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Abstract 

We present here the design and development of a 15-tesla cryocooled supercondurtlng Indgnet by emplojmg wper- 
conducting Nb$n single-cod B I : C ~ ~ S ~ C U ? O I O  high-T, ledds and dn optlcal wmdou to1 lrradldt~on purpose Temperd- 
ture vanation of magnetoreslstance for a thin film as well as for a polycrystalline pellet I \  m e w r t d  tn test the perform- 
ance of the magnet Floatmg zone melting crystal growth facility is established b j  uslng ~ n t r  tred Image furn't~e to 
grow h ~ g h  melt~ng o x ~ d e  single a y s t a l ~  for colossal magnetoreslstdnce measurements Tvplc 11 results llhe the growh 
of lanthanlde rnanganite s~ngle crystals and thelr resist~vlty and magnetizdtlon propel tie\ dre presented 

Keywords Colossal magnetoreslstdnce lanthan~de rnangan~tes, ovde s~ngle crqstals cqocooled superconducting 
magnet floatmg zone meltlng 

1 1 CI yocooled supe~conductlng magnet 

The iecent discovery of colossal magnetoreslstance (CMR) In dictorted perovsblte mmgan- 
~tes '  Ln, ,A,Mn03 (Ln rare-ealth ion, A divalent cations such as Ca, Sr, Ba, Pb) has attracted 
considerable attention as they exhlbit several novel features includmg CMR For the past few 
years, a valiety of manganites and cobaltites have been Investigated in the form of polycrystal- 
line powders, films as well as single crystals 

Superconducting magnets employing Nb3Sn coils immersed in liquid hellurn have been de- 
signed and fabricated to y~eld very high (above 10 tesla) magnetic fields ' Copper wtre is used 
as connecting leads in these magnets Due to heat losses through the leads, the magnets con- 
sume large quantities of liquid helium After the discovery of high-T, supeicanductmg maten- 
als such as YBa2Cu307, Bi2SrCa2Cu708 and Bi2Sr7Ca2C~3010, copper-connecting leads are 
being replaced by high-T, ceramic superconductor leads to reduce thermal losses up to 90% 
Close-cycle refrigerator systems reachmg 4 2 K with a coollng capacity of 1 0 Watt at 4 2 K 
have been fabiicated by employing solid-state condubtion cooling From the engmeenng point 
of view, one can deslgn a supeiconducting magnet by employing the conventional Nb3Sn coil 
and hlgh-T, superconductor leads so that the magnet can work without liquid helium Room- 
temperature bore magnets with vanable magnetlc fields, essentml for researchers working at 
higher temperatures, are difficult to obtam w~th  the convent~onal immersmn-type supercon- 
ducting magnet technologies, where the consumption of l~quid hellurn is high It 1s therefore 
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most useful to have magnets to produce h ~ g h  magnet~c fieldq without l~quld helium to mlnl- 
mlze running expenditure and also to alleviate proble~ns encounteted due to the non- 
availabrlity of liquid helium in many countries To this end, there have been etto~tq to produce 
tryocooled superconductlng magnets with NbTl wiles to achieve fields of the older of 9 tesla 
or lower A key element in des~gnlng such a magnet 1s the use of high-T, superconductor 
leads along with d cryocooled system such as the Glfford-McMaholl (GM) ~etrigerdtlon cycle 
to cool the supe~conducting coil to 4 2 K and high-T, leads to below 60 K 

There have been some efforts in design,"' but in all of them a thtee-coil 5y5tei-n h ' ~  been 
employed since currents of the ordei of 240 dmp could not be pas5ed to achieve a field of 15 
tesla md  above In these deslgns, the size of the magnet and the theirncil 107s were hlgh To 
compensate the losses, two cryocooled r e t r ~ g e ~ ~ t o ~ s  of 1 0 W at 4 2 K have been employed, but 
this mcreases the weight as well as the cost of the magnet conqiderably 

Single cryc;tals of oxlde materials are widely used in electron~c, mdgnetic and opt~cal cornmu- 
nlcation industries Since they contain no grain boundaries, they glve 1-naxlmLun performance 
in functional devices such as laser oscrllators, surface acoustlc wave devrces, ~ p t ~ c ~ t l  switches, 
second haimonic genelators, etc Thelefore, ~t is necessary to establl$h techniques to glow 
large and high-qual~ty single crystals of these oxide mate~lals One of the best cryml growth 
techt~lques 19 the f l o ~ t ~ n g  zone melting (FZM) crystal glowth " " T h i ~  technlque does not u\e 
ciuc~ble and seed and IC, II unique method of growmg very hlgh melting pomt rnL~tcr~,d~ It 1s 
very  deal for oxlde materdq exhibiting superconductiv~ty and colossal nldgnctore51C,tance 
These oxldes may evaporate slowly over a period ot time tev-dting in cornpos~t~oniil 
~nhomogenerty in the gown crystal if techniques like Czoch~alski ale employed In the FZM 
technlque the molten portron will be converted into ~ry~ta l l ine  forin w~thm a shu t  ttme dnd a 
new poitlon will be passing into the hot zone contmuously Tlierefole, the 1035 oi dlffelent 
elements In the molten zone due to evaporation will be minimal compdred to C P O C I I I ~ ~ ~ ~ I  tech- 
nique 

eslgn and fabncatlon of su esconductlng lnagnek 

We have designed and fabricated a versatile magnet givlng field$ up to 15 tcsh by employing 
NblSn wlre, high-T, 3 1 ~ S r ~ C a ~ C u ~ 0 ~ ~  (2223) leads and a close-cycle helium ~ehtge~nto l  ol 
1 W at 4 2 K wh~ch has seve~al unlque features 

In the design of the magnet, we have adapted a slngle-cod system by ca~efully choosing 
the Nb3Sn multifilamentary core of 1 0-~nm fabricated by modified jelly-roll plocess w~th  
53% copper content to allow easy heat dissipation We have choben this wile to pas, mole cul- 
rent (up to 240 amp) as well as to mlnimize the coil temperdtule below 60 K when the cod 
quench occurs at high currents The coil was wound on stamless-$tee1 drum by ad'ipting wmd 
and react process The specifications of the wile and full details of the qyatern ale given else- 
where '' 

Leads made of 2223 h~gh-T, b~smuth cuprate w ~ t h  a current-carrymg capacity 300 amp at 
77 K were connected between the Nb3Sn cod and the copper-end terminals The inst stage 
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FIG 1 Sehematl~ dlagr~m of the cross-re~t~onnl new of n 15-tedn rryocoaled wper~onductmg mdgnet wth  the resw 
t ~ v ~ t y  attdchment 
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of a GM Sumitomo clyocooler (model SRDK-408 with 1 0-Watt coolmg capaclty at 4 2 K) 
was coupled to the high-T, leads and the second stage was connected to the Nb3Sn magnet toll 
The temperature of the coil was maintained below 4 2 K while energizing or de-energ~zing the 
magnet at a rate 0 04 amp/s or lower We have also used superinsulation of 15 layers aiound 
the superconductmg coil to eliminate thermal losses The cryostat has been prov~ded with a 52- 
mm bore with a quartz window of 20-mm d ~ a  mcorporated at the bottom of the coil to enable 
light to pass through (Fig 1) 

Wrth t h~s  de~rgn we have achreved the wper-conductmg cod temperature below 3 5 K and 
high-T, leads temperature below 42 K before energizing the magnet When the magnet was 
energized to 15 tesla, the cod temperature went up to 4 0 K and the leads ternpel ature to 47 K 
We could operate the magnet at thls field for a few hours befole it quenched The magnet 
works cont~nuously without any interruption, when the field is reduced to 14 5 tesla (220 amp) 
The temperatuies of the magnet coil and the high-T, leads at this f~e ld  strength weie 4 and 45 
K, ~espectively The thee-dimensional cross-sectional view of the magnet and the photograph 
of the fully assembled and workmg magnet are shown In Fig 2 We have used silicon d~odes, 
cernox and Pt sensois at ciucial places to monitor the tempeiature ot each section and also to 
control the temperature of the sample fioml5 to 500 K 

FIG 2 (a) A three-dlmeuslonal 
15-tala magnet 

cryocooled superconducting magnet and (b) the 
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FIG 3 Telnptratule vanatm of mdgnc.toreslstaoce 01 (d)  Prl17C 413h1n03 film on L A O  single Lr>5t 11 wb\tmtt tnd 
[b) Ldtr 7Cdg ?MnO? pelltt for d~lferent field strengths 

We have caned out ~ o l o s d  magnetores~stance medwrements dt ddferent f~eldr m d  at dlt- 
feient temperatures starting from 375 to 15 K by usmg CTI cryocooler model D22-8300 
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FIG 4 Schematic. diagram of the Infrared ~mage furndce nlth two pardbohc mirrors and the f lo~t ing rone melting 
crystal growth arrangement 
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Typ~cdl magnetoreslstance measuiements at diff-erent temperdtws and at dlffe~ent fields fol 
Plo $aa iMnOi thin film deposited on LaAlOi (1 00) substlate and Lao 7Cd0 iMn@ polycry~t~~l-  
h e  pellet are shown in Flg 3 The perfotmance of the system is excellent dnd we ale using the 
mgnet for the past 5,000 hours w~thout any hindrance 

Watanabe et a1 '' have achieved 15-tesla field by employing thlee cod5 dnd two C ~ Y O C O O ~ ~ ~  

systems The piecoollng tlme of the coil fiom room temperature to 4 K was around 1 10 h We 
hdve employed a single coll and a single cryocooled system and achieved the same held and 
also lowered the piecoollng tlme to 13 h The performance of ow magnet 1s superlor to Wata- 
nabe's magnet In relat~on to precooling time and cost 

3 Floatmg zone meltlng crystal growth 

The FZM instrument model SC-M35HD of Nlchden Machinery has provmon to carry out 
ciystal growth at hlgh pressures and at different envi~onments The maximuin melting point 
achievable 1s about 2400 i( by infrared ladlation Two parabolic ieflecto~s wlth halogen lamp? 
wele employed in t h ~ s  infrared imaging furnace (Fig 4) 

In the FZM crystal growth technique, the stolchiornet~ic composit~on of the starting materi- 
als of high purity are weighed and mixed thoioughly followed by calc~nat~on, giinding and 
le-calcinat~on process The powders are made in the form of rods by hydlaulic piess and Fin- 
tered to hrgh density The well-smtered rods are empIoyed as seed and feed ~ o d s  The inter- 
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FIG 5 Schemat~c diagram showlng d l fhen t  stages of the floatmg zone melling crystal growth process 
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face of the seed rod and the feed rod is melted in~tially dnd thts molten zone Ir pdssed through 
the full feed rod with a constant speed The feed rod and the seed rod tvill keep rotating mutu- 
ally in opposite direction thloughout the crystal growth process to keep the molten zone rnlx 

homogeneously, (Fig 5 )  The d~ameter of: the crystals can be reduced by rotiitlng the uppa teed 
tod faster than the seed rod " The glowth di~ection can elther be up or downward5 but we have 
used the downward direction as the molten volume 1s more stable In t h~s  configuration Cry+ 
tals as big as 12-mm dia and 170-mm long cdn be grovln ,kt or below 2300 K 
Photographs of the growth process at different stage\ for one of the ~ ~ y s t ' i h  grown In 

thls laboratory are shown in Flg 6 Single crystals of Ld,,uMnO, NdO~C;l,,,MnO, Lu-d 
Ndo 4sSro ssMnOi were grown by uslng thls technique The temper d u e  vcu idtion ot r ew tan~e  
and magnetization for an LaoyMnOl single crystal is ~hown In F I ~  7 The ~nwldtor metdl 

La, ,MnO, 

rlcl h Float~ng. zone meltmg crystal grouth process (4 
, I n l t l  I stage just betore melting (bf nlelting stage and (L) 
~ r \ \ \  \I grawlng stage 
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transition is very sharp as revealed by the magnetization curve and clearly demonstrates that 
the crystal grown IS of very good qual~ty Further work In this direct~on to grow lanthanlde 
manganite single crystals IS in piogress 

A cryocooled superconducting magnet wlth close-cycle helium refrigerator and an optical win- 
dow for irradiation stud~es was designed and fabricated The performance of the magnet 1s ex- 
cellent The ~nfrared imaging furnace lnstalled is worlung well Single crystals of Lao9MnQ, 
Ndo sC% 5Mn03, Ndo 55Mn03 were grown successfu~ly by employing floatrng zone melt- 
mg crystal growth techn~que 
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