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Abstract

We present here the design and development of a 15-tesla cryoccoled superconducting magnet by employing super-
conducting NbsSn single-coill B;CaySr>CusO high-T.. leads and an optical window tor irradiation purpose Tempera-
ture vanation of magnetoresistance for a thun film as well as for a polycrystalline pellet 15 measurcd to test the perform-
ance of the magnet Floating zone melting crystal growth facility 1s established by using infrired 1mage furnace to
grow hugh melting oxide single crystals for colossal magnetoresistance measurements Typic il results ke the growth
of lanthanide manganite single crystals and their resistivity and magnetization propetties are presented

Keywords Colossal magnetoresistance lanthamide mangamtes, oxide single crystals eryocooled superconducting
magnet tloating zone melting

1 Introduction

11 Cryocooled supeiconducting magnet

The 1ecent discovery of colossal magnetoresistance (CMR) 1 distorted perovskite mangan-
ttes'? Ln;  A,MnO; (Ln rare-earth ion, A divalent cations such as Ca, Sr, Ba, Pb) has attracted
considerable attention as they exhibit several novel features including CMR For the past few
years, a vatlety of manganites and cobaltites have been 1nvestigated n the form ot polycrystal-
line powders, films as well as single crystals

Superconducting magnets employmg Nb;Sn cotls immersed 1 liquid helium have been de-
signed and fabricated to yield very high (above 10 tesla) magnetic fields * Copper wire 1s used
as connecting leads n these magnets Due to heat losses through the leads, the magnets con-
sume large quantities of hiquid helum After the discovery of mgh-T, superconducting materi-
als such as YBa,Cu;0;, B1,SrCayCusOg and B1,SraCa;Cu;0y, copper-connecting leads are
being replaced by high-T, ceramic superconductor leads to reduce thermal losses up to 90%
Close-cycle refrigerator systems reaching 4 2 K with a cooling capacity of 10 Watt at 42 K
have been fabiicated by employing solid-state conduction cooling From the engineermg pomnt
of view, one can design a superconducting magnet by employing the conventional NbsSn coil
and high-T,, superconductor leads so that the magnet can work without hiquid helum Room-
temperature bore magnets with variable magnetic fields, essential for researchers working at
higher temperatures, are difficult to obtamn with the conventional immersion-type supercon-
ducting magnet technologies, where the consumption of liquid hehum 15 high It 1s therefore

4 Text of the lecture delivered at the Annual Faculty meeting of the Jawaharlal Nehru Centre for Advanced Scientific
Research at Bangalore, on October 21, 1999
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most usetul to have magnets to produce high magnetic fields without liquid helium to mini-
mize running expenditure and also to alleviate problems encounteted due to the non-
availability of hiquid helium 1n many countries To this end, there have been etfonts to produce
cryocooled superconducting magnets with NbT1 wues to achieve fields of the order of 9 tesla
or lower® ® A key element 1n designing such a magnet 1s the use of high-7; superconductor
leads along with a cryocooled system such as the Gifford-McMahon (GM) 1etrigeration cycle
to cool the superconducting coul to 4 2 K and high-7, leads to below 60 K

There have been some etforts in design,”™ but 1n all of them a three-cotl system has been
employed since currents of the order of 240 amp could not be passed to achieve a field of 15
tesla and above In these designs, the size of the magnet and the thetmal loss wete high To
compensate the losses, two cryocooled refrigerators of 1 0 W at 4 2 K have been employed, but
this mereases the weight as well as the cost of the magnet considerably

12 Floanng zone melung crvstal growth

Single crystals of oxide materals are widely used m electronic, magnetic and optical commu-
mication mdustries Since they contain no grain boundaries, they give maximum performance
1n functional devices such as laser oscillators, surface acoustic wave devices, opticdl switches,
second haimonic generators, etc Therefore, 1t 1s necessary to estabhish techmques to giow
large and high-quality single crystals of these oxide materals One of the best crystal growth
techniques 15 the floating zone melting (FZM) crystal giowth B Thyg technique does not use
crucible and seed and 15 a umque method of growing very high melting point materials It 15
very 1deal for oxide materials exhibiting superconductivity and colossal magnetoresistance
These oxides may evaporate slowly over a pertod of time tesulting in compositional
inhomogeneity 1 the griown crystal 1f techmques ke Czochialskr ate employed in the FZM
techmque the molten portion will be converted 1nto crystalline form within a shott time and a
new pottion will be passing imto the hot zone contmuously Theretore, the loss ol different
elements n the molten zone due to evaporation will be mimmal compared to Czochialski tech-
nique

2 Design and fabrication of superconducting magnet

We have designed and fabricated a versatile magnet giving fields up to 15 tesla by employmg
Nb3Sn wire, high-T, B1,Sr;CaxCu30y4 (2223) leads and a close-cycle helium refrigetator of
1 W at 4 2 K which has several unique features **

In the design of the magnet, we have adapted a single-cotl system by caiefully choosing
the NbsSn multifilamentary core of 1 0-mm dia fabricated by moditied jelly-10ll process with
53% copper content to allow easy heat dissipation We have chosen this wire to pass more cut-
rent (up to 240 amp) as well as to mnmize the coil temperature below 60 K when the coil
quench occurs at high currents The coil was wound on stamless-steel drum by adapting wind
and rezlxi:t process The specifications of the wite and full details of the system are given else-
where

Leads made of 2223 high-T. bismuth cuprate with a current-carrying capacity 300 amp at
77 K were connected between the NbsSn coil and the copper-end terminals The fust stage
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FIG 1 Schematic diagram of the cross-sectional view of a 15-tesla cryocooled superconducting magnet with the resis-
tivity attachment
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of a GM Sumitomo ci1yocooler (model SRDK-408 with 1 0-Watt cooling capacity at 4 2 K)
was coupled to the high-T, leads and the second stage was connected to the NbsSn magnet coil
The temperature of the coil was maintained below 4 2 K while energizing or de-energizing the
magnet at a rate 0 04 amp/s or lower We have also used supeninsulation of 15 layers atound
the superconducting coil to eliminate thermal losses The cryostat has been provided with a 52-
mm bore with a quartz window of 20-mm dia mcorporated at the bottom of the coil to enable
light to pass through (Fig 1)

With this design we have achieved the superconducting coil temperature below 3 5 K and
high-7, leads temperature below 42 K before energizing the magnet When the magnet was
energized to 15 tesla, the coil temperature went up to 4 0 K and the leads temperature to 47 K
We could operate the magnet at this field for a few hours befote 1t quenched The magnet
works continuously without any interruption, when the field 1s reduced to 14 5 tesla (220 amp)
The temperatuies ot the magnet coil and the hugh-T, leads at this field strength weie 4 and 45
K, tespectively The three-dimensional cross-sectional view of the magnet and the photograph
of the fully assembled and working magnet ate shown 1 Fig 2 We have used silicon diodes,
cernox and Pt sensors at ciucial places to monitor the tempeiature of each section and also to
control the temperature of the sample fiom15 to 500 K
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FI_G 2 (a) A three-dimensional cioss-sectional view of the cryocooled superconducting magnet and (b) the assembled
15-tesla magnet



HIGH MAGNETIC FIELDS AND OXIDE SINGLE CRYSTALS 43

i —
190 Pry;CagMn0,/LAD (a Lag,Cay#An0, (b
0201 ot
6
100
e (T L
17 .. 0151
-~ 5 8
gwor 5T <
3
E “ § 010k 67
g 10" v
g g 14T
3 & 005k
T M
( 000}
1 1 1 i 1 2
L b "y — 1 ]
100 . ;‘m 300 100 200 300
® T(#)

(a) (b)

Fi6 3 Temperature vanation of magnetoresistance of (4) Pra7C 4y sMnOs film on LaAlO single cryst il substrate wd
{b) L 7Cag sMnOs pellet for ditferent tield strengths

We have carned out colossal magnetoresistance measurements at ditferent fields and at dit-
ferent temperatures statting from 375 to 15 K by using CTI cryocooler model D22-8200
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FIG 4 Schematic diagram of the mfrared mage furnace with two parabolic murrors and the floatmg zone meltng
crystal growth arrangement
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Typical magnetoresistance measutements at difterent temperatutes and at different fields tor
P1y,CagsMnO; thin film deposited on LaAlO; (100) substiate and Lag7CagsMnOs polyerystal-
line pellet are shown m Fig 3 The performance of the system 1s excellent and we ate using the
magnet for the past 5,000 hours without any hindrance

Watanabe ef ol '* have achieved 15-tesla field by employing thiee coils and two cryocooled
systems The precooling time of the coil fiom room temperature to 4 K was around 110 h We
have employed a single coil and a single cryocooled system and achieved the same teld and
also lowered the precooling tume to 13 h The performance of our magnet 1s superior to Wata-
nabe’s magnet 1 relation to precooling tume and cost

3 Floating zone melting crystal growth

The FZM mstrument model SC-M35HD of Nichden Machmety has provision to carry out
ciystal growth at hugh pressures and at different enviionments The maximum melting point
achievable 1s about 2400 K by infrared 1adiation Two parabolic 1eflectors with halogen lamps
weie employed i this infrared imaging fuinace (Fig 4)

In the FZM crystal growth technique, the stoichiomeitic composition of the starting mater-
als of lugh purity are weighed and mixed thotoughly followed by calcination, giinding and
te-calcination process The powders are made 1n the form of rods by hydiaulic press and sin-
tered to high density The well-smtered rods are employed as seed and feed 10ds The nter-
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FiG 5 Schematic diagram showing different stages of the floating zone melting crystal growth process



HIGH MAGNETIC FIELDS AND OXIDE SINGLE CRYSTALS 45
face of the seed rod and the teed rod 15 melted initially and this molten zone 15 passed through
the full feed rod with a constant speed The teed rod and the seed rod will keep rotating mutu-
ally in opposite direction thioughout the crystal growth process to keep the molten zone mix
homogeneously (Fig 5) The diameter of the crystals can be 1educed by rotating the upper teed
10d faster than the seed rod "’ The giowth duection can either be up or downwards but we have
used the downward direction as the molten volume 1s more stable in this configuration Crys-
tals as big as 12-mm dia and 170-mm long can be grown at or below 2400 K
Photographs of the growth process at different stages tor one of the ciystals grown in
tms laboiatory are shown m Fig 6 Single crystals of La;yMnO, Nd;<Cay MnO, and
Ndy 45510 5sMnO3 were grown by using this techmque The tempetatute vaniation ot resistance
and magnetization for an LayyMnOs single crystal 18 shown 1 Fig 7 The msulator metal

. La, ,MnO,
W‘h\ é?% L12
i gy
J ol
Vo F A
v of % z
\ ¢ | 2
&) \ 2 g 2
3 24 5 B Lo7 =2
g’ . 4 4 07 =
A o EY E
= ] ¥ z
g =
.
L 02
T T T
100 200 300

TK)

b 7 Temperature Vatiation of 1esistince and mgneti-
7ion for LageMnO: smgle civstal grown by tlowing
704¢ melting technigue

Tiw 6 Floating zone meltng crystal grow th process (a)
<1 | stage just betore melting (b) meltng stage and ()
sl growng stage



46 A R RAJU

transition 15 very sharp as revealed by the magnetization curve and clearly demonstrates that
the crystal grown 1s of very good quality Further work in this directton to grow lanthanide
manganite single crystals 1s i progress

4 Conclusions

A cryocooled superconducting magnet with close-cycle helum refiigerator and an optical win-
dow for tradiation studies was designed and fabricated The performance of the magnet 1s ex-
cellent The infrared 1maging furnace nstalled 1s working well Single crystals of LagoMnO,,
Ndy sCag sMnOs, Ndg 45910 5sMnO; were grown successfully by employing floating zone melt-
1ng crystal growth technique
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