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PRODUCTION OF HIGHLY POLARIZED SOLID 3 ~ e  IN A POMERANCHUK CELL 

F.B. Ramussen 

Physics Laboratory I ,  H.C. plrsted Ins t i t u t e ,  Universitetsparken 5 ,  
DK-2100 Copenhagen 0, Denmark 

R&sum@.- La meilleure fagon de produire du sol ide 3He fortement polarise dans une ce l lu le  e s t  de 
s o l i d i f i e r  dans un  f o r t  champ magniitique du liquide 3He prerefroidi .  Cet a r t i c l e  e s t  congu comme 
une presentation pedagogique de l a  m@thode de Pomeranchuk (solidification adiabatigue de 3He l i -  
quide) appliquee 6 ce but. 

Abstract.- Highly polarized solid 3He in bulk i s  best produced by sol id i f ica t ion,  in a magnetic 
f i e ld ,  of precooled l iquid 3 ~ e .  The paper i s  a tu tor ia l  introduction t o  the application of the 
Pomeranchuk method (adiabatic sol id i f ica t ion of liquid 3He) for th i s  purpose. 

1. Introduction. - The thermodynamic method fo r  

spin polarization of liquid 3 ~ e ,  i .e. rapid 

me1 ting of pre-polari zed sol id ,  has caused renewed 

in teres t  in the question of how to polarize solid 
3 3 ~ e .  To polarize liquid He th i s  way was suggested 

by Castaing and Nozieres/l/ and l a t e r  successfully 

carried out by two experimental groups, Schumacher 

e t  a1./2/ and Chapellier e t  a1./3/. 

For experimental studies of the properties 

of polarized liquid 3 ~ e  i t  i s  of utmost importance 

to  establish a well-defined and strong i n i t i a l  

polarization. A t  present i t  appears tha t  the only 

really e f f i c i en t  method to  produce strongly pola- 
3 rized solid He i s  the adiabatic sol id i f ica t ion of 

liquid 3 ~ e ,  a1 so call  ed Pomeranchuk-cool ing , i n  

a magnetic f i e ld .  

I t  turns out tha t  one i s  then dealing with 
3 solid He a t  so low temperatures, tha t  i t  no 

longer behaves l ike  an ideal paramagnet of f r ee  

nuclear spins. A t  1 mK, Hal perin e t  a1 . /4 /  found 

a f i r s t  order transit ion to an ordered s t a t e ,  

where the magnetization i s  strong1 y reduced, 

according to  measurements by Prewi tt and Goodki nd 

/5/. In magnetic f i e lds  stronger than 0.4 Tesla 

the transit ion changes i t s  character and the tran- 

s i t ion  temperature increases (Kummer e t  a1 . / 6 / ) ,  

reaching 3 mK in 7 Tesla (Godfrin e t  a1./7/). Some 

of these observations he.ve confirmed the existence 

3 in solid He of spin-spin interactions thousands of 

times stronger than the dipole interactions, as was 

previously inferred from data a t  higher temperatu- 

res. 

The aim of the present paper i s  t o  describe 

the Pomeranchuk method and to discuss the behaviour 

of an experimental ce l l  in sufficient  detail  t o  

enable the reader to evaluate Pomeranchuk cel l  data 

with a sound scepticism. The limitations on polari- 

zation possibly imposed by the phase transit ion men- 

tioned above, the actual observation of polarized 

liquid, and problems with relaxaticn phenomena i n  

the spin system, are  treated in the companion 

a r t i c l e s  by M. Chapellier/MC/ and by G. Frossati 

/GF/ . 
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2. Entropies o f  L i q u i d  and S o l i d  3 ~ e .  Heat Transfer.  

If we t r e a t  s o l i d  ' ~ e  as an i d e a l  paramagnet, 

w i t h  independent spins, then a p o l a r i z a t i o n  around, 

say, 80% i s  obtained by a r a t i o  o f  magnetic f i e l d  

t o  temperature, BIT of 1.3 Tesla/mK. I n  a 7 Tesla 

magnet t h e  sample must be cooled t o  5 mK, a tem- 

perature a t t a i n a b l e  w i t h  d i l u t i o n  r e f r i g e r a t o r s .  

The entropy reduc t ion  needed i s  0.5 R %n 2, i .e., 

ha l f  the h igh temperature entropy o f  the sp in  

system must be removed. According t o  present 

knowledge t h i s  i s  an unsurmountable problem, as 

we s h a l l  see now. 

Heat must be removed from t h e  sample 

through i t s  boundaries t o  o ther  s o l i d  mate r ia l s .  

As f i r s t  shown by Kapitza, a heat c u r r e n t  4 
between two bodies a t  low temperature, i s  accom- 

panied by a temperature jump r i g h t  a t  the 

boundary: AT = RK 4 , where the Kapitza r e s i -  

stance RK i s  i n v e r s e l y  p ropor t iona l  t o  the 

area o f  contact  and depends s t r o n g l y  on tempera- 

ture. 

3 The Kapi t z a  res is tance  between s o l i d  He 

and any o ther  mate r ia l  has n o t  been measured a t  

these low temperatures. There a re  no ind ica t ions ,  

however, t h a t  i s  should be spec tacu la r l y  d i f f e -  

3 r e n t  from the  Kapitza res is tance f o r  l i q u i d  He, 

which has been measured t o  some mate r ia l s  down 

t o  a few mK. Above 10 mK, RK depends on tempe- 

r a t u r e  as T - ~  . Between the  ce lebrated heat 

exchanger mate r ia l ,  s i n t e r e d  s i l v e r  powder, and 

l i q u i d  3 ~ e ,  the Kap i t za  res is tance below 10 mK 

increases on ly  as T". Frossat i /8 /  has found 

2 ' 2  RK a = 1300/T(m K / W ) .  o i s  the  con tac t  area 

3 F i g . l  shows the entropy o f  s o l i d  He i n  

zero magnetic f i e l d  (measured, /4/,/9/), and i n  

7 Tesla (as ca lcu la ted  f o r  a f r e e  s p i n  para- 

3 magnet), along w i t h  t h e  entropy o f  l i q u i d  He 

T (mK) 

Fig.1. - Molar entropies, d i v ided  by  the  gas con- 
s t a n t  R , f o r  3 ~ e .  s,O : s o l i d  i n  zero f i e l d  
(measured /9/). s,7: s o l i d  i n  7 Tesla (ca lcu la ted  
f o r  f r e e  spins).% : l i q u i d  (measured and extrapo- 
l a t e d  /9/ ) .  

(measured, /9/) .  It i s  seen t h a t  f o r  the  s o l i d ,  

most o f  the ent ropy reduct ion, even i n  7 Tesla, has 

t o  be done below 10 mK. I f  we want t o  r e f r i g e r a t e  

a 1 cmJ cube o f  s o l i d  t o  5 mK i n  7 Tesla and take 

the  above va lue f o r  the  Kapitza res is tance  a t  10 mK, 

the  cool  down t ime i s  est imated t o  be o f  the  order  

1 year.0ne obvious way t o  reduce the  t ime needed 

f o r  cool-down would be t o  increase t h e  contact  area. 

With s in te red  copper o r  s i  1 ver  powder, t h e  surface- 

to-volume r a t i o  could be improved r a t h e r  e a s i l y  

3 4 10 -10 times. 

A t  t h i s  po in t ,  then, a second l i m i t i n g  f a c t o r  

3 shows up: the  poor thermal conductance o f  s o l i d  He. 

Again, no d i r e c t  measurements e x i s t ,  b u t  thermal 

t ime constants a re  known t o  be extremely long, 

a l ready a t  20 mK. I n  the  experiment o f  P r e w i t t  and 

Goodkind, t h i s  d i f f i c u l t y  was overcome by having 

the sample contained i n  pores o f  submil 1 imetre s i z e  

i n  a s i n t e r e d  copper powder. Having i n  mind our  wish 

even tua l l y  t o  m e l t  the po la r i zed  s o l i d  and t o  

preserve s p i n  p o l a r i z a t i o n  f o r  the  longest  t ime 

poss ib le  we want t o  l i m i t  sp in  r e l a x a t i o n  a t  sur-  

faces, and t h i s  obv ious ly  c a l l s  f o r  a sample c e l l  

w i t h  an open space. Relaxat ion t ime data a r e  being 

co l lected,  b u t  the  present conv ic t ion  i s  t h a t  



dimensions o f  the  open space should be a cent imeter  

o r  more /MC/. 

Fortunate1 y, nature has provided one more 

path. The entropy o f  l i q u i d  3 ~ e  has f a l l e n  t o  

0.5 R Rn 2 a l ready a t  temperatures around 80 mK 

(Fig. 1 ) . ( I n  the magnetic f i e l d s  concerned here, 

the  l i q u i d  entropy i s  n o t  expected t o  be f i e l d  

dependent). So, i n  p r i n c i p l e  i t  should be possib- 

l e  by i s e n t r o p i c  s o l i d i f i c a t i o n  of the  1 i q u i d  pre- 

cooled t o  80 mK t o  ob ta in  s o l i d  w i t h  an entropy 

corresponding t o  a p o l a r i z a t i o n  of 80%. This  

argument imp l ies  even, t h a t  the  r e s u l t i n g  pola- 

r i z a t i o n  w i l l  be independent of the s i z e  o f  

the app l ied  magnetic f i e l d .  

I n  a r e a l  experiment, one needs t o  keep 

heat  leaks t o  the  sample t o  a minimum. Therefore, 

the  w a l l s  o f  the  sample chamber should be c lose 

t o  the  f i n a l  temperature Tf determined by 

B/T = 1.3 Tesla/mK f o r  complete s o l i d i f i c a t i o n  f 

t o  a paramagnetic phase. The thermal conduct i-  

3 v i t y  of l i q u i d  He i s  r e l a t i v e l y  h igh  a t  these 

temperatures, 0.33/T(mW/m), and i t  i s  poss ib le  

t o  precool the l i q u i d  v i a  a heat exchanger 

t o  near l y  the  temperature of the r e f r i g e r a t o r  

i n  a reasonable time. As r e c e n t l y  demonstrated 

by Osheroff  e t  al . /10/ i t  i s ,  i n  f a c t ,  poss ib le  

t o  grow c r y s t a l s  o f  s o l i d  3 ~ e  a t  0.5 mK, by 

f o l l o w i n g  t h i s  path. 

The Pomeranchuk method i s  so powerful, 

t h a t  a s t rong magnetic f i e l d  may be needed t o  

prevent the  s o l i d  3 ~ e  formed from en te r ing  the  

low temperature ant i fer romagnet ic  phase /GF/. 

Johnson e t  a l . / l l /  obtained s o l i d  po la r i zed  t o  

around 50% from l i q u i d  precooled t o  45 mK, i n  

a f i e l d  o f  5.5 Tesla. 

3. L i q u i d  and S o l i d  ' ~ e  i n  a Pomeranchuk Ce l l .  

The s o l i d i f i c a t i o n  o r  me1 t i n g  pressure 

Pm o f  3 ~ e  has a minimum of 2.93 MPa near 300 mK. 

Towards zero temperature Pm increases t o  3.44 MPa. 

A Pomeranchuk c e l l  i s  a device by which the  t o t a l  

3 volume o f  a He sample can be c o n t r o l l e d  a t  these 

pressures and temperatures. 

Fig.2 shows the  a l l - p l a s t i c  cons t ruc t ion  

developed by F r o s s a t i / l 2 / .  The c e l l  body i s  made of 

epoxy. The volume v a r i a t i o n  i s  e f fectuated by the  

movement o f  a t h i n  f l e x i b l e  c y l i n d r i c a l  w a l l  cons is t -  

i n g  of l ayers  o f  Kapton f o i l  w i t h  a t o t a l  th ickness 

around 0.1 mm f o r  a sample space of 10 mm diameter. 

Pressure gauge 

Fig.2. -The p l a s t i c  Pomeranchuk c e l l  o f  
F rossa t i / l 2 / .  I t s  operat ion i s  described 
i n  the  t e x t .  
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The p o s i t i o n  o f  the f l e x i b l e  w a l l  i s  determined by 

the d i f f e r e n c e  P3 - P4 between the  sample pressure 

4 P3 and the  pressure P4 o f  l i q u i d  He i n j e c t e d  on 

the ou ts ide  o f  the wa l l ,  The p o s i t i o n  i s  in f luenced  

by absolute pressure a lso,  depending on the  s t i f f -  

ness o f  the c e l l  body. 4 ~ e  becomes s o l i d  around 2.6 

MPa so t h a t  e l a s t i c  tens ion o f  the  Kapton w a l l  must 

supply the  remaining pressure d i f f e r e n c e  up t o  

p3 - 3.44 MPa. Yet, the  w a l l  must be f l e x i b l e  

enough t o  y i e l d  a volume change around 82, as P4 

var ies  between 0 and 2.6 MPa. Tota l  s o l i d i f i c a -  

3 t i o n  o f  an a l l  l i q u i d  He sample c a l l s  f o r  a 5% 

change. I f  a t  t h e  same t ime P3 goes from 2.93 

t o  3.44 MPa the h igh  c o m p r e s s i b i l i t y  o f  l i q u i d  

3 and ,of so l  i d  He, ca. 5x10-'  pa-', gives r i s e  

t o  an a d d i t i o n a l  volume change o f  2 , s .  

When P3 i s  above 2.93 MPa, the  c a p i l l a r y  

connecting the  c e l l  w i t h  room temperature 

conta iners and manometers w i l l  be blocked w i t h  

3 s o l i d  He i n  a s e c t i o n  o f  tub ing w i t h  tempera- 

tures around 300 mK. The p o s i t i o n  x o f  the  

l i q u i d - s o l i d  i n t e r f a c e  i n  the tube i s  determined 

by t h e  temperature d i s t r i b u t i o n  T(x)  and P3 

by pm(T(x)) = P3 . Because o f  t h i s  s o l i d  block, 

p3 has t o  be measured by a c a p a c i t i v e  pressure 

gauge i n  the c e l l  i t s e l f .  The type shown i n  

Fig.2 has the  advantage, t h a t  i t s  connect ion 

w i t h  the  sample volume cannot be plugged w i t h  

3 s o l i d  He. On the o ther  hand, i t s  readings a r e  

found t o  be in f luenced r a t h e r  s t r o n g l y  by P4 . 
For  small pressure changes the  change i n  

volume i s  p ropor t iona l  t o  the change i n  pressure 

d i f ference:  

k p lays the  r o l e  o f  an e l a s t i c  constant o f  the  

f l e x i b l e  wa l l .  Volume changes may a l s o  be 

detected very s e n s i t i v e l y  by  a capacitance gauge 

cons is t ing  o f  two metal f i l m s  fac ing  each o ther  

4 across the  He space. 

Other Pomeranchuk c e l l  s have r e 1  i e d  on 

f l e x i b l e  metal p a r t s  f o r  t h e  volume v a r i a t i o n :  a 

system o f  bel lows / lo/, a th in -wa l led  metal tube 

/ 6 / o r  a t h i n  f l e x i b l e  diaphragm forming one s ide  

o f  a f l a t ,  lense-shaped sample volume /9/. The 

design i n  Fig.2 has the  advantage o f  a compact 

c y l i n d r i c a l  shape i n s i d e  p l a s t i c  w a l l s  so t h a t  an 

NMR c o i l  de tec t ing  s igna ls  from the  whole sample 

may be placed around it. I t s  disadvantages a r e  

t h a t  pressure gauge readings do n o t  reproduce w e l l  

and depend on P4 , and t h a t  the  c e l l  i s  r a t h e r  

f r a g i l e  and may be destroyed by a negat ive P3-P4. 

As long  as the  f i l l  l i n e  i s  plugged, a con- 

3 s t a n t  number n3 o f  moles o f  He stays enclosed i n  

the c e l l .  I f  pressure Pg and volume V a re  

accura te ly  known the  amounts ns and nR o f  s o l i d  

and l i q u i d ,  respec t i ve ly ,  may be found from: 

where vS and vR a re  the  molar volumes a t  t h a t  

pressure. Pressure needs t o  be s p e c i f i e d  because 

o f  t h e  h igh  compress ib i l i t y .  Q u i t e  of ten,  e.g. i n  

r e l a t i v e  measurements o f  sp in  po la r i za t ion ,  i t  i s  

s u f f i c i e n t  t o  know the f r a c t i o n s  o f  l i q u i d  and 

so l id ,  xa and xS . These may be determined 

from measurements o f  r e l a t i v e  volume changes. 

Corresponding t o  changes i n  temperature AT, 

i n  pressure, AP3 and i n  the  amount o f  s o l i d  Ans, 

the re  i s  a r e l a t i v e  change i n  volume determined by 



- - 
a , K and v are averages o f  the thermal expansion 

c o e f f i c i e n t s ,  c o m p r e s s i b i l i t i e s  and molar volumes 

o f  s o l i d  and l i q u i d ,  weighted i n  p ropor t ion  t o  

t h e i r  volume o r  molar f r a c t i o n  as appropriate. 

Some experimental values a re  l i s t e d  i n  /9/, b u t  f o r  

orders o f  magnitude we may note t h a t  heat ing the  

l i q u i d  from 10 t o  50 mK a t  constant pressure 

produces a  (negat ive)  volume change corre-  

sponding t o  s o l i d i f i c a t i o n  of 0.3% o f  the  sample 

a t  constant  temperature. Thermal expansion o f  

s o l i d  would be one f i f t h  o f  t h i s .  The compres- 

s i b i l i t y  term may be considerably  la rger .  I f  

the heat ing above were done a t  the me l t ing  

pressure the  change i n  Pm would produce a  

AV/V s imu la t ing  me l t ing  o f  14% o f  s o l i d  a t  

constant pressure. 

A  Pomeranchuk compression would u s u a l l y  

s t a r t  w i t h  a  f u l l y  l i q u i d  sample precooled t o  

the  lowest poss ib le  temperature. Reducing the 

sample volume a t  a  constant r a t e  V and a t  

constant temperature, P3 w i l l  be observed t o  

increase a t  a  r a t e  P3 determined by V and 

K~ through eq.(4). When P3 reaches Pm a t  

the  sample temperature, s o l i d i f i c a t i o n  s t a r t s ,  

and there  i s  a  decrease i n  P3 - the sample 

e f f e c t i v e l y  becomes "softer",  because o f  the 

added degree o f  freedom. Measuring AV/V and 

AP3 from t h i s  c l e a r  s igna tu re  i n  the  t race  o f  

P3 versus time, xs =  AX^ may be ca lcu la ted  

from (4) .  

The s p i n  p o l a r i z a t i o n ,  o r  magnetization, 

i s  measured by the  area under the NMR resonance 

l i n e  a t  any t ime i n  p ropor t ion  t o  the  a l l - l i q u i d  

l i n e .  L i q u i d  s u s c e p t i b i l i t i e s  f o r  T  -+ 0  are 

tabulated i n  /13/. Since the l i q u i d  suscepti-  

b i l i t y  i s  independent o f  T a t  the low tempe- 

ra tu res  concerned here, any a d d i t i o n a l  po la r i za -  

t i o n  i s  i n  the  s o l i d .  D i v i d i n g  the s o l i d  

magnetizat ion c o n t r i b u t i o n  w i t h  xs one f i n d s  the  

average p o l a r i z a t i o n  o f  the  s o l i d .  

A  word o f  cau t ion  i s  i n  place, however. 

Several observat ions /9/, /3/ i n d i c a t e  t h a t  s o l i d  

3 ~ e  formed dur ing a  compressional coo l ing  exper i -  

ment does no t  f o l l o w  the c e l l  temperature immediate- 

l y .  As a  consequence, the  temperature o f  the  s o l i d  

formed has a  s p a t i a l  va r ia t ion .  The r e l a x a t i o n  r a t e  

of t h i s  temperature d i s t r i b u t i o n  w i l l  depend on the 

actual  temperatures, on the amount and d i s t r i b u t i o n  

o f  so l id ,  and on the magnetic f i e l d .  Relaxat ion 

t imes may be thousands o f  seconds. So, a t  t h e  end 

o f  a  compression i n  a  magnetic f i e l d ,  we may expect 

t h e  l o c a l  sp in  p o l a r i z a t i o n  t o  vary w i t h  p o s i t i o n  

i n s i d e  the  so l  i d .  Consequently, sp in  p o l a r i z a t i o n s  

ca lcu la ted  by the rec ipe  above represent  lower 

bounds o n l y  on the p o l a r i z a t i o n s  obtained. 

Without specia l  and carefu l  precautions / l o /  

s o l i d  grows i r r e g u l a r l y  i n  the Pomeranchuk c e l l .  

Es tab l i sh ing  a  w e l l  s p e c i f i e d  ( i f  n o t  homogeneous) 

d i s t r i b u t i o n  o f  sp in  p o l a r i z a t i o n  w i l l  be a  

c o n d i t i o  s ine qua non f o r  progress i n  s tud ies of 

po la r i zed  1 i q u i d  3 ~ e .  

Actual r e s u l t s  and some NMR aspects a re  

discussed by F rossa t i  /GF/ and Chape l l i e r  /MC/. 
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