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OBSERVATION OF STRONGLY POLARIZED LIQUID AND SOLID 3 ~ e  USING THE CASTAING-NOZI ERES 
EFFECT AND POMERANCHUK COOLING 

G .  Frossa t i  

Centre de Recherches sur Zes Tr're's Basses Te'emp&atures, C. N.R. S., 166 X - Centre de T r i  
38042 GrenobZe Cedex, France. 

Resume - L'Hel ium t r o i s  e t a n t  un l i q u i d e  de Fermi, pour o b t e n i r  des p o l a r i z a t i o n s  proches de 1  
par b ru te  -force i l  fau t  appl i quer  un champ magnetique H % KBT / u % 200 T  t r o p  grand pour e t r e  
maintenu en l a b o r a t o i r e  pendant un temps suffisamment long. &sta ing e t  Nozieres on t  suggere une 
methode t r e s  elegante q u i  ne f a i t  pas appel a  des champs auss i  eleves. I 1  s ' a g i t  de p o l a r i z e r  
3 ~ e  so l ide,  qu i  e s t  en premiere approximation un paramagnetique de type Curie-Weiss, e t  de l e  
l i q u e f i e r  en un temps c o u r t  devant T i ,  l e  temps de r e l a x a t i o n  de l ' a imanta t ion .  Nous avons ob- 
serve l e  b ien  fond@ de l e u r  hypothese, 1  'a imantat ion &ant maintenue dans l e  1  iqu ide  avec un 
temps de r e l a x a t i o n  de quelques minutes. Des p o l a r i z a t i o n s  de. so l  i d e  d 'env i ron  73% on t  6 t e  ob- 
tenues recemment. A  cause des i n t e r a c t i o n s  ant!ferromagnetiques il faudra des champs magneti- 
ques de l ' o r d r e  de 14 T  pour o b t e n i r  des ~ o l a r l z a t l o n s  proches de 100%. La p l u p a r t  de l 'a iman- 
t a t i o n  du s o l i d e  peut e t r e  t ransferee en l i q u i d e .  

3  Abstract  - Because o f  the  Fermi character  o f  l i q u i d  He, t o  po l 'ar ize t h i s  system t o  values c lose 
t o  one by brute-force we should apply a  f i e l d  H  % KBTF / 1.1 % 200 T  f a r  too h igh  t o  be produced 
i n  the  labora to ry  fo r  a  s u f f i c i e n t l y  long time. Castaing and Nozieres suggested a  very e legant  
method of overcoming t h i s  problem which cons is ts  i n  p o l a r i z i n g  s o l i d  3 ~ e  ( which has a  magnetic 
s u s c e p t i b i l i t y  of the Curie-Weiss type) and q u i c k l y  m e l t  i t  i n  a  t ime s h o r t  compared t o  TI, t h e  
t ime f o r  t h e  magnetizat ion t o  re lax .  The magnetizat ion was observed t o  s tay i n  the l i q u i d  phase 
w i t h  a  r e l a x a t i o n  t ime o f  a  few minutes. Using Pomeranchuk cool ing,  s o l i d  p o l a r i z a t i o n s  as h igh 
as 78% were recent1 y  obtained. Because of a n t i  ferromagnetic in te rac t ions ,  l a r g e r  sol i d  p o l a r i z -  
a t i o n s  w i l l  need h igher  magnetic f i e l d s .  Most of the  s o l i d  magnetizat ions can be t rans fe r red  t o  
the  l i q u i d .  

1  . In t roduc t ion  - A t  the  present s t a t e  o f  technolo- a t i o n  w i l l  probably s t i l l  demand a  l o t  o f  exper i -  

3  gy i t  i s  impossible t o  acheive l i q u i d  He magneti- mental e f f o r t .  

zat ions me much l a r g e r  than 10% o f  t h e  sa tu ra t ion  A  t o t a l l y  d i f f e r e n t  approach was suggested by 

magnet izat ion ms ,by brute-force, t h a t  i s  coo l ing  B.Castaing and P.Nozi@res (51 .  Thei r  idea was t o  

under a  h igh  magnetic f i e l d .  3  use s t rong ly  po la r i zed  s o l i d  He which t o  a  f i r s t  

The cond i t i on  t o  acheiveme = mS imp1 ies  approximation they supposed a  simple Cur ie  paramag- 

VH = K~T; - 0.8 mK/T and T: = 179mK a t  
where -% - 

magnet ( p o l a r i z a t i o n  would be about 90% a t  4mK 

P = 33 bar , [ l )  which means H = 225 T  a  f i e l d  and 7  T).  I f  sol  i d  could be melted i n  a  t ime shor t  

about t e n  t imes l a r g e r  than what can be sustained compared t o  TI, t h e  r e l a x a t i o n  t ime o f  t h e  magne- 

a t  present w i t h  the  best B i t t e r  magnets. t i z a t i o n ,  then the  l i q u i d  should conserve the  mag- 

One poss ib le  way would be p o l a r i z i n g  ' ~ e  gas n e t i z a t i o n  o f  the  so l  id .  

by o p t i c a l  pumping and then condensing it. Very We would then have 

good r e s u l t s  have r e c e n t l y  been obtained i n  pola- Hext  
"'s = X Hext  ' 7 

r iz . ing t h e  gas by M.Leduc and F.Lal6e (21 us ing a  C H m,=xH = -  
l a s e r  o f  t h e  convenient frequency. Although i n t e -  T'; 

r e s t i n g  p roper t ies  a re  expected from t h e  gas phase s  L 
TP i f  m = m then H = Hext- which, f o r  T = 4mK and 
T  

(3.41 l i q u e f a c t i o n  and conservat ion o f  t h e  p o l a r i z -  Hext= 7T would g ive  H  -300 T  a  subs tan t ia l  increa-  
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se o f  the  app l ied  f i e l d  indeed. 

Assuming we can produce and measure s t r o n g l y  

3 po la r i zed  s o l i d  He, the  on ly  d i f f i c u l t y  t o  observe 

the Castaing-Nozieres e f f e c t  would be re1 ated t o  

the r e l a x a t i o n  t ime TI, t h i s  i s  a combination o f  

i n t r i n s i c  d ipo le  re laxa t ion ,  due t o  c o l l i s i o n s  

3 between He atoms, and e x t r i n s i c  re laxa t ion ,  a t  

the w a l l s  o f  the  container. 

The i n t r i n s i c  r e l a x a t i o n  t ime i s  d i r e c t l y  pro-  

por t iona l  t o  the sp in  d i f f u s i o n  c o e f f i c i e n t  ( 5 , s ) .  

E x t r i n s i c  r e l a x a t i o n  t ime w i l l  depend on how f a s t  

3 the He quas ipar t i c les  can d i f f u s e  t o  the  wal l ,  

where they w i l l  r e l a x  hence TI I D-l. I n  t h e  de- 

generate reg ion  l i q u i d  3 ~ e  has a d i f f u s i o n  c o e f f i -  

c i e n t  t h a t  goes as T-' w i t h  a broad minimum o f  

-5 2 about 3 x 10 cm s-' a t  a few hundred m i l l i K e l v i n .  

We would then expected t h a t  a t  those temperatures 

and f o r  r e l a t i v e l y  l a r g e  volumes (a few cubic 

m i l l i p e t e r s )  i n t r i n s e c  r e l a x a t i o n  t imes o f  5 o r  6 

minutes should be observed. 

3 Decreasing the  dimensions o f  t h e  He c e l l  

would lead t o  a predominantly e x t r i n s i c  re laxa t ion .  

4 Since coa t ing  the wa l l s  w i t h  He can reduce the  

wa l l  r e l a x a t i o n  by more than a f a c t o r  10 [6,7)  

t y p i c a l  minimum distances between w a l l s  o f  O.lmm 

could s t i l l  be used w i thou t  much problem. 

2. The Method - To observe the Castaing-Nozieres 

e f f e c t  we used a s p e c i a l l y  designed Pomeranchuk 

c e l l  f o r  reason which w i l l  become c l e a r  i n  a mo- 

ment. The experiment would cons is t  i n  coo l ing  li- 
3 quid He i n s i d e  the  c e l l  by means o f  a d i l u t i o n  

r e f r i g e r a t o r  i n  a h igh  magnetic f i e l d .  Magneti- 

z a t i o n  would be fo l lowed by continuous wave nu- 

c l e a r  resonance us ing a Q-meter.During s o l i d i f i -  

c a t i o n  t h e  s ignal  would increase due t o  t h e  forma- 

t i o n  o f  magnetizat ion s o l i d .  3 ~ e  pressure would 

then be released t o  a value lower than the  minimum 

o f  t h e  me l t ing  curve. The NMR s ignal  should de- 

crease w i t h  a t ime constant TI which we expect t o  

be rough ly  t h e  i n t r i n s i c  r e l a x a t i o n  t ime a t  the  tem- 

perature a t  which the  l i q u i d  would f i n d  i t s e l f  a f t e r  

decompression. 

I n  a f i r s t  experiment which was done a t  the  H.C. 

g rs ted  I n s t i t u t e  o f  Kopenhagen ( 8 )  a t  2.7 T, l i q u i d  

p o l a r i z a t i o n s  up t o  20% were obtained. Simultaneous 

measurements by Schumacher e t  a1.[9) a t  Grenoble 

us ing i n d i r e c t  coo l ing  o f  s o l i d  3 ~ e  have a lso  shown 

t h e  f e a s a b i l i t y  o f  the  Castaing-Nozieres e f f e c t .  A l -  

though p o l a r i z a t i o n s  were on ly  about 9% i n 3 . 5 T f i e l d ,  

l a t e r  experiments w i t h  i n d i r e c t  coo l ing  l e d  t o  pola- 

r i z a t i o n s  c lose  t o  20% i n  a 7.3 T f i e l d . [ l o ]  

We then made new experiments a t  Grenoble us ing 

Pomeranchuk compressions'ina 7.2 T f i e l d ,  bu t  we 

concentrated on the  p roper t ies  o f  s t r o n g l y  po la r i zed  

3 s o l i d  He (11,121 s ince i t  became c l e a r  t h a t  the  se- 

cond ( l a r g e r )  c e l l  was n o t  i d e a l  t o  study po la r i zed  

3 l i q u i d  He. S o l i d  p o l a r i z a t i o n s  near 75% were then 

obtained. 

We w i l l  discuss b r i e f 1  y some problems associated 

w i t h  s o l i d  magnetizat ion measurements as w e l l  as the 

design o f  t h e  c e l l s  used on each experiment and the 

r e s u l t s  obtained. 

3. Magnetizat ions measurements and Pomeranchuk c e l l s  

- F.Rasmussen (131 discusses d i f f e r e n t  p o s s i b i l i t i e s  

3 f o r  coo l ing  s o l i d  He and i n  p a r t i c u l a r  Pomeranchuk 

cool ing.  This  method r e l i e s  on t h e  f a c t  t h a t  l i q u i d  

entropy, which decreases as T we l l  below TF i s  lower 

than t h e  s o l i d  entropy (equal t o  R En 2 i n  t h e  non 

i n t e r a c t i n g  s o l i d  p i c t u r e )  below about 300 mK, where 

the  me l t ing  curve has a minimum. I s e n t r o p i c  s o l i d i -  

3 f i c a t i o n  o f  l i q u i d  He absorbs heat and produces 

co ld  s o l i d .  



L e t  us f i r s t  convince ourselves thatpomeranchuk 

coo l ing  i s  b e t t e r  than i n d i r e c t  coo l ing  when i t  co- 

mes t o  magnetize s o l i d  3 ~ e  i n  a non- res t r i c ted  geo- 

metry. 

F ig .  1  shows the entropy o f  s o l i d  3 ~ e  i n  zero 

f i e l d ,  and i n  a 7.2 T f i e l d  as wededuced by t a k i n g  

t h e  slope o f  the  m e l t i n g  curlle Fig.2 measured dur-  

i ng the  Grenobl e  Pomeranchuk experiment. 

F i g .  ; Entropy of 3 ~ e  

We see t h a t  t o  cool ( f o r  example) from 10 mK t o  

8 mK entrnpy has t o  be reduced by about 0.6 J mo le '  

K - ~ .  

The c e l l  described i n  r e f s .  [ 9 , l o I  i n  which 

3 3 1 cm o f  sol i d  He was i n d i r e c t l y  cooled through a 

2 3 cm heat exchanger made o f  100 insu la ted  copper 

4 
wi res (coated w i t h  several 1  ayers of He)would take 

about 100 hours t o  go from 10 mK t o  8 mK,in the  sa- 

me f i e l d .  (We assume a 3 mK d i l u t i o n  r e f r i g e r a t o r  
2 4 3 - 2 m ' K  and a reasonable Kapitza r e s i s t i v i t y  ROT =10 

I n  p r a c t i c e  t h e  so l  i d  temperature was 1 i m i t e d  t o  

% 18 mK imply ing t h a t  some o ther  thermal res is tance  

( o r  a  l a r g e  heat leak)  appeard (14 ) .  The t ime cons- 

t a n t  T = RC goes as T - ~  due t o  t h e  nuclear heat ca- 

p a c i t y  term T - ~  and t h e  Kapitza res is tance T - ~ ;  it 

i s  then very d i f f i c u l t  t o  cool t o  much lower tempe- 

r a t u r e s  even i f  the  exchange area i s  increased by a 

f a c t o r  10 o r  more, i n  which case, even i f  re laxa-  

t i o n  t ime  i s  s t i l l  long, NMR might  be d i f f i c u l t  t o  

do. 

The advantage o f  the  Pomeranchuk c e l l  i s  t h a t  

3  weare coo l ing  l i q u i d  He which has about 13 times 

l e s s  s p e c i f i c  heat ( a t  10 mK) and an e x c e l l e n t  t h e 1  

ma1 c o n d u c t i v i t y  a l low ing  t h e  use o f  a  heat exchan- 

ger  o f  much l a r g e r  area separated from t h e  exper i -  

mental space (Fig.3) 

I cm 

Pressure gauge 

Fig.2 3 ~ e  meltil-g curve a t  H=O from Ref. ( 2 8 )  and our results (7.ZT) 

Eig.3  Pomernnchuk cell used i n  
t h e  Kopenhazen experiment. 
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S o l i d  w i l l  then be formed a t  temperatures a t  

l e a s t  as low as the precooled l i q u i d .  Some o ther  

d i f f i c u l t i e s  might  appear though, as we discuss 

l a t e r  on. 

The Pomeranchuk c e l l s  we have used have some 

p a r t i c u l a r  features which we developed t o  so lve 

some o f  t h e  problems associated w i t h  prec ise mea- 

3 
surements o f  s o l i d  He magnetizat ion p a r t i c u l a r l y  

i n  h igh  magnetic f i e l d s .  Le t  us b r i e f l y  discuss 

some o f  these problems. 

The NMR aspects o f  the  experiment and i n  par- 

t i c u l a r  t h e  in te rconec t ion  o f  the  l a t t i c e ,  

Zeeman and exchange reservo i rs  a re  discussed by 

M.Chapellier [141. 

I t i s  important t o  know exac t l y  the s o l i d  f r a c -  

t i o n  and t h e  temperature d i s t r i b u t i o n  i n s i d e  t h e  

sol i d  formed. Using t h e  t r a d i t i o n a l  type o f  metal - 
l i c  c e l l  (151 o n l y  p a r t  o f  t h e  s o l i d  could be s t u -  

d ied  by NMR (s ince RF cannot penetrate t h e  meta l -  

l i c  conta iner) .  Th is  was usua l l y  done by adding t o  

the c e l l  some p l a s t i c  t a i l  around which t h e  NMR 

c o i l  was wound. S o l i d  format ion could then be i n -  

duced i n s i d e  the  c o i l  by means o f  a heater r e s i s -  

tance o r  a gradient  o f  magnetic f i e l d  o r  pressure. 

The s o l i d  f r a c t i o n  i n s i d e  t h e  c o i l  was the  estinia- 

ted b u t  e r r o r s  due t o  spurious and i n c o n t r o l l a b l e  

s o l i d  growth a r e  f a r  too l a r g e  t o  d e r i v e  f o r  i n s -  

tance t h e  M x T. Diagram (16,171 

The s i t u a t i o n  i s  improved when s o l i d  i s  formed 

from the  s u p e r f l u i d  phase [~s ]because  of supression 

of thermal gradients; i n  f a c t  if 1 i q u i d  3 ~ e  becomes 

s u p e r f l u i d  dur ing a compression i t  i s  probable t h a t  

sol i d  w i l l  me1 t everywhere along the  c e l l  and reso- 

l i d i f y  a t  t h e  bottom. Magnetic f i e l d  d i s t r i b u t i o n  

i s  a lso  very important.  

Because o f  t h e  depression o f  t h e  me l t ing  curve 

w i t h  magnetic f i e l d  (Fig.2) due t o  s o l i d  sp in  en- 

t r o p y  reduct ion,  s o l i d  w i l l  form, a t  a g iven tem- 

perature, where the  f i e l d  i s  h igher . In  h igh  magne- 

t i c  f i e l d s ,  roughly  1 t o  2% l i q u i d  has t o  be s o l i -  

d i f i e d  t o  decrease the  temperature by 1 mK. Because 

t h e  d i f f i c u l t y  o f  coo l ing  bu lk  s o l i d  i t  i s  essen- 

t i a l  t h a t  l i q u i d  be precooled t o  as low a tempera- 

t u r e  as possible, t o  avoid unwanted thermal and 

magnetic gradients  i n s i d e  the  s o l i d  under study. 

To complete the  1 i s t  o f  problems, thermometry 

under h igh magnetic f i e l d s  i s  one o f  t h e  most d i f -  

f i c u l t  ,and specia l  a t t e n t i o n  must be payed t o  i t  

i f  q u a n t i t a t i v e  measurements a re  t o  be made. 

The Pomeranchuk c e l l s  t h a t  we used a r e  then 

made i n t e r e l y  o f  p l a s t i c ,  and can be made i n  very 

small dimensions so as t o  f i t  i n s i d e  a very low i n -  

ductance NMR c o i l .  A l l  t h e  spins can be probed i n  

t h i s  way, and t h e  complete c e l l  can be placed i n  a 

h i g h l y  homogeneous reg ion  o f  the magnet. 

A p rec ise  measurement o f  the  volume change can 

be made and hence the  s o l i d  f r a c t i o n  accura te ly  

deduced as explained by Rasmussen ~ 1 3 ) .  

By p lac ing  t h e  c e l l  i n s i d e  t h e  m ix ing  chamber 

o f  a d i l u t i o n  r e f r i g e r a t o r  which can ma in ta in  2 mK 

(191 cont inuously  the  ho t  s o l i d  f r a c t i o n  can be 

e l iminated s ince  s o l i d  can be formed d i r e c t l y  a t  

i t s  nuclear o rder ing  temperature, which we measured 

t o  be about 3.5 mK a t  7.2 T (11,1z,zoI. S o l i d  i n  

h igh f i e l d s  cou ld  i n  p r i n c i p l e  even be formed d i -  

r e c t l y  from t h e  super f lu id  phase us ing our  d i l u -  

t i o n  r e f r i g e r a t o r  al though we never d i d  i t  ( in  h igh  

fie1d)because of t h e  small exchanger areas t h a t  we 

2 used ( a 2, 500 cm ). I n  a f i e l d  o f  25 mT a s i m i l a r  

c e l l  had been precooled t o  2.8 mK e s s e n t i a l l y  the  

temperature reached by the  r e f r i g e r a t o r  a t  t h a t  

t ime (211. 

The i r  cons t ruc t ion  i s  as fo l l ows :  A c y l i n d r i c a l  

membrane i s  made by wrapping a convenient number 



Of p l a s t i c  Kapton f o i l s  ( 2 2 )  12.5 p t h i c k  around a 

Tef lon r o d  and g l u i n g  them together  w i t h  1266 Sty- 

c a s t  (231. The ends a r e  re in fo rced  w i t h  double 

th ickness o f  p l a s t i c  f o i l .  The membrane i s  c u t  t o  

the  des i red leng th  and removed from the  Te f lon  rod  

by coo l ing  w i t h  l i q u i d  N2. The epoxy end pieces 

( f langes ) a re  then g lued t o  i t  and a pressure t e s t  

i s  made a t  N2 temperature. The membrane i s  then 

4 glued i n s i d e  the  He conta iner  and holes are machi- 

ned on one (o r  both) ends. The measuring sensors 

and the  heat exchanger a r e  introduced and sealed 

w i t h  new epoxy plugs. (Fig.4) 

Fig. 4.Azsenbllrq a Ponerarchuk cell. For details.see t e x t  

To c a l c u l a t e  such c e l l s ,  the  procedure i s  as 

fol lows. We f i r s t  determine t h e  t i ckness  o f  the  

membrane fo r  a  g iven rad ius  o f  t h e  c e l l s .  For c e l l s  

of a  few mm, s ince we a re  us ing Kapton f o i l s  o f  

12.5 l.~ ( 1 5 ~  inc lud ing  t h e  g lue)  we a c t u a l l y  c a l -  

c u l a t e  t h e  number N o f  l ayers  and determine t h e  

exact rad ius  R of t h e  c e l l  by means o f  the  empir i -  

c a l  expression 

3 R = 4.4 x  10 N (P3 - P4.)-' 
i I 

(1 1 

where i s  i n  meters and ? - P th2  ~naximum d i f -  3 i  4j  
f e r e n t i a l  pressure across the membrane i n  Pascal. 

Th is  g ives f o r  t h e  maximum s t ress  

a = 2.9 x 10 
8 N 

2- 
a t  77 k, which increases by about 5% a t  4  K. 

A long t h i n  c y l i n d e r  f i x e d  a t  one end and sub- 

jec ted  t o  an i n t e r n a l  pressure P w i l l  have i t s  r a -  

d ius  R increased by AR(x) (x=distance From the  end) 

P R ~  AR ( x )  = r i 1 - ekX ( s i n  kx + cos k x ) }  t 

where E i s  the Young's modulus, t i s  the  c y l i n d e r  

thickness and K i s  a  c o e f f i c i e n t ,  r e l a t e d  t o  t h e  

Poisson's r a t i o ,  and equal t o  k  = for our 

case. The end (or f1ange)effect can be considered 

n e g l i g i b l e  when the  maximum d e f o n a t i o n  h ~ ? ( x )  has 

pR2 reached say 90% o f  i t s  maximum value which i s  

acheived f o r  x: 2  J tR. For R = 4 m and t = 0.06 

mm , x = 1  mm 

Since the s t ress  a t  the flanges i s  tw ice  t h a t  

a t  the  center, we must prov ide a l a r g e r  thickness 

over the  reg ion  where the  e f f e c t  o f  the f langes ex- 

tends poss ib ly  decreasing w i t h  increasing x. 

I f  we do n o t  exceed the  e l a s t i c  l i m i t ,  t h e  i n -  

crease i n  volume w i l l  be p ropor t iona l  t o  the chan- 

ge o f  t h e  d i f f e r e n t i a l  pressure across the  membra- 

3 4 ne (usua l l y  He pressure i n s i d e  and He pressure 

outs ide) .  

A v  = a  ((Ppi - Pqi) - i b f  - p ) 1  CAP^,^ 
4 f  

from. which we deduce 

The f i n a l  pressure P i s  about 3,4 MPa.Know- 
3 f  

4 i n g  t h a t  we can go from zero t o  2.5 MPa on t h e  He 

s ide  and t h a t  t h e  maximum d i f f e r e n t i a l  pressure i s  

PQi - Pqi , chosen according t o  experimental rea- 

AV sons, we calcu' late f o r  t h e  c y l i n d e r  def ined by 

t h e  membrane i n  t h e  reg ion s i t u a t e d  a t  distances 

x  = 2 J tR from the  end flanges. 

I f  we take f o r  example P3i - Pqi rnax = 2.6 MPa 
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(P3i = 3.0 MPa and P4 = 0.4 MPa) and N = 4 l a -  
i 

yers (60 meters) we deduce from (1 ) R= 6.8 mn. 
9 Using E = 6.1 x 10 N m-', the  Young's modulus o f  

Kapton f i l m  a t  4 K we deduce $ = 6.3%. This i s  

enough t o  t o t a l l y  s o l i d i f y  t h e  l i q u i d  sample, (vo- 

lume decreaseof about 5%) and t o  prov ide some 

increase o f  the l i q u i d  pressure 113). Roughly 

4 about 4 bars o f  He a r e  needed t o  increase 1 bar 

i n  l i q u i d  pressure when the volume o f  t h e  c e l l  i s  

the one def ined by the  membrane (ends excluded). 

I f  the  compression i s  t o  be s t a r t e d  a t  a low 

i n i t i a l  3 ~ e  pressure, t h i s  f a c t  i s  t o  be taken i n t o  

account and some l i q u i d  volume has t o  be excluded 

(F ig.3) .  I f  the i n i t i a l  l i q u i d  temperature i s  o f  a 

3 few m;< the  i n i t i a l  He pressure can be s e t  almost 

equal t o  t h e  f i n a l  pressure. 

4. Experimental Results 

4.1 The Kopenhagen experiment: observat ion o f  t h e  

Castaing-Nozieres e f f e c t  - This  experiment has a l -  

ready been described i n  the  l i t e r a t u r e  (8,24,25). 

'!e w i l l  comment on some aspects o f  it. 

3 The He sanple, which contained less  than 1000 

4 ppm He i m p u r i t i e s  was s o l i d i f i e d  i n  a Pomeranchuk 

c e l l  whose membrane was made o f  2 layers  o f  15 p 

Kapton o f  6.8 mm diameter and 8 mm t o t a l  length,  

w i t h  the  inner  d is tance between flanges reduced 

t o  4 mm(fig.3). The maximum d i f f e r e n t i a l  pressure 

was kept  below 2.8 MPa. Making use o f  the  l i q u i d  

compress ib i l i t y ,  the  s o l i d  f r a c t i o n  was determi- 

ned through the expression 

Xs = 5.9% { AP4 - 2.5 AP3 1 .  

The heat exchanger i n s i d e  the  c e l l  was made by 
0 

s i n t e r i n g  about 50 mg o f  400 A Ag powder (area o f  

2 about 900 cm ) ( 2 6 )  t o  very pure Ag p la ted  cooper 

f o i l  0.1 mm t h i c k .  About 10 t imes t h i s  amount exten- 

ded ou ts ide  the  c e l l  t o  prov ide contact  w i t h  t h e  

d i l u t e d  phase o f  t h e  d i l u t i o n  r e f r i g e r a t o r  m ix ing  

chamber. 

Since we wanted a f r e e  Helium space noth ing was 

placed i n s i d e  t h e  c e l l .  Thermometry r e l i e d  on t h e  

me l t ing  curve pressure a t  2.7 T ( 2 7 ) .  

The pressure gauge o f  t h i s  c e l l  was n o t  ment 

f o r  prec ise measurements b u t  on ly  as an i n d i c a t i o n .  

I t was made by us ing t h e  deformation o f  one o f  t h e  

ends o f  t h e  c e l l ,  the  c o n f i g u r a t i o n  being shown i n  

f ig .3 .  We knew t h a t  i t would be dependent on t h e  

4 ~ e  pressure, as was a l ready observed i n  a s i m i l a r  

pressure gauge made o f  much st ronger  BeCu [ ze l .  

A carbon thermometer was a lso  placed i n s i d e  the 

exchanger wel l ,  b u t  t h e  con tac t  broke and we could 

n o t  measure the  temperature o f  the c e l l  a f t e r  de- 

compression t o  t h e  l i q u i d  phase, A reasonable e s t i -  

mate was made by recompressing back t o  t h e  me l t ing  

curve. o 

iwo saddle c o i l s  were provided f o r  NMR detec- 

t i o n ,  a t  r i g h t  angles t o  each other .  One w i t h  2 

windings f o r  h igh  frequencies around 90 MHz and one 

w i t h  80 windings, f o r  frequencies o f  about 1 MHz. 

The s ignal  was detected w i t h  a conventional Q-meter, 

us ing f i e l d  sweep. 

The c e l l  was precooled t o  temperatures i n  the 

range 20-40 mK, u s u a l l y  w i t h  some s o l i d  ins ide.  The 

3 ~ e  1 i n e  was blocked by a so l  i d  plug, the  ou ts ide  

4 pressure bein9 kept  a t  3.4 MPa. The He pressure was 

then increased a t  a constant r a t e  u n t i l  a maximum 

s ignal  was observed ( s o l i d  f r a c t i o n  o f  30 t o  50%), 

3 when the compression was stopped and both He and 

4 ~ e  pressures released, i n  about one second. 

F ig .  5 shows a t y p i c a l  (hence one o f  the  best)com- 

pression-decompression experiments.Each sp ike c o r r e s  

ponds t o  an absorpt ion curve obtained by sweeping the 

f i e l d .  

The upper p a r t  o f  the  f i g u r e  shows schemat ica l ly  

the  pressure t r a c e  and the  moment o f  decompression. 

A t  p o i n t  D the s e n s i t i v i t y  o f  t h e  pressure gauge was 



Fig.5 NMR absorption and pressuse re- 
corded during a compression of He 
followed by a decompression. 

reduced and pressure released. 3 ~ e  f i n a l  pressure 

f o r  t h i s  decompression was 1.6 MPa. 

The NMR s ignal  i s  seen t o  decrease almost ex- 

p o n e n t i a l l y  a f t e r  decompression i n  what we t h i n k  

i s  the l i q u i d  phase. The r e l a x a t i o n  t imes as a func- 

t i o n  o f  f i n a l  pressure and magnetic f i e l d  are shown 

i n  F ig .  6. 

Pressure (MPa) 
~ i g .  6 - Relaxation time of polarized liquid 3 ~ e  versus the final 
pressure in decompressions like f i g . 5 .  The applied magnetic fields 
are indicated. 

We could t h i n k  t h a t  what we have i s  i n  f a c t  a  

ve ry  expanded s o l i d  and t h i s  hypothesis cannot be 

t o t a l l y  excluded but  the  i n d i c a t i o n s  are very s t rong 

t h a t  i t  i s  a c t u a l l y  the  l i q u i d  phase. F i r s t  o f  a l l  

the re  i s  no d i s c o n t i n u i t y  i n  the r e l a x a t i o n  times 

which a re  i n  very good agreement w i t h  those o f  the 

normal l 'qu id.  I s  i s  hard t o  be l ieve  t h a t  me l t ing  

of the  s o l i d  w i l l  proceed a t  slower r a t e s  when the  

pressure i s  lower, and t h a t  i t  would s tay  s o l i d  i n -  

dependently o f  pressure. 

Besides the  f a c t  t h a t  t h e  c e l l  pressure gauge 

could be actuated from the outside, i n d i c a t i n g  t h a t  

the re  was no s o l i d  b lock ing  the  way t o  the  gauge, 

we have a l s o  made some recompressions t o  f i n d  

the  me l t ing  curve. ' ~ e  pressure was quicky i n -  

creased from ou ts ide  u n t i l  a  s o l i d  p lug  formed i n -  

3  4 s ide  the  He c a p i l l a r y  and He pressure was then 

increased as i n  a normal compression. This  method 

was a c t u a l l y  t r i e d  t o  see the  depression o f  t h e  

me l t ing  curve, p red ic ted  by the  theory. 

No s i g n i f i c a n t  depression was observed, b u t  

the ef fect  expected would be very small f o r  the  po- 

l a r i z a t i o n s  acheived. 

4 3 For a constant  He p ressur i za t ion  r a t e  He p r e i  

sure increases w i t h  time, the  P x  t slope being 

r e l a t e d  t o  the  l i q u i d  compress ib i l i t y .  

When the  m e l t i n g  curve i s  reached a t  a  pressure 

'3, 
the  slope decreases due t o  s o l i d  formation, 

3  because o f  the smal ler  molar volume o f  s o l i d  He as 

compared t o  l i q u i d  

I f  t h e  temperature i s  know a t  P3 , then the  
0 

me l t ing  curve can be der ived and vice-versa. The 

existance o f  t h i s  change i n  slope i s  an evidence 

t h a t  we went from l i q u i d  t o  s o l i d .  

We can a l lways argue t h a t  the  s o l i d  could be 

overexpanded and e x i s t  even a t  P = 0 and even tua l l y  

me l t  very s low ly  and have the same compress ib i l i t y  

as t h a t  o f  the l i q u i d .  I n  t h i s  case t h i s  new!'solid" 

would have p roper t ies  j u s t  as i n t e r e s t i n g  as the  

po la r i zed  l i q u i d  phase but  then we should spec i f y  

again what we mean by s o l i d  o r  l i q u i d .  

The l i q u i d  p o l a r i z a t i o n  was n o t  accura te ly  mea- 
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sured. It was deduced by tak ing  t h e  r a t i o  o f  t h e  

s igna l  he igh t  j u s t  a f t e r  decompression, t o  the  li- 

quid  s igna l  a f t e r  re laxat ion,  corrected from t h e  

mix ing  chamber c o n t r i b u t i o n  (about 30% o f  t h e  equi- 

l i b r i u m  l i q u i d  s ignal  a t  20 mK), and f o r  t h e  l o s s  

o f  p o l a r i z a t i o n  due t o  the increase i n  temperature 

a f t e r  re1  axat ion. Maximum average 1 i q u i d  p o l a r i -  

za t ions  o f  15 t o  20% were thus obtained. If we con- 

s i d e r  t h a t  on ly  a f r a c t i o n  o f  l i q u i d  was s o l i d i f i e d  

theu t h e  l a r g e s t  p a r t i a l  l i q u i d  p o l a r i z a t i o n s  could 

exceed 30 t o  40%. 

F ig.  7 

F ig.  7 shows p e c u l i a r  features o f  the  NMR s igna ls  

observed dur ing some compressions. 

4 If we kept a constant  He p ressur i za t ion  t h e  

s igna l  increased due t o  t h e  increase i n  s o l i d  mag- 

n e t i z a t i o n  per u n i t  volume, (s ince the  temperature 

decreased and due t o  the  increasing s o l i d  f r a c t i o n .  

When the  pressure approached i t s  maximum value, 

which i s  r e l a t e d  t o  s o l i d  o rder ing  and, i n  any 

case, t o  a decrease i n  s o l i d  entropy ( i f  n o t  a 

l a r g e  heat leak  due t o  s o l i d  crushing) t h e  s igna l  

would s top growing (Po in t  A). 

Increasing t h e  compression r a t e  (Po in t  6) ac- 

3 t u a l l y  increased t h e  He pressure hence producing 

a considerable amount o f  co ld  s o l i d  bu t  the  NMR 

s ignal  a c t u a l l y  decreased. 

I f  t h e  compression was ha l ted  t h e  pressure re -  

laxed and the  NMR s igna l  increased t o  values h igher  

than a t  p o i n t  A. 

Magnetizat ions was seen t o  increase w i t h  a t ime 

constant  o f  about 1 min. w h i l e  pressure re laxed 

w i t h  about the  same t ime constant.  These o u t  o f  equi - 
l i b r i u m  processes are n o t  easy t o  anal ize.  From B 

t o  C we c e r t a i n l y  produced a l a r g e  amount o f  s t ron-  

g l y  underpolar ized s o l i d .  The l a t t i c e  was q u i t e  c o l d  

s ince  the m e l t i n g  pressure was q u i t e  high, and c lose  

t o  t h e  o rder ing  pressure i n  zero f i e l d .  When the  

compression was stopped t h i s  c o l d  s o l i d  tended t o  

acqu i re  i t s  e q u i l i b r i u m  magnet izat ion a t  t h a t  tempe- 

r a t u r e  and f i e l d .  Some o f  t h e  magnet izat ion was ac- 

t u a l l y  recovered and t h e  heat o f  magnet izat ion r e -  

1 eased caused t h e  decrease o f  pressure. 

The decrease i n  magnetizat ion a t  p o i n t  B could 

be r e l a t e d  t o  some warming of t h e  e x i s t i n g  magneti- 

zed s o l i d  due t o  mechanical f r i c t i o n ,  b u t  t h i s  pos- 

s i b i l i t y  seems q u i t e  remote s ince o n l y  about 20% 

s o l i d  was formed u n t i l  p o i n t  B, and compression 

cou ld  be continued u n t i l  near l y  100% sol  i d i f  i c a t i o n ,  

when a permanent decrease o f  t h e  NMR s igna l  was ob- 

serveda.Unfortunately we do n o t  have a b e t t e r  e x p l g  

na t ion  a t  present.  This  decrease i n  the  t o t a l  NMR 

s ignal  was n o t  observed i n  t h e  subsequent exper i -  

ments done a t  Grenoble i n  a h igher  magnetic f i e l d .  

4.2 The Grenoble Pomeranchuk experiment 

a) The c e l l  - To ob ta in  some q u a n t i t a t i v e  informa- 

3 t i o n  on t h e  behavior o f  s o l i d  He i n  h igh  magnetic 

f i e l d s ,  as we l l  as h igher  l i q u i d  p o l a r i z a t i o n  we 

made a l a r g e r  c e l l ,  t o  be precooled by our  d i l u t i o n  

r e f r i g e r a t o r  below 3 mK i n  a 7.2 T f i e l d .  

Th is  c e l l  had a f l e x i b l e  membrane o f  13.6 mm 

diameter made o f  6 layers  o f  Kapton t o  a t o t a l  

thickness o f  94 pm and 24 mm length.  



A f t e r  g l u i n g  t o  t h e  epoxy end pieces the  f r e e  

3 leng th  o f  the  membrane was 16.1 mm. The 1 i q u i d  He 

space was f u r t h e r  reduced t o  14.1 mm length, f o r  

3 a t o t a l  l i q u i d  volume o f  2.05 cm . 

PRESSURE GAUGE 

Fig .  8 

Fig.8 shows a c u t  view of the c e l l .  

On one end we glued a Beryll ium-Cooper pressure 

gauge o f  standard design [291, encased i n  a vacuum 

conta iner  t o  keep the  reference pressure constant.  

The connecting channel was 1 cm long and 1 mm i n  

diameter. This  channel was expected t o  be blocked 

by s o l i d  a t  some stage of t h e  compression (which 

a c t u a l l y  happened a t  a s o l i d  f r a c t i o n  o f  about 

40%) b u t  we d i d  not  consider t h i s  t o  be a ser ious 

drawback. I n  f a c t  we expected t o  s o l i d i f y  most o f  

the  l i q u i d  a t  almost constant  pressure because o f  

the  expected very low i n i t i a l  l i q u i d  temperature. 

The c e l l  a l s o  had a volume gauge obtained by evapo- 

r a t i n g  two Ag e lect rodes on the  p l a s t i c  membrane. 

These e lect rodes were o n l y  4mm wide and were 

placed i n  opposi te  d i r e c t i o n s  i n  such a way t h a t  

t h e  RF, f i e l d  o f  the NMR c o i l  would be p a r a l l e l  t o  

them. The o ther  p a i r  o f  e lect rodes was evaporated 

4 i n s i d e  the  He p l a s t i c  conta iner .  

Opposite the  pressure gauge we glued the heat 

exchanger of s i m i l a r  cons t ruc t ion  t o  t h a t  o f  t h e  

previous c e l l ,  w i t h  t h e  d i f f e r e n c e  t h a t  3 such ex- 

changers were placed i n  p a r a l l e l  and t h a t  0.159 

0 

o f  400 A Ag powder were used w i t h  a t o t a l  area o f  

2 0.3 m . 
The c e l l  was a l s o  provided w i t h  a heater, a 

carbon thermometer (Matsushita 68 R 1/8 W, s l i c e d  

t o  0.5 mm thickness), and a g lass thermometer. 

b) The NMR c i r c u i t  - The NMR de tec t ion  was done by 

means o f  a conventional Q-meter t ype  c i r c u i t  shown 

i n  f i g .  9 
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FIG 9 NMR CIRCUIT 

The s ignal  area was measured and the  he igh t  

compared t o  a c a l i b r a t e d  1% change o f  t h e  RF. l e -  

ve l ,  t o  c o r r e c t  f o r  d r i f t s  o f  t h e  a m p l i f i e r s .  

The NMR c o i l  was o f  t h e  saddle type, 25 mm i n  

length,  21 mm i n  diameter, t h e  RF. f i e l d  being 

perpendicular t o  the  c e l l  ax is .  It wad tuned t o  

231 MHz by means o f  a 0.6 pF capac i to r  i n  se r ies  

and a l a r g e r  capac i to r  i n  p a r a l l e l  t o  match t h e  

c i r c u i t  as w e l l  as poss ib le  t o  50 R .  

c )  Thermometry - The c e l l  was provided w i t h  a 

thermometer made by evaporat ing two Ag.electrodes 

t o  a t h i n  (0.16 mm) g lass p l a t e  9 x 11 mm i n  size, 

c u t  from a microscope s l i d e  cover (301. The very 

low temperature d i e l e c t r i c  behaviour o f  amorphous 

mate r ia l s  i s  now r e l a t i v e l l y  we l l  understood and 

i t s  temperature v a r i a t i o n  was shown t o  be use fu l  

as a magnetic f i e l d  independent thermometer. [311 

(321 Commercially a v a i l a b l e  capacitance thermo- 

meters [331could a lso  be used b u t  the re  are no 

r e p o r t s  on t h e i r  usefulness below 10 mK, which can 
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be l i m i t e d  i f  t h e  losses and i n t e r n a l  thermal r e -  

s i s tance  a re  large.  

I n s i d e  the mix ing chamber we had another capa- 

c i tance  thermometer (34)and a P t  NMR c o i l  tuned t o  

The mix ing chamber capacitance thermometer was 

ca l  i brated against  the  nuclear resonance o f  p l a t i -  

num both C.W. and pulsed. The c e l l  g lass thermo- 

meter was checked t o  be p r a c t i c a l l y  independent o f  

3  the  He pressure a t  f i x e d  temperature. A very small 

e f f e c t  ,linear i n  pressure,could have been subs- 

t r a c t e d  i f  necessary. Some c a l i b r a t i o n  po in ts  were 

done i n  zero f i e l d  as a f u n c t i o n  o f  temperature 

deduced from t h e  me l t ing  curve (281. Unfor tunate ly  

dur ing a decompression done t o  ad jus t  the  i n t e r n a l  

pressure o f  the c e l l  an e l e c t r i c  con tac t  o f  t h e  

thermometer broke and we l o s t  our f i e l d  independent 

thermometry. 

Fig.10 shows t h e  low temperature p a r t  o f  t h e  

c a l i b r a t i o n  curves o f  both thermometers. 

The mix ing chamber thermometer had a resolu-  

t i o n  o f  30 pK a t  2.4 mK when measured w i t h  a Ge- 

nera l  Radio 1615 capacitance br idge us ing 0.5 V 

a t  3430 Hz. 

c )  Experimental r e s u l t s  - Besides the  broken t h e r -  

mometer the  c e l l  had another problem. The coo l ing  

down t ime constant  was 10 times l a r g e r  than the 3 

hours ca lcu lated.  This was l a t e r  found t o  be due 

t o  Stycast having leaked and plugged most o f  t h e  

heat  exchanger. Since a t  7.2 T t h e  me l t ing  curve 

was unknown we made p re l im inary  measurements o f  

i t  (Fig.2) by a l low ing  t h e  c e l l ,  which was d i r e c -  

t l y  immersed i n  t h e  mix ing chamber t o  be i n  the r -  

mal e q u i l i b r i u m  w i t h  i t . 

Thees t imateder ro r  a t  4  mK was + 0.5 mK, de- 

creas ing w i t h  increasing temperature. From the  

s lope o f  t h e  me l t ing  curve we der ived t h e  s o l i d  

ent ropy a t  7.2 T us ing t h e  Clausius Capeyron 

equation. This  curve i s  s i m i l a r  t o  the f r e e  sp in  

entropy curve shown i n  do t ted  l i n e s ,  t h e  excess 

i n  entropy which appears below 7 mK being due t o  

t h e  ant i fer romagnet ic  na tu re  o f  t h e  exchange i n -  

te rac t ions .  The best Physical model t o  exp la in  

the s o l i d  3 ~ e  experiments used 3 and 4 sp in  

exchange, and was repor ted by M.Roger (201 and 

J.M.Delrieu ( 3 5 ) .  

By assuming t h a t  t h e  s o l i d  was ordered when 

entropy had f a l l e n  t o  a va lue so low t h a t  coo l ing  

ended as a conse.quence o f  e q u i l i b r i u m  between the  

heat absorbed and the heat leaks (dur ing very slow 

r e v e r s i b l e  compressions) the  magnetic phase d i a -  

gram from 1.0 T t o  7.2 T was derived. Entropy mea- 

S~rementS a t  2.75 mK (TA) showed t h a t  the  entropy 

had f a l l e n  q u i t e  below t h a t  o f  a  paramagnet w i t h  

ant i fer romagnet ic  i n t e r a c t i o n s  i n d i c a t i n g  magnetic 

order ing.  The w id th  of the  t r a n s i t i o n  being r a t h e r  

l a r g e  confirms t h a t  t h o  t r a n s i t i o n  i s  o f  2" order. 

These r e s u l t s  as w e l l  as measurements o f  the 

pressure s p l i t t i n g  o f  the  A superf lui ,d t r a n s i t i o n  

and the  l i n e a r i t y  o f  t h e  Po x H diagram, where Po 

i s  the  o rder ing  pressure, a r e  repor ted separate ly  

(111, (12). 



Magnetizat ion measurements were done by f i x i n g  

t h e  d i l u t i o n  r e f r i g e r a t o r  temperature a t  some con- 

venient  va lue and a l low ing  t h e  c e l l  t o  thermal ly  

e q u i l i b r a t e .  Fixed amounts o f  s o l i d  were then f o r -  

med ( t y p i c a l l y  5%) and the  magnetizat ion deduced 

by measuring t h e  areas o f  t h e  l i q u i d  and the s o l i d  

s ignals .  The l i q u i d  s igna l  was corrected from t h e  

mix ing  chamber c o n t r i b u t i o n .  The s o l i d  f r a c t i o n  

f o r  t h i s  c e l l  was given by the  expression 

Xs  = 2.89 {AP4 - 4.23 AP3) 

and a maximum o f  75% l i q u i d  could be s o l i d i f i e d .  

The l i q u i d  magnetizat ion a t  T = 0 was calcu- 

l a t e d  i n  terms os the s a t u r a t i o n  magnetizat ion 

m~ IJ H 
msat by - - w i t h  

sa t  K~T ;  

* = 0.8 mK/Tesla and T; = 177 mK a t  3 .43  MPa (1) 

which g ives mR = 0.032 Insat. 

The NMR s igna ls  were checked t o  be p ropor t io -  

na l  t o  the sol i d  f r a c t i o n s .  

1 
. .- . .. ~ 

1 10 TmK 100 
Fig.11-Solid to liquid magnetization ratio 

Experimental points compared to: 
a)Mean field Brillouin law with 8=3mK 
b)Brillouin law for non interacting spins 

Fig.  11 shows the  experimental magnetizat ion 

po in ts  o f  s o l i d  compared t o  the l i q u i d  magnetiza- 

t i o n  taken equal t o  1 a t  T = 0. A B r i l l o u i n  law 

f o r  an ant i ferromagnet w i t h  8 = 3 mK i s  seen t o  

fit the  po in ts  q u i t e  w e l l .  Also shown fo r  compa- 
3 ra i son  i s  the  B r i l l o u i n  law f o r  s o l i d  He supposed 

paramagnetic. 

The maximum s o l i d  p o l a r i z a t i o n  obtained was 

78 % + 6%, the e r r o r  being due mos t l y  t o  the mix ing 

chamber c o n t r i b u t i o n  t o  the l i q u i d  s ignal .  Th is  va- 

l u e  agrees, w i t h i n  the e r r o r  bars w i t h  the  one de- 

duced from the P x H curve slope a t  the order ing 

temperature, as anal i zed  by Roger, Del r i e u  and 

Hetherington ( 2 0 ) .  From t h i s  model and the exper i -  

mental r e s u l t s  mentioned above, 14 T would be nee- 

ded t o  acheive n e a r l y  100% po la r i za t ion .  

To conclude on the  experiments w i t h  s o l i d  3 ~ e  

we would 1 i k e  t o  comment on a problem r e l a t e d  to  the  

growth o f  magnet izat ion and the  features shown i n  

f i g .  7.  Th is  was observed dur ing s o l i d i f i c a t i o n  ex- 

periments. I n  order  t o  measure the  magnetizat ion 

we formed successive so l  i d  f r a c t i o n s  a t  constant 

temperature. The magnetizat ion per u n i t  s o l i d  

should have been constant. On t h e  con t ra ry  what we 

saw was t h a t  a t  the  l o v e r  temperatures a f t e r  a  

small i n i t i a l  s o l i d  f r a c t i o n ,  the new s o l i d  was 

less  magnetized . Signals reduced by as much 

as a f a c t o r  3 were observed, i f  we t r i e d  t o  

increase the  compression r a t e  (pressure would a lso  

increase). If the  compression was hal ted the pres- 

sure would decrease, j u s t  1  i ke i n  f i g .  7 correspon- 

d ing t o  heat being released wh i le  magnetizat ion was 

recovering. Compression r a t e s  which were very slow 

compared t o  zero f i e l d  compression rates,  had t o  be 

f u r t h e r  decreased and were t y p i c a l l y  about 5% per  

hour. 

Because of i r r e v e r s i b l e  heat generated when 

the magnetizat ion of the  s o l i d  was lower than the 

e q u i l i b r i u m  magnetizat ion the  coo l ing  power due t o  

the ~omeranchuk e f f e c t  was strong1 y reduced (1 ow 

compression r a t e s  mean low coo l ing  power, which can 

be r a p i d l y  balanced by the magnetic heat due t o  i r- 

r e v e r s i b l e  heat ing) .  Because o f  the  decrease i n  so- 

l i d  ent ropy and the  onset o f  order  the minimum 
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temperature a t  7.2 T was probably l i m i t e d  t o  2.5 the  i n i t i a l  s ignal .  Apart from small s h i f t s  o f  so- 

- 3 mK. me o f  the  spikes, the area i s  the same hence the  

An experiment we have done us ing  t h i s  poss i -  
5 

magnet izat ion d i d  n o t  change dur ing t h e  % 10 se- 

b i l  i t y  o f  making s t rong ly  underpolar ized sol i d  by conds. 

f a s t  compression might  c l a r i f y  somewhat t h i s  It seems c l e a r  t h a t  the re  was no d i f f u s i o n  o f  

subject.  magnetizat ion between t h e  h i g h l y  magnetized and 

Fig.  12-a shows the  NMR s ignal  due t o  the f o r -  

mation o f  20% s o l i d  a t  the  very s l o w r a t e  o f  5.3 % 

per hour a t  a temperature around 4 mK. The l i q u i d  

s ignal  p r i o r  t o  compression,including the  m ix ing  

chmber c o n t r i b u t i o n  i s  a lso  shown. The magnetiza- 

t i o n  was measured t o  be 25 t imes t h a t  o f  the  li- 

quid. F ig .  12-b shows the  s ignal  obtained a f t e r  a 

fu r the r  qu ick compression t h a t  added 5.3% e x t r a  

sol i d ,  a t  a r a t e  o f  5% per minute. The magnetiza- 

t i o n  o f  t h i s  e x t r a  l a y e r  was o n l y  13 times t h a t  

o f  t h e  l i q u i d ,  hence t h i s  s o l i d  was o n l y  h a l f  

magnetized. The compression was then stopped and 

5 the  c e l l  l e f t  f o r  % 10 seconds w i t h  the  m ix ing  

chamber a t  3 mK. F ig .  12-c shows t h e  f i n a l  s igna l  

compared t o  t h a t  of Fig. 12-b. ~t i s  seen t o  be 

near l y  i d e n t i c a l .  Exac t l y  the  same amount was 

then melted i n  about 10 minutes. The s igna l  a f t e r  

decompression i s  shown i n  f i g .  12-d, compared t o  

the  l o w l y  magnetized layer .  

Knowing t h e  area o f  the  c e l l  and supposing the  

s ignal  grows uni formely  along the  c e l l  ( t h e  s o l i d  

s igna l  seems t o  grow w i t h  t h e  same d i s t r i b u t i o n  as 

the  l i q u i d  s i g n a l )  we can est imate the sp in  d i f f u -  

s ion  c o e f f i c i e n t  between the  two regions. For our 

c e l l  the  wa l l  area was 9 cmL and the volume 2.05 

cm3. 20% s o l i d  would correspond t o  a u n i f o r q  d i s -  

t r i b u t i o n  o f  about 0.4 mm thickness, and an ex t ra  

5% would form a l a y e r  o f  about 0.1 mm. We can 

der i ve  
-9 2 5 2 (2.5 x D =  - 

T 1 o5 

This value i s  q u i t e  low bu t  fo l l ows  the  tendency 

a1 ready observed by Johnson, Symko and Wheat1 ey 

o f  a sharp decrease o f  D a t  l a r g e  sol i d  p o l a r i -  

zat ions, n o t  y e t  explained. ( 3 6 )  

I f  the  uni form d i s t r i b u t i o n  hypotesis i s  wrong 

t h i s  value cou ld  be larger ,  b u t  on t h e  o ther  hand 

a f t e r  5 30 hours no s i g n i f i c a n t  change was seen 

which could mean t h a t  D i s  even smaller.  

A s h o r t  t ime  constant o f  about 300 sec. was 

a l lways observed j u s t  a f t e r  growing o r  m e l t i n g  o f  

s o l i d  which correspond t o  a very s u p e r f i c i a l  r e l a -  

x a t i o n  probably a t  the l i q u i d  t o  s o l i d  in te r face ,  

where many vacancies should e x i s t .  Th is  f a s t  r e l a -  

x a t i o n  must be responsib le  f o r  t h e  heat  o f  magneti- 

z a t i o n  re lease and corresponding decrease o f  pres- 

sure (which ad jus ts  i t s e l f  t o  t h e  l i q u i d - s o l i d  

equ i l i b r ium)  

The l a r g e  magnet izat ion Of the  s o l i d  has t o  be 

g iven e i t h e r  by the  sol i d  w a l l s  o f  the  c e l l  o r  by 



t h e  l i q u i d  i t s e l f  which would loose magnet izat ion 

t o  the s o l i d  and recover i t  from the  w a l l s  becau- 

3 se o f  t h e  f a s t  d i f fus ion  o f  He a t  those tempera- 

tures. I f  t h e  wa l l  s a r e  covered by a f i n e  l a y e r  

o f  s o l i d  and i f  we b e l i v e  the  experiment j u s t  

shown, magnetizat ion can no longer be t r a n s f e r r e d  

from the  w a l l s  t o  t h e  l i q u i d  then t o  t h e  new so- 

l i d ;  the  sol i d  l a y e r  ac ts  as a magnetic i n s u l a t o r .  

The o n l y  p o s s i b i l i t y  f o r  the  s o l i d  t o  be magneti- 

zed i s  v i a  the  i n t r i n s i c  d ipo le -d ipo le  r e l a x a t i o n  

o f  the  l i q u i d ,  i n t r i n s i c  TI could be many thou- 

sand seconds which would exp la in  the very slow 

compression r a t e s  needed. 

A l ack  o f  magnetizat ion i s  seem as a h igher  

me l t ing  pressure a t  a given temperature. I f  fo r  

some reason T1 could suddenly be decreased, for  

a g iven compression r a t e  magnetizat ion would be 

less  ou t  o f  e q u i l i b r i u m  and the pressure would 

drop back t o  a lower va lue corresponding t o  t h e  

sudden increase of s o l i d  magnetizat ion a t  the  

i n t e r f a c e .  

This "backstep" i n  pressure was observed by 

Shubert e t  a1 ( 2 7 )  t o  appear a f t e r  the  s u p e r f l u i d  

A1 t r a n s i t i o n .  This was f i r s t  i n t e r p r e t e d  as 

a t r a n s i t i o n  i n  s o l i d  bu t  i t  seems t o  us t h a t  the  

explanat ion o f  Yu and Anderson and o f  De l r ieu (s7)  

agrees b e t t e r  w i t h  our  observat ions. 

A f t e r  the  super f lu id  t r a n s i t i o n ,  s ince the  

temperature must become uniform throughout the  

l i q u i d ,  the  s o l i d  a t  the  t o p  o f  the  c e l l  should 

migrate t o  t h e  bottom where the i n t e r f a c e  would 

be a t  a constant pressure(hence temperature). 

This  would expose the  wal1,and the  supercur- 

r e n t s  (or simple d i f f u s i o n  t o  the  wa l l ,  which 

should be q u i t e  f a s t )  would then a l l o w  f a s t  grow- 

i n g  o f  magnetizat ion. This shows the i n t e r e s t  of 

precool i n g  the  c e l l  t o  the  s u p e r f l u i d  t r a n s i t i o n .  

An i n t e r e s t i n g  problem concerning po la r i zed  li- 
3 quid He ;s r e l a t e d  t o  i t s  m e l t i n g  curve. I n  f i n i t e  

f i e l d s  t h e  me1 t i n g  curve i s  depressed (as compared 

t o  zero f i e l d )  because o f  t h e  reduc t ion  o f  s o l i d  

sp in  entropy. The depression AP i s  given, i n  terms 

o f  the  l i q u i d  and t h e  s o l i d  magnetizations, by 

AP = - f' (m, - ms) dH 
vjivs 0 

where v and vs a re  t h e  molar volumes o f  the  l i q u i d  
R 

3 and s o l i d  He. For normal f i e l d s  mQ i s  n e g l i g i b l e  

and mS dominates. (F ig.2) .  For very h igh f i e l d s  

(H s TF) ,ms i s  saturated and the  me1 t i n g  curve w i l l  

depend on m The e x t r a p o l a t i o n  o f  mQ t o  very l a r g e  R' 

p o l a r i z a t i o n s  depends on wether the  l i q u i d  i s  quasi 

so l  i d  o r  near l y  ferr0magneti.c 

I n  t h e  f i r s t  case a depression o f  t h e  m e l t i n g  

curve of about 0.7 MPa was ca lcu la ted  (51,  w i t h  

l i q u i d  phase e x i s t i n g  down t o  T = 0. On t h e  o ther  

hand, if the n e a r l y  ferromagnetic l i q u i d  p i c t u r e  

i s  co r rec t ,  t h e  i n t e r n a l  f i e l d  corresponding t o  

100% p o l a r i z a t i o n  has t o  be much l a r g e r  and could 

lead  t o  the  appearence o f  a t r i p l e  po in t ,  o r  two 

t r i p l e  po ints ,  i f  p o l a r i z a t i o n  i s  incomplete.(s) 

We see t h e  importance o f  t h i s  k ind  o f  measurement. 

The e f f e c t  should be r e l a t i v e l y  small around 300mK 

b u t  should increase w i t h  decreasing temperature. 

I f  t h e  i n i t i a l  s o l i d  entropy i s  very low, t h e  f i n a l  

3 po la r i zed  l i q u i d  He should be a t  very low Tand the  

e f f e c t  q u i t e  easy t o  observe ( roughly  0.2MPa w i t h  

70% po la r i zed  l i q u i d  a t  60 mK). 

Some compressions s t a r t i n g  from about 45% li- 

quid  p o l a r i z a t j o n  d i d  show a depression o f  about 

0.1 MPa a t  the temperatures ind ica ted  by the  carbon 

r e s i s t o r  (between 60 and 100 mK) b u t  t h i s  "depres- 

s ion"  was a lso  found a t  zero f i e l d .  The reason 

could be t h a t  l a r g e  temperature inhomogeneities ap- 

pear when q u i c k l y  decompressing, may-be due t o  

f r i c t i o n a l  heat ing, i n  regions f a r  from the~ thermo-  

8 
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3 meter. For a 2 cm c e l l  a t  60mK t h e  thermal t ime 

constant due t o  t h e  d i f f u s i o n  o f  quas ipar t i c les  

i s  o f  several minutes which expla ins the  ex is tan-  

ce o f  l a r g e  thermal gradients .  

A much smal ler  c e l l  i s  now under t e s t  o r ien -  

ted p r i m a r ~ l y  towards t h e  study o f  t h e  po la r i zed  

1 i q u i d  phase,using t h e  experience acquired dur ing  

the two experiments j u s t  described. 

3 5.Conclusion - The method o f  p o l a r i z i n g  He sug- 

gested by Castaing and Nozieres was shown t o  be 

a p r a c t i c a l  p o s s i b i l i t y .  S o l i d  magnetizat ion was 

observed t o  s tay i n  t h e  l i q u i d  w i t h  r e l a x a t i o n  

t imes s i m i l a r  t o  those o f  the  normal l i qu id ,up  t o  

5 minutes a t  P < 1 MPa and T .L 100-300 mK. 

The magnetizat ion, the  m e l t i n g  curve and t h e  

3 entropy diagram o f  sol i d  He a t  7.2 T were a l s o  

measured. Fur ther  evidence o f  a 2" order  phase 

t r a n s i t i o n  and extension o f  the  magnetic phase 

diagram (271 t o  7.2 T, conf i rming t h e  3 s p i n  + 4 

sp in  exchange model o f  Roger, D e l r i e u  and 

Hetherington was repor ted on another paper pre- 

sented a t  t h i s  conference (121. 

As a consequence o f  thesemeasurements and o f  

the  t h e o r e t i c a l  model i t  i s  found t h a t  t o  o b t a i n  

p o l a r i z a t i o n s  c lose  t o  1 on s o l i d  3 ~ e  a t  l e a s t  a 

14 T f i e l d  must be app l ied  a t  3 mK. 

Fur ther  experiments a re  now being prepared t o  

gather q u a n t i t a t i v e  in fo rmat ion  about the  s t r o n g l y  

po la r i zed  l i q u i d  3 ~ e  phase. I n  p a r t i c u l a r  we w i l l  

t r y  t o  measure t h e  new me l t ing  curve as a f u n c t i o n  

of po la r i za t ion ,  the  thermal d i f f u s i v i t y  and a 

poss ib le  increase i n  temperature o f  the phase A1 

s u p e r f l u i d  t r a n s i t i o n  due t o  the megagauss i n t e r -  

nal magnetic f i e l d s ,  associated w i t h  these l a r g e  

po la r i za t ions . (381  
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