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The a-b plane and c-axis thermal conductivity of YBayCuz05_x bulk superconducting
crystals prepared by modified melt texture growth (MMTG) was studied. The crystals
contained finely dispersed Y,BaCuO, particles which were expected to form pinning
centres. The conductivity data were analysed based on a proposed model for the mixed
crystals using the conductivity of polycrystalline Y,BaCuO,. The analyses indicate that
Y,BaCuOg particles reduce the conductivity of MMTG crystals in the a-b plane but hardly
influence the conductivity along the c-axis.
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Melt growth processed Y-Ba-Cu-O superconductors ex-
hibit a high critical current density J at the boiling point
of liquid nitrogen and it is possible to fabricate large bulk
crystals. These crystals are expected to have practical
applications in the near future, such as in power current

leads and magnetic shieldings. A commeon feature of

crystals obtained through the various melt growth pro-
cesses for YBa,Cu;0, ., e.g. quench and melt growth
(OMG)', melt texture growth (MTG)?, etc. is that fine
Y,BaCuOs (211) phase particles are dispersed in the
YBa,Cu;05 .y (123) matrix phase. The existence of the
(211) impurity phase in an appropriate form and quanti-
ty is assumed to be effective in increasing the pinning
force and in preventing the matrix crystal from cracking.

The thermal conductivity « of the oxide superconduc-
tors is a physically important quantity which reflects the
strength of the interaction between phonons and charge
carriers. [t is also a very important measure of the quality
of a crystal, as it reflects phonon and defect interaction in
solids. For power current lead design, « is a fundamental
quantity needed to calculate the heat intrusion and the
necessary cooling power. Several thermal conductivity
measurements have been reported for YBa,Cu,O-
polycrystals®=> and single crystals®®. The thermal con-
ductivity of melt growth processed crystals, however, has
hardly been reported at all. probably because the mixed
structure of the (123) and (211) phases is regarded as
inappropriate for physical investigations. Yamamoto er
al? reported the themal conductivity of YBa,Cu,0,_
samples with and without Ag doping, fabricated by the
melt powdering melt growth (MPMG) method from a
Y,0;:BaCO;:CuO = [:4:6 melt. Their measurements
were confined to a relatively narrow temperature range
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and the discussion on the effect of the impurity phase was
brief.

In this paper, we report the thermal conductivity of
YBa,Cu,0,_y crystals prepared by the modified melt
texture growth (MMTG) method and discuss the effect
of the (211) impurity phase, based on a proposed model.
The MMTG method is one of the melt growth methods
for Y-Ba-Cu-O crystals. The J, of the obtained single
grain crystal was found to be larger than 10* A em ™2 at
77 K, 0 T'°, which was comparable to good crystals
prepared by other methods. The magnetic shielding effect
and the magnetic relaxation of the present crystals have
been reported already'’.

Using the MMTG method. the (211) phase can be
finely dispersed in the (123) matrix and the amount of the
(211) phase can be controlled by adjusting the ratio of the
starting mixture of Y,0O, and BaCuO. Since no crucible
is used, the MMTG method has an advantage of being
almost free from impurity atom contamination for the
grown crystals.

Experimental details

Sample preparation

A raw powder of BaCO, and CuO mixed with a mole
ratio of 1:1 was calcined at 850°C for 30 h in air. The
calcined material was pulverized. and Y,0; and CuO
powders were added to the pulverized powder. In this
work, two types of powder mixture were used. corre-
sponding to weight ratios of (123):(211) = 1:0.4 for
sample 1 (S1) and 1:0.3 for sample 2 (S2), respectively.
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Platinum (Pt) powder was added at a level of 0.5 at% in
order to make the (211) phase disperse finely. These
powders were mixed and uniaxially pressed up to 2000 kg
em”™? to form a pellet. The MMTG heat pattern is
schematically illustrated in Figure I. After heating at
1100°C for 30 min in air, the pellet was quenched to
1000°C and cooled slowly down to 940°C at the rate of
1?C h™ " using a unidirectional growth technique involv-
ing controlling the temperature gradient in the sample.
Finally, the sample was annealed at 600°C for 200 h in an
oxygen atmosphere.

The (211) polycrystals were prepared via a solid state
reaction method in the following way. A mixed powder of
Y,0;, BaCO; and CuO with a mole ratio of 1:1:1 was
calcined at 900°C for 15 h in air. After pulverizing the
calcined materials, they were pressed into pellets and
were sintered at 950-1100°C for 15 h in air.

Measurement technique

The crystal axis of the grown material was determined by
X-ray diffraction using Cu Ko radiation. The two S1
samples used for the measurements were cut with a
diamond saw to a size of 4.2 x 2.8 x 9.0 mm? and
3.7 x 2.5 x 7.0 mm?, respectively. The latter specimen
was 7.0 mm in length along the c-axis and was used for
the ¢-axis conductivity measurement. The two S2 sam-
ples were cut to a size of 3.0 x 2.8 x 12.0 mm? and
2.1 x 1.8 x 1.0 mm?, respectively. The thermal conducti-
vity was measured by the steady state heat flow method
with an automated measuring system of our own making,
in which a closed cycle helium refrigerator system was
used as the cryostat. One end of the sample was soldered
to the cold head of the cryostat and a small chip
resistance heater made of a metallic thin film was adhered
to the other end of the sample using GE7031 varnish.
Au + 0.07 at% Fe-chromel thermocouples (72 um in
diameter) were differentially used to measure the tempera-
ture difference. The electrical resistivity was measured by
a conventional four-probe method using a closed cycle
helium refrigerator. The density of the samples was
measured using the Archimedean principle using xylene.
Microstructural observations and analyses were per-
formed by a polarized optical microscope and a scanning
electron microscope (SEM).
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Figure 1 Schematic diagram of heat pattern for MMTG method
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Results and discussion

Metallographic observations and electrical resistivity

To investigate the dispersion of the (211) phase particles
in the (123) matrix phase, observation by an optical
microscope was performed. Figure 2 shows a polarized
optical micrograph of the a-b plane of the SI crystal.
Crystal grains of the matrix phase as large as a few
millimetres in size were obtained. Although the MMTG
method is different from other melt growth methods with
respect to the starting phase and the heat pattern, grains
of the (123) matrix were still developed. In the figure, the
small bright particles can be seen to be finely dispersed. A
quantitative wavelength dispersive spectral analysis con-
firmed that the matrix and the dispersed particles were
the (123) phase and the (211) phase, respectively.

The estimated composition ratio of 0.3 for the (211)
phase from the optical micrographs seemed to be con-
sistent with the nominal composition ratio of 0.286
(= 0.4/1.4) for the ST sample. As the Pt content was low,
the size of the (211) phase, which was less than 10 um,
was not uniform in the matrix phase. For the sample
surface perpendicular to the a-b plane, a similar disper-
sion of the fine (211) particles was also observed, which
indicated that the (211) particle dispersion occurred
almost independently of the crystal axes of the (123)
matrix.

Figure 3 shows the a-b plane (p,,,) and the c-axis (p,)
electrical resistivity versus temperature T of samples S1
and S2. There was a significant difference in the p,,
values of S1 and S2: p,,, of S2 being about a factor of 10
larger (= 100 K) than that of SI. This result suggests
that the best growth condition was not applied to the S2
crystal and that various defects were introduced into the
S2 crystal. )

The p, of S2is also about twice as large as that of SI at
100 K. The anisotropy ratio of the resistivity p./p,, is
% 90 for S1 and ~ 15 for S2 at 100 K. Although p, of

10um

Figure 2 Polarized optical micrograph of a-b plane surface of
grown crystal
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Figure 3 Temperature dependence of electrical resistivity of
mixed crystals, S1 and S2 in the a-b plane (p,,) and along c-axis
(r.)

YBa,Cu;0,_y shows both metallic'*'? and semicon-
ductive '*'° behaviour, depending on the samples, the
present S1 and S2 values showed metallic behaviour.
However, samples SI and S2 are not perfect single
crystals and it is not clear whether the metallic behaviour
of p, of the present samples reflects an intrinsic property
of YBa,Cu,;0,_y or whether it originates from crystal-
line axis misalignment and/or the mixed nature of the
(123) and (211) phases. The superconducting transition
temperature T, determined from the resistivity meas-
urement was 90 K for both the S1 and S2 samples.

Thermal conductivity

Figure 4 shows the temperature dependence of the a-b
plane thermal conductivity «,, of SI and S2 and the
c-axis thermal conductivity x, of S1. With decreasing
temperature, i, for SI slightly increases between 200 K
and T, and shows a significant upturn near T, The
maximum of «, for S1 occurs around 55 K and then «,,
decreases steeply with further decreases in temperature.

The temperature dependence of «,, bears a qualitative
resemblance to that of the thermal conductivity of sin-
tered YBa,Cu;0,_y polycrystals”. The absolute values
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Figure 4 Temperature dependence of observed thermal conducti-
vity in a-b plane (ic,,) and c-axis (x.). . of S2 was not measured
because of inappropriate sample shape

of k,, are larger than those of the sintered samples and
are nearly the same as the reported values for pure single
crystals'®. «, for S1, which is almost constant above T,
shows a discernible upturn from T, and decreases with
decreasing temperatures. The observed anisotropy ratio,
Kap/Ke 0f S1is & 5 and is nearly constant over the whole
temperature range.

As can be seen in Figure 4, «,, of S2 with the nominal
(211) composition ratio 0.231 (= 0.3/1.3; by weight) is
~ 60% of that for S1 with the (211) ratio 0.286. A
somewhat similar reduction in the magnitude of the
thermal conductivity with decreasing (211) phase content
was noted by Buravoi et al.'” for multiphase Y-Ba-Cu-O
ceramics. Together with the high value of electrical
resistivity p,,, the low i, value seems to reflect the
worse growth conditions in the case of S2. From the
resistivity values, the electronic contribution ¢ to the
thermal conductivity can be estimated using the Wiede-
mann-Franz law. Above T, the estimated k¢, is ~6% of
the observed «,;, and ¢ is ~0.5% of the observed x, for
S1, and «f, is = 1% for S2. Thus, the phonon contribu-
tion k™ is much larger in the present specimens. x, for
S2 was not measured because the sample could not be cut
in a suitable shape.

Model analysis of thermal conductivity of mixed crys-
tals

In the present MMTG crystals, a number of (211) fine
particles are dispersed in the (123) matrix, as schemati-
cally shown in Figure Sa. With this arrangement, the heat
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Figure 5 Schematic presentation of present model: (a) mixed
crystal in which (211) phase particles are finely dispersed; (b)
model structure to estimate thermal resistance W: (¢) equivalent
circuit to calculate W
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flux is partly transported through the (21 1) phase parti-
cles. The contribution of an impurity particle to the
thermal path does not depend on the position of the
particle. Hence we can, theoretically speaking, concen-
trate all the (211) particles into a rectangular parallele-
piped embedded in a (123) crystal, as shown in Figure 5b,
and we can approximate the contribution of the 211
particles to the heat path from the parallelepiped (21 1)
polycrystals.

Because the ideal densities of Y,BaCuO; (6.22 gcm ™ )
and YBa,Cu;0, (6.24 g cm™?) are almost the same, the
normal weight ratio can be regarded as the volume ratio
of (211) and (123). So, if the sample size is ¢ x b x ¢ and
the (211) ratio is x, the size of the (211) rectangular
parallelepiped is assumed to be *\/ xXa x i/;b X v xc.

In our model, the boundary scattering at the surfaces
of the particles is replaced by the grain boundary scatter-
ing in the (211) polycrystal. Since metallographic obser-
vation of the present sample confirmed no anisotropy in
the particle shape distribution, we assume that the grain
boundary scattering in the (211) parallelepiped polycrys-
tal is isotropic. -

According to the model and with the heat flux along
the a-direction in Figure 5b, the thermal resistance W ol
the specimen is given by the total resistance of the circuit
schematically shown in Figure 5¢

I a Wi,

T e T o W
where W, ,;, W{,; and W, are given by
YLt
Wiy = 5 ) 2
W,y = wl_ M_a}_lf_- (3)
T be(l — x3)
1 ax'? ,
Wapy =~ 4

S
K2 pex??

Using Equations (1)-(4), we can deduce the conducti-
vity value x'? of the YBa,Cu;0,_, component of the
present mixed crystals if we know the thermal conducti-
vity of the Y,BaCuO; polycrystal «*'' and the (211)
concentration x.

Figure 6 shows k*'(T) for the Y,BaCuQj5 polycrystals
sintered at temperatures between 950 and 1100°C. With
decreasing measuring temperatures, x2'!(T) slightly in-
creased between 200 and 50 K and then decreased rather
steeply below 50 K. The magnitude of »2!!' of the
polycrystals increased with increasing sintering tempera-
tures. At the same time, the density of the polycrystal also
increased from 3.0 g cm™* at the sintering temperature of
950°C to 3.9 g em ™ at 1100°C. On the other hand, the
measured density of the MMTG mixed crystal was 5.9 ¢
om ™

Assuming that the thermal conductivity is roughly
proportional to the density of the (211) specimen and the
average density of the (211) particles in the mixed crystal
is also 5.9 g cm ™2, the conductivity of the (211) sample
sintered at 1100°C was multiplied by a factor of 1.51
(=15.9/3.9) and the thus modified thermal conductivity
versus T curve was used in the following analyses of 1(T)
for the mixed crystal.

Using «*'(T) and Equations (1)~(4), the conductivity
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Figure 6 Thermal conductivity versus T of Y,BaCuOyg polycrystals
sintered at various temperatures

of the (123) phase «'*? in the present MMTG mixed
crystal was calculated. The calculated x!23(T) values for
St and S2 are shown in Figures 7 and §, respectively. 1f
the (211) phase particles do not contribute to the heat
path of the mixed crystal (x*'! = 0), then Equation (1)

reduces to
WY = W3+ Wias (5)

Equation (5) corresponds to the case in which all the
dispersed (211) particles in the mixed crystals are rep-
laced by voids. Using the calculated x'2°, Equation (5)
gives a somewhat smaller value for conductivity x
(= I/W") than the observed value n. The contribution
of the (211) phase particles to the heat path in the a-b
plane of the present mixed crystals can be estimated as
the difference between i, and r}. K, — &%, is also
shown in Figures 7 and 8.

Figures 7 and § suggest that xj¢* for SI and S2 is fairly
large and that the observed a-b plane conductivity K, is
appreciably reduced by the dispersed low conductive
(211) particles. The ratio of «, for S1 to S2 is 1.4, while
the corresponding ratio of k1% is 1.55 at the maximum
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Figure 7 Calculated a-b plane thermal conductivity ©)22 versus
T for YBa,Cuz04 _ x matrix of ST (). Observed i, for ST is again
shown for comparison (@). -~~~ Estimated x<''(7) used for
analyses; - K, — wr, (where iy, — ky, stands for the
contribution of dispersed (211) particles to heat path)
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Figure 8 Calculated a-b plane thermal conductivity w123 versus
7 for YBa,Cu305 .. x matrix of S2. K, OFf S2 is shown for comparison.
(Kap — Ky, stands for the contribution of (211) particles to heat path)

point of conductivity. There seems to be an even larger
difference in the conductivity of the (123) matrix between
St and S2.

The small value of «}7? for S2 again indicates that the
YBa,Cu;0,_y matrix crystal in S2 is actually not as
good as in S1. Sawano et al.'® noted a tendency for the
density of cracks to increase and J, to decrease with
decreasing (211) phase concentration. S2 contains a
smaller amount of the (211) phase than S1. The measured
J. of 82 was actually as small as ~ 100 A cm ™2 at 77 K
and was much smaller than the expected value of ~ 10*
A cm™? for good MMTG crystals. For use in practical
applications, such as electrical power leads, it seems that
MMTG crystals must be grown with a compositional
ratio (123):(211) = 1:0.4.

Figure 9 shows the results of similar analyses for the ¢-
axis conductivity x,. Since the observed K¢ 1s almost
equal to the estimated «*'', k!** is almost equal to the
observed conductivity. In the case of x,, (211) phase
particles contribute to the heat path significantly. As a
result, the upturn near T, is somewhat enhanced in the

estimated x;**(T). The anisotropy ratio x'23/x!?% is
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Figure 8 Calculated c-axis thermal conductivity K12 versus T for
YBayCuy05 _x matrix of S1 ({7). Observed i for S1 s again shown
for comparison (B). -~ -, Estimated «?"'(T) used for analyses;
—, K¢ — k. (where , ~ k7 stands for the contribution of
dispersed (211) particles to heat path)

~ 6.3 and is enhanced compared with the observed value
of w,/i(=3). Thus the anisotropy of the conductivity
of the mixed crystal is reduced by the existence of
dispersed (211) particles.

Summary

The thermal conductivity of YBazCu3O7-X~YzBaCuO;
mixed crystals prepared by modified melt texture
growth was studied for two different composition ratios.
A simple and elementary model was proposed to
analyse the effect of finely dispersed Y ,BaCuQyj particles
on the thermal conductivity. The model allowed us to
estimate the conductivity of the YBa,Cu;0,_ matrix.
The observed a-b plane conductivity K, 18 Teduced by
dispersed (211) phase particles in comparison with a pure
(123) phase matrix.

In accord with results of the electrical resistivity meas-
urements, the relatively high x}23 values of the specimen
with the composition ratio (123):(21 1) = 1:04 indicate
better crystal growth conditions at this composition
ratio. The observed c-axis thermal conductivity was
hardly influenced by the (211) particles because the
conductivity of the polycrystal Y,BaCuQ; and the c-axis
conductivity of YBa,Cu;0,_, are of the same order.
The observed anisotropy ratio Ka/Ke 1 reduced in
comparison with 1.5 */ic!*? for the YBa,Cu,0, _ , matrix
because of the existence of dispersed (211) particles.
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