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Thermal Conductivity, Thermal Diffusivity
and Thermoelectric Power of Sm-Based
Bulk Superconductors

Hiroyuki Fujishiro and Shuichi Kohayashi

Abstract—The ab-plane thermal conductivity .. (T, thermal In the present paper, we repeif, (7T'), «q,(T) and Sy, (T)
diffusivity aab_(T) and thermoelectric powerSab(T)_ were mea-  of the highly-oriented Ag-doped Sm, x Bay x CUs 4 x O7y5x
sured for the highly-oriented Ag-doped superconducting materials (X = 0.1~0.4) in the temperature range of 4800 K and in

Smy 42xBazy xCusy xOry5x (X = 0.1 ~ 0.4) prepared by a I .
melt process. The absolute value ok,; and its characteristic en- the magnetic field of 810 T. We analyze the effect of additions

hancement belowT’, were suppressed with increasing conten ~ 0f SmyBaCuQ (Sm211) and Ag metal, on the thermal proper-
of the Sm;BaCuOs (Sm211) secondary phase, while they were en- ties. The magnetic field dependencerqf(7T’) is also investi-
hanced with increasing content of doped-Ag. The application ofthe gated and the phonon scattering by the vortex is discussed.
magnetic field up to 10 T clarified that the phonon scattering by

vortex was most enhanced with the applied field perpendicular to

the ab-plane. The trapped magnetic also seriously suppressed the Il. EXPERIMENTAL
#ap(T) enhancement. The preparation of Ag-doped S, x Bay x Cls; x O745x
Index Terms—Phonon scattering, Sm-based superconductors, (X = 0.1, 0.2, 0.3, 0.4) bulk superconductors was de-
thermal conductivity, thermal diffusivity. scribed elsewhere [4]. The content of the added Ag was
10 or 15 wt.% and that of the Pt was 0.42 wt.% to the
|. INTRODUCTION Smy_pxBasy xCusy xOr45x weight. The sizes of the Sm211

) . o ) and Ag particles were~25 and 26-30 im, respectively. From

V ARIOUS kinds of practical applications using the m‘_eltthe X-ray diffraction analyses, the grown crystals were crystal-

processed REBaCuO-system superconductors (RE: rfgranhycally highly oriented, where the bulk surface is parallel
earth ions), such as magnetic bearings, levitation systems, ftlé’"theab-plane of Sm123. The slender-shaped samples (4.0 mm
wheels, bulk magnets, current leads and so on have beenfer 5 mmx 25.0 mm) were cut parallel to the-plane for the
cently proposed and developed [1], [2]. The critical current defse 55 rement. The Sm211 polycrystal was also fabricated by
sity J. of REBaCuO-system in high magnetic fields has begpg gqjig state reaction at 115G in air in order to compare the
improved by employing smaller RE ions such as Sm and Nd, §4ma properties with those of the bulk crystals.
ceeding those of the YBaCuO—system.The melt-processed REqpq ab-plane thermal conductivity:,;(Z) and the ther-
BaCuO-crystals consist of both the REBa50;7_5 (RE123)  qelectric powerS,,(I') were automatically measured by a
superconducting phase and the;BBCUQ (RE211) impurity  gie4qy.state heat flow method between 10 and 300 K and the

phase. Silver (Ag) metal is added in order to improve the M4erma diffusivity g, (1) measurement was performed by an
chanical strength and to increage A small amount of plat-  5ppitrary heating method under an identical experimental setup
inum (Pt) metal is also added to disperse finely and uniformfyih, the « and S measurements [5]. A Gifford—McMahon
the RE211 particles, which act as pinning centers. For practi?@dM) cycle helium refrigerator was used as a cryostat. The
applications, thermal properties of superconducting materigi§;omel-constantan thermocouples with6 zm in diameter

such as the thermal conductivity thermal diffusivityc, ther- o0 1sed as thermometers for ther and S measurements.
moelectric powes, specific heaC are very important. The low magnetic field of up to 10 T was applied using a cry-
thermal conductivity, for example, is essential for the applic@ggler-cooled superconducting magnet.
tion of bulk superconducting materials as power current leads.
We have reported and analyzed theanisotropy for the bulk Il RESULTS AND DISCUSSION
Y123 and Y211 composite system [3]. '

A. Volume Fraction of the Constituent Phases
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Fig. 1. The volume fracton of each component forFlg. 3. The temperature dependence of ttheplane thermal conductivity

SMyj2xBa xCls xOrysx (X = 0.1~0.4) for Ag = 10 wt.% and 15 Kqp(T) for variousX under the zero magnetic field.
wt.% (X = 0.2) samples.

B. Thermal Conduction in Zero Magnetic Field

Sm 1+sza Cua*xomx(Ag =10wt.%)
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Fig. 3 shows the temperature dependence,ofI’) for var-
ious X with Ag = 10 wt.%. For theX = 0.1 sample which
consists of the maximum amount of Sm123 superconducting
phase, the absolutg,;, value above’,. (=93 K) is large and the
kab(T) enhancement belo, is prominent. For the{ = 0.2
sample, the:,, (') enhancement becomes less prominent and it
is further reduced with further increase ¥t At the same time,
kas(T) in the normal state decreases. However, it is to be no-
ticed thatr.,(7) values ofX = 0.3 andX = 0.4 samples
almost coincide each other over the entire temperature range.
#(T) of the Sm211 polycrystals is also presented in Fig. 3,

, ab-planle (0T) which decreases with decreasing temperature and is very small,
%0 90 o0 110 120 making a contrast with that of the Y211 polycrystal [8{T’) of
Temperature (K) Y211 was somewhat larger, took a faint maximurfi’at- 50 K
and decreased with further increasdofl he electronic thermal
Fig. 2. The temperature dependence ofdhelane resistivityp., (T'). conductivity .(7’), estimated by the Wiedemann—Franz law
using thep,; values, decreases with increasiig The ratio of
for the calculation. The volume fraction of Pt was omitted ir. to the totalx at 300 K is 31% and 16% fak = 0.1 and 0.4,
the figure because it is very smak Q.12 vol.%). The volume respectively. The decrease f, (7)) with increasingX above
fraction of Sm123 decreases and that of Sm211 increases vilithmay come mainly from the reduction ef, the increase of
increasingX . It should be noticed that the fraction of void alsdow thermal conductive Sm211 phase and the enhanced phonon
increases with increasing’. In Fig. 1, the volume fractions scattering in the Sm123 phase.
are also shown for the Ag- 15 wt.% (X = 0.2) sample. The It has been found that in REBaCuO-systems with the
increase of the Ag content to 15 wt.% markedly reduces voitight RE (LRE) element such as Sm and Nd, a part of the
possibly through the intrusion of Ag particles into the graibhRE ions is substituted for the Ba site, thus forming the
boundaries. LRE;+,Ba_,Cu;O.-type solid solution [1]. Ther?? should

Fig. 2 shows the temperature dependence ofdliplane decrease with increasing RE ion substitutidfl, actually
electrical resistivityp,, (7). The pg, values for the Ag= 10 decreases with increasidgas shown in Fig. 2, which suggests
wt.% samples increase with increasii which may result increased substitution of Sm for Ba site with increasi¥ig
from the increase of the insulating Sm211 fraction. The supdrhe increased migration of Sm and Ba enhances the phonon
conducting transition temperatufe slightly decreases with in- scattering in the Sm123 phase, working as a kind of point
creasingX . As can be seen for th€ = 0.2 sample, the,,(T") defect type phonon scattering centers.
decreases by increasing the Ag content from 10 to 15 wt.%. FofThe thermal conductivity of high,. oxide superconductors
the X = 0.2 and Ag= 15 wt.% sample7. recovers to 94 K, (HTSC) is enhanced belo#. by both the electronic contribu-
the maximum value of the present samples. Ehdependence tion . and the phonon contribution,. In not ideally pure
and the Ag content dependencel@fcannot be interpreted by HTSC with sizable residual electron scattering by impurities,
only the changes of the volume fraction of the Sm123 phasethe enhancement mainly comes from the phonon component
is suggested that the superconductivity of the Sm123 phasesjs [6]. The «,, enhancement below, is caused by the
improved by the increase of Ag content up to 15 wt.%. reduction in the phonon scattering by quasiparticles with the

= o o
IS

o
g vl
IS

et X=0.2(Ag=15wt.%)
01 7

Resistivity p_ (mQcm)




1126 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 12, NO. 1, MARCH 2002

Sm1+2xBa2+xCu3+X0mx(Ag=10wt.%) ono_ —— T
20 [ L e LA E S S e e ] = [ (a) Q//ab! B_L ab
F - J L 3 ab-plane
] e T 0
o L =U. é 150 - A ]
Eisf —o— X=0.2(Ag=15Wt.%) 2 B |
E 't v
) £ »
5 2 100 C e LR$0000000000000000004]
210 s [ ]
£ o L i
g N —o— 85T 7]
E sl g i ;(20.1(Ag=10wt.%) .~ 10T
[ | £ L
= [ ab-plane  (OT) 1 2 0' N B B SRS
0 R T S B ) 50 100 150 200
0 50 100 150 200 Temperature  (K)
Temperature (K) Q 200 [ A AL A L A AL I A B
£ L (b) Q/ab, B/jab s o
[3] 5 e ————— -
Fig. 4. The temperature dependence of theplane thermal diffusivity 3 Q Ill
(T for typical samples. € 150 ]
2 Ad B
o
o
12 2 'Y ° PYYYY YL PY )Y
L 3100 o oSe00e80
—_ ab-plane g J
X N 3
310 2 ——
= [=) r b
3 - o = 5T .
o 8 © 0T ;(20.1(Ag=10wt.%) —e—m ]
= L —h— i
€ 6 E [
8 5 [
° c 0 N B R N BT
E 4t = 0 50 100 150 200
8 Temperature (K)
s | 180 T T T T T T T T T T
-
8 | © T=40K
L 0 /A
3
w 2 1 1 1 1 A L i L L vl L L 160‘ N
0 100 200 300

Temperature (K)
140

Fig. 5. The temperature dependence of the thermoelectric pSiwé¢’) in
the ab-plane.
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progress of their condensation into cooper pairs [5]. Becaus | X=0.1(Ag=10wt.%)

the present Sm:xBax xCus 1 xOry5x samples belong to C.?//ab'

the impure HTSC material containing a considerable amoul 0 2

of the Sm and Ba migration and the impurity Sm211 phase,

the x enhancement is due to the,, contribution. Ther,, o ¢ e plane thermal diffusivities., (T) with the applied field3 (a)

enhancement is masked out if the phonon scattering strengdfpendicular and (b) parallel to taé-plane, respectively, for th& = 0.1

by other mechanisms becomes stronger. The suppression of(#fge= 10 wt.%) sample. (c) The magnetic field dependence of at 40 K

r enhancement with increasin§ may reflect the enhancedWhereB in both parallel and perpendicular directions to tteplane.

phonon scattering due to increased Sm and Ba migration. For

the X = 0.2 sample with Ag= 15 wt.%, 1. recovers to 94 K wjth increasingX. The thermoelectric powe$ of a metal is

and then the absolute value and thg(1") enhancement also given by

recover as shown in Fig. 3. This may result from the suppres-

sion of the migration and/or from the improved crystallinity in w2 [k ] 1

the Sm123 phase. 5= < ) PoE <p(E)> ’
Fig. 4 shows the temperature dependencef7’). In the

normal stateg,;, (7°) of all the samples increases slightly withwhere E the electron energy. Quantitatively, is expected to

decreasing temperature. Bel@y, «,,;(7T") increases more andincrease in impure metals because of increaginglues. Ac-

more rapidly with decreasing temperature. The absolute valuecofdingly, the observed increasilsg, with X may partly be at-

« decreases with the increase’6find increases with increasingtributable to thep,;, (') increase in the Sm123 phase caused by

content of the doped-Ag, in accord with the behaviokgf. the migration effect. Since the present Ag-doped Sm-based ma-
Fig. 5 shows the temperature dependencg,ofI’). For the terial is a composite system composing of Ag particle, Sm123

Ag = 10 wt.% samples$,,(T") aboveT. positively increases and Sm211, it is difficult to analyz8,,. However, it is worth

Thermal Conductivity xab(mW/ch)
o
(=]

4 6 8
Magnetic Field (T)
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while to note thatS,, of the X = 0.4 sample is clearly larger i) For the Ag= 10 wt.%-doped series, the,,(T) values

than that of theX' = 0.3 sample in spite of almost indistinguish-
ablep,,. This fact indicates that the Sm211 phase also intrinsi-
cally, i.e., not only through the increasemf,, enhances$,,;, of

this composite system.

C. Thermal Conduction Under the Magnetic Field

In this subsection, we presest;, of the X = 0.1 (Ag = 10
wt.%) sample under the magnetic fields. Fig. 6(a) and (b) shows
kqp for field cooling runs with the applied fiel& perpendicular
and parallel to theb-plane, respectively. The solid lines are to
guide the reader’s eyes. In both figureg, aboveT, is inde-
pendent of the applied magnetic fields. In Fig. 6(a),thgen-
hancement beloW:. is drastically suppressed with increasig
perpendicular to theb-plane. This reduction can be understood
as caused by the enhanced phonon scattering by the quasipar-
ticles in the vortex cores. For the application Bfparallel to ii)
theab-plane, however, the reduction of thg, enhancement is
barely discernible as shown in Fig. 6(b). In this case, the vor-
tices parallel to the:b-plane hardly hinders the heat flow. The
similar anisotropic effect of the magnetic field ap,(7) was
observed for YBCO and Bi-2212 single crystals.

Fig. 6(c) shows the magnetic field dependence gfat 40 K
whereB was swept up and down upto 10 T. For #Bé.ab-plane
setting «qs (40 K) promptly decreases with increasing magnetic
field and partly recovers with decreasing field; very clear hys-
teretic behavior of:,; is noticed. Thes,; (40 K) value at0 T
after applying field is 8% smaller than the initial one. This sug-
gests that the trapped magnetic field scatters the phonon trans-
port even after removing the field. The trapped magnetic field
for the B_Lab-plane setting is estimated to be about 2 T from iii)
the data for the increasing virgin run. On the other hand, for
the B //ab-plane setting, the field dependencesqf (40 K) are
quite small up to the applied field of 10 T.

Lastly, we comment on the effect of the added-Ag particles
on the thermal transport. In the previous paper, we reported the
thermal conductivity of the AgYBCO mixed crystals for var-
ious Ag contents and determined the purity of Ag particles in
these crystals [7]. Using the previous data, the residual resis-
tivity ratio (RRR) of the doped-Ag particles is estimated to be 1]
~15 in the present case. The measured thermal conductivity of
Ag+0.22 at.% Au alloy with RRR-15 does not show the(T') (2]
enhancement around 40 K. The addition of 10 and 15 wt% Ag

: [3]
enhances the absolute valuesdfl’) over the entire tempera-
ture range, but it cannot directly cause thg(7") enhancement
belowT,. 4]

V. SUMMARY -
5
The ab-plane thermal conductivityx,,(T), diffusivity

aq(T) and thermoelectric powelS,,(T") were measured
for highly oriented Ag-doped SmaxBay+xCusxO7ysx
materials, which consisted of superconducting; B Cu;O;
(Sm123) and semiconductive $Ba;Cu; O; (Sm211) phases [7]
by the ratio 1:X. The obtained results are summarized as
follows.

(6]

and therx,, enhancement beloW,, characteristic of
high-T,. superconductors, are largest f&f = 0.1,
which are rapidly reduced with increasing up to

X = 0.3. kq(T) values became almost identical for
the X = 0.3 and X = 0.4 samples. An important
origin for the reduction was suggested to come from
increasing migration of Sm and Ba ions. The quality
of the Sm123 crystal was deteriorated with decreasing
X, as suggested also by thE dependence onX.
The increasing Ag-doping from 10 wt.% to 15 wt.%
for the X = 0.2 crystal enhanced the,,(7) values,
accompanying thg, increase to 94 K. These results
indicate that the deteriorated crystallinity of Sm123 is
recovered or improved by the increased Ag-doping. The
diffusivity oy, (7)) behaved consistently t@,y.

Under the magnetic field up to 10 T, the,, enhance-
ment was markedly reduced for the applied field config-
uration,B_Lab-plane. In contrast, very weak suppression
was observed for th&//ab-plane configuration. These
results are consistent with the explanation thattheen-
hancement below’, originates from the reduction in the
phonon scattering by quasiparticles. The anisotropic sup-
pression with respect to the field direction can be under-
stood to come from the appearance of anisotropic vortex
scattering for phonons which originates from the layer
structure of Sm123 lattice. From the hysteretic behavior
of k., (B) under the applied fields, we could estimate the
trapped magnetic fluB,..s to be about 2 T after the 10

T field scan in theB_Lab-plane configuration.

The ab-plane thermoelectric powef,, was positive
and increased with increasing, precisely reflecting
the Sm211 contenk up to X = 0.4. It is worthwhile

to notice that bottp,,(T") and x.;,(T) behaved almost
identically for X = 0.3 and 0.4 samples, making a sharp
contrast with the behavior of ;.
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