THERMOPHYSICAL PROPERTIES OF THE HIGH-TEMPERATURE SUPERCONDUCTORS
Y, ¢—Sm, ,~Ba,~Cu;—0,.4 IN THE TEMPERATURE RANGE 4.2-380 K
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We report the results of an experimental study of the thermophysical properties
of high-temperature superconducting ceramic based on yttrium.

The discovery of the high-T. superconductivity of metal-oxide ceramics has aroused great
interest in the study of their physical properties in the normal and superconducting states.
The behavior of such systems is attributed to their possible structural instability. Our
studies of the ceramics of the system Y, g—Sm, ,—Ba,~Cus~—0,.5x [1] showed that when 207 yttrium
is replaced by samarium the graph of p(T) in the temperature range 100-170 K exhibits anomalies
in the form of an abrupt (2-3 orders of magnitude) drop in resistivity, after which a complete
superconducting transition is observed at T = 97 K. Analysis of the data as well as studies
of the structural state and the phase composition revealed that the anomalies in the tehavior
of the ceramic systems due to their having more than one phase. Most researchers have noted
that these anomalies have a characteristic feature: after 3-7 thermal cycles in the tempera-
ture range 77-300 K the jumps in the resistivity decreased in magnitude and disappeared al-
together. The dependence p(T) ws linear to T,, which is usual for such materials.

In order to detect and study the thermal anomalies of the thermophysical characteristics
we measured the heat capacity c, the thermal conductivity A, and the thermal diffusivity a
of the compound Y, z—Sm,, ,~Ba,—Cu;~0;_x in the temperature range 4.2-380 K.

Superconducting ceramic samples were prepared by high-temperature solid-phase synthesis
from yttrium, samarium, and copper oxides and barium carbonate in the stoichiometric ratio.
The synthesized material is annealed three times at 950°C for 6 h with pulverization aad press-
ing before each anneal. The samples had a complete resistive transition to the supercsnducting
state T = 94 K and transition width 2.5 K.

The experiments were carried out in the temperature range 4.2-400 K on apparatus for
studying thermophysical characteristics by a quasistationary method [2], which allows 1\, a,
and ¢ to be determined simultaneously, in a single experiment. In this method centinuous
heat is supplied by a constant-power internal heat source between twe plates. Each sample
measured 35.6 x 35.6 x 3.6 mm. Each plate weighed 24 g. The density was 5270 kg/m3. The
heating rate, in accordance with the method, ranged from 1 to 3 X/min. Moreover, we made
allowance for the heating-rate drift due to the nonideal nature of the adiabatic shell; this
drift was recorded regularly at intervals AT ~ 30-50 K after the heating had been switched
on. In calculating the heat capacity we took into account the heat capacity of the heater,
which amounted to ~10% of the total value. An advantage of this method is the high density
of experimental points and all three characteristics (A, a, c) are obtained simultaneously
on the same sample.

Experiments were also performed on the same sample to determine the heat capacity in
an adiabatic calorimeter in the range 75-110 K.

Figure 1 shows the temperature dependences of the heat capacity upon the first, second,
and third coolings. In all cases a distinct heat-capacity peak appears at T = 98 K, whkich
coincides with the temperature TE" of the onset of the superconducting transition for the
given system. In the temperature range 100-150 K we observe numerous heat-capacity fluctua-
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Fig. 1. Temperature dependence of the heat capacity of Y, g—
Smg . ,~Ba,~Cuz—0,-4 during thermocycling: 1) first cooling;
2) three cycles; 3) five cycles; dependence c/T = f(T); a)
quasistationary method; b) adiabatic calorimeter method; c)

J-kg-t.XK-%; ¢/T) J.kg™'.K"%; T, K.

Fig. 2. Relative temperature dependence of the resistivity

of the component Y, g=Sm;, ,~Ba,~Cus~0,_x:

1, 2, 3) after

one, two, and three thermal cycles, respectively.
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Fig. 3. Temeprature dependence of the heat capacity of

Yo,5~Smy ,~Ba,~Cuz;—0,.x in the temperature

range 4.2-20 K

and the dependence ¢/T = f(T): 1) Y—Baz—Cus—07-x [11]1; 2)
sm—BaZ-Cu3_07—X [14] ’ 3) Yo.g_smo . Z—Baz—Cu3—07 -x3 4) Ba—

Cu2+x [12] .

Fig. 4. Temperature dependences of the thermal conductiv-
ity A and thermal diffusivity a of Yo, §—Smo.,~Ba,~Cus—

O7-x. a) m?+sec™; A, Wm K™%,

tions and only slight anomalies of c exist at higher temperatures (180, 215, 240 K). With
the next thermal cycle the amplitude of the anomalous jumps in the heat capacity decreases
and the curves flatten out. Similar tendencies appear on the temperature dependence of the
resistivity with a jump in the region of 230 K (Fig. 2, curve 1). After three thermal cycles

(curve 3) p(T)/p40,(T) becomes monotonic as usual.

Comparison of the results obtained by different methods as well as the data of [3-5]
permit the conclusion that the measuring method affects the temperature dependence of the
thermophysical characteristics. Junod et al..[5] demonstrated that when the heating rate

is increased the heat capacity shifts to higher values and

the jump Ac in the region of the

superconducting transition decreases. 1In general the jumps Ac, according to published data,
vary from 3.5 to 6.5 J/kg'K under pulsed heating [6] and from 9 to 36 J/kg'X under slow heat-
ing [4]. 1In our experiments the value of Ac was 6 J/kg-X in the adiabatic calorimeter regime

and 12.5 J/kg'K under uniform heating at a rate of 2 X/min.
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This influence of the measuring method on the temperature dependence of the thermophysi-
cal characteristics is attributed to relaxation processes during the propagation of heat in
high-T, superconductors. Voronel et al. [4] proved the existence of two relaxation times in
the neighborhood of T,, and while t ~ 500-700 sec for the entire temperature region, apart
from To, T ~ 3000 sec only in the region of the superconducting transition. Such a long re-
laxation time can have a significant effect on the thermophysical characteristics and other
properties during continuous measurements, leading to fluctuations in these properties at
T > To [5, 71, and the influence of the relaxation is longer when the heating rate is higher.

The results are difficult to interpret uniquely at present because the samples are multi-
phase and in a ceramic state, especially in the case of large samples, as well as because
the crystal and electronic structures of multicomponent metal oxides are complex. These
anomalies can be determined either by the structural transitions, associated with vacancy
ordering in the oxygen sublattice of the sample, or by an instability in the lattices. More-
over, since they were rather large, the samples were not sufficiently homogeneous. Our ex-
periments to determine at different points on the surface of the samples, using the vortex-
current LFF (low-frequency fluctuations) method [8], revealed that the resistivity is appre-
ciably inhomogeneous. This means that a macrostructural (technological) inhomogeneity can
also affect the properties of the material.

Of particular interest is the heat capacity in the low-temperature range (Fig. 3). Start-
ing from T < 7 K, the heat capacity becomes an increasing function of the temperature. Such
behavior of c¢(T) was noted in [9] for the compounds Yb—Ba—Cu—0 and Ho—Ba—Cu—0 and was at-
tributed to the existence of a magnetic moment in rare-earth elements. Ferreira et al. [10]
indicated that for these materials these anomalies are associated with the Schottky elsctron
anomaly and not with magnetic ordering and, moreover, magnetic ordering exist in the impurity
phase.

At low temperatures the heat capacity of high-T. superconductors can be written as

¢ =T + B T% + B,T% -+ Ac,

where yT is the linear part of the heat capacity, 8,;T3 is the lattice heat capacity, B,T°

is the dispersion lattice heat capacity, Ac is the contribution from the antiferromagnetic
ordering of the paramagnetic ions of the rare-earth metals in the composition of the mate-
rial (Sm) or of the magnetic impurities (Fe, Dy, etc.) and/or crystal-field effects (Schottky
effect). For T < 12 K the contribution Ac ~ T"2, which is evidently due to the Schotthky
effect of the impurity phase, e.g., Ba—Cu-0,4y, since antiferromagnetic ordering of Sm** oc-
curs at T = 0.6 K [11]. Magnetic impurities that contribute to the heat capacity at higher
tempeatures can exist, however (Dy [11]).

Traces of the phase Ba—Cu—0,4yx were observed by Vasil'ev et al. [12]. Eckert et al. [13]
showed that the presence of small amounts of Ba—Cu—0,4yx can result in anomalous behavior of
the heat capacity at low temperatures, especially affecting the linear term c. Many authors
believe that y correlates with large amounts of secondary phases, especially Ba—Cu—O,4y.
Sasaki et al. [12) asserted that y = 0 for the ceramic Bi~Sr—Ca~Cu—0 while y # 0 for thte thal-
lium ceramic Tl,—Ca,—Ba,—Cu;~0,, since the phase Ba~Cu—0,4y also exists there.

In general, the existence of a linear term in the heat capacity is an interesting prop-
erty of high-T. superconductors, which is also important from the theoretical standpoint. At
this stage it is still not clear whether or not it is a consequence of resonant valence bonds
or of tunneling two-level systems. The linear term is difficult to determine exactly because
it is masked by the increase in c¢/T at low temperatures. But it is already clear that the
linear term is related to paramagnetic phase impurities (Ba—Cu—0,4+yx) and/or with paramagnetic
chemical impurities (rare-earth and transition metals), and is larger when the inpurity con-
tent is higher.

All the coefficients of Eq. (1) were determined and the heat capacity can be writtan as
¢ = (45,6672 + 0,1445T 4 0,0017% 4 2.10°7T5) J-kg- Lx-1,

which describes the experimental c/T data well for 5 < T < 14 K. The values of c¢/T for the
ceramics Sm—Ba,—Cu;—0,.y and Ba~Cu—0,4¢ and Y-Ba,~Cuz;—0,.; have been plotted on the graph of
c/T = £(T2) (Fig. 3). As we see, the contribution of Ba—Cu—0O,4y may be very substantial.
Moreover, the presence of the paramagnetic ion Sm®t also makes a contribution to the heat
capacity, causing it to increase because of magnetic fluctuations below 7 K, as was Escribe—
Fillippini et al. [14] noted for Sm—Ba,—Cuz~0,.y, where they found a heat-capacity peak at
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T = 5.5 K and postulated the existence of two sublattices with different magnetic ordering
temperatures. But in this situation it is most natural to attrribute such behavior of an
impurity magnetic phase, as was done in [ll, 12].

Figure 4 shows the measured values of the thermal conductivity and thermal diffusivity
in the temperature range 4.2-370 K and separately in the range 4.2-20 K. TIn the range 120-
370 K the thermal conductivity varies little as the temperature increases and is determined
by the electron-phonon and phonon-phonon scattering. In [15] we showed that Agj is 5-7% of
the total thermal conductivity, the electron-phonon interaction is rather weak and the de-
crease in A(T) is due to an increase in the phonon-phonon interaction as the temperature is
raised. Moreover, the behavior of A(T) will in many ways be determined by the behavior of
u{T). From [16] we know that the velocity of sound in Y—Ba,—Cus—0;_x varies nonmonotically,
increasing slightly from 100 to 125 K, and then falls off markedly according to an almost
linear law. As the temperature decreases below 100 K the heat transfer decreases at T, be-
cause part of the electrons pass into the superconducting state and the total thermal con-
ductivity decreases slightly until the reduction of the electron-phonon scattering causes
the thermal conductivity to grow and at T = 50-60 K it passes through a maximum, which is
characteristic of all high-T. superconductors.

As the temperature is lowered further scattering on defects, impurities, and structural
inhomogeneities of the lattice and in the case of superconducting ceramic, scattering on pore
and grain boundaries, becomes the determining factor and the thermal conductivity decreases.
The magnitude and nature of the maximum A depend on the oxygen content and the porosity of

_the sample [17, 18]. The lower the oxygen content in the material, the more the lattice
changes and, evidently, the more 'normal'; electrons in it since the material Ba,~Cu;~0, is
already nonsuperconducting, which means more normal electrons remain in it below T. and for

a "longer time" [3] and, therefore, the temperature of the maximum A and the temperature of
the inflection of A(T) decrease. The porosity of high-T. superconductors affects the thermal
conductivity and thermal diffusivity in two ways: phonons can be scattered from pore bounda-
ries; and the porosity reduces the effective cross section for electron and phonon transport.
The absolute values of X and a, therefore, are smaller when the porosity is greater.

Unusual behavior of thermal diffusivity is observed at low temperatures. At T = 8.5 K
the function a(T) passes through a maximum. Since a = '/;ul, the behavior of a(T) is deter-
mined by u(T) and &(T). At T > 9 K impurity scattering and defect scattering are substantial
and, therefore, & ~ T~} and if u = const or decreases slightly, then a(T) decreases more
rapidly than T™!. At lower temperatures the mean free path for ordinary materials becomes
constant and is determined by boundary scattering, then a(T) should also be constant. In
the given processes sharply reducing the mean free path begin at low temperatures. They may
increase both phonon-magnon interaction on chemical paramagnetic impurities and scattering
secondary phases (Ba—Cu—0,4x). An abrupt increase in a(T) is observed at T, = 97 K and then
in the region 100-150 K the variations in a(T) are fluctuational with flattening of the curves
after thermocycling.

In summary, we have made a comprehensive study of the thermophysical properties of Y, g—
Sm, , ,~Ba,~Cuz—0,.x over a wide range of temperatures. A correlation is observed between the
temperature dependences of the electrical resistivity and the thermophysical properties. The
temperature dependences of the thermal properties are affected by the measuring method. Pa-
ramagnetic chemical and physical impurities have been found to have an effect on the thermo-
physical properties at low temperatures.

NOTATION

Here p is the electrical resistivity; T is the absolute temperature; T. is the supercon-
ducting transition temperature; c¢ is the heat capacity; A is the thermal conductivity; a is
the thermal diffusivity; T is the relaxation time; u is the velocity of sound; Ag1 is the
electronic part of the thermal conductivity; and % is the phonon mean free path.
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CONDUCTIVE THERMAL CONDUCTIVITY OF FIBROUS MATERIALS
UNDER TRANSIENT GAS FLOW

N. A. Bozhkov and A. A. Ivanov UDC 536.2.01

The results are reported from computational studies of the conductive thermal
conductivity of fibrous materials working at pressures correspnding to transient
gas flow in pores.

Energy transfer through a layer of fibrous material is determined by such elementary
processes as thermal conductivity through a framework and a gas, radiative heat transfer,
and forced and free convection. The intensity of these processes depends in many ways on
the external conditions [1]. The region of application of highly porous thermal insulation
materials is characterized by variation of the pressure from hundreds of atmospheres t> space
vacuum, a temperature range from 20 to 2000 K, and different compositions of the gas filling
the pore. The contribution of one elementary process or another to the overall heat transfer
process will vary, depending on the parameters indicated above. Thus, radiative heat =rans-
fer is virtually absent at low temperatures and the effect of free convection is negligible
at pressures P < 100 kPa while its role is decisive at pressures of the order of 100 M?a [1].
Of great interest is the range of pressures where transient gas flow conditions in a porous
medium are realized. A number of applications of heat-insulation coatings typically have the pres-
sure-time characteristic shown in Fig. 1. In the indicated pressure range heat transfer in
the pores is determined by the interaction of gas molecules with each individual fiber (a
similar situation arises when radiation interacts with the elements of a fibrous framework).

Analysis of the mathematical models in [1, 2] for heat transfer through the gas and
framework permit the conclusion that for structures formed by fibers with different dizmeters,
lengths, orientations, and thermophysical characteristics (TPC's) the thermal conductivity
will depend on the anomalies in the fiber distribution according to size, orientation, and
thermophysical properties as well as on such integrated indices as porosity and average fiber
diameter. The effect of the distribution on the TPC's can manifest itself most in trarsient
pressure regimes.

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 58, No. 5, pp. 714-721 May, 1990.
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