice of
fluxoids penetrating the entire crystal, we should expect

tc~/d, tci~ , =g,b/(, -3-5, the ratio of the superconducting
coherence lengths. This follows if we assume that the
field-induced phonon-carrier scattering scales with the
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