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ABSTRACT

S p e c i a l  c h a l l e n g e s  f a c e  th e  s c i e n t i s t  

i n t e r e s t e d  Jn s t r u c t u r a l  t r a n s f o r m a t i o n s  

i n  m o le c u la r  c r y s t a l s  under  u n u su a l  

c o n d i t io n : )  o f  t e m p e r a t u r e  and npeclmon 

v o l a t i l i t y  e s p e c i a l l y  when th e  r c a t e r i a l a  

have e i t h e r  very  sm a l l  o r  v e ry  l a r g e  

s c a t t e r i n g  a r c p l i tu d e a .  T e c h n iq u es  have 

been  dev e lo p e d  to  p r e p a r e  s i n g l e  c r y s t a l s  

o f  condensed  g a s e s  of twa o r  l a r g e r  s i z e ,  

t o  a s c e r t a i n  t h e i r  d e g r e e  o f  c r y s t a l l i n e  

p e r f e c t i o n  and f i x  t h e i r  o r i e n t a t i o n ,  to  

t te u c u re  Bragg a p a c in g i i ,  changes  i n  Bragg 

s p a c in g n  and i n t e n a i t i e s .  K>r p r e c i s e  

work a t  h ig h e r  t e m p e r a t u r e s  mid prG9miref>

& Be npecimen c e l l  a t t a c h e d  to  a hun t 

e x c h a n g e r  i s  used a t  t h e  fo c u s  o f  a l a r g e  

o r i e n t a b l e  b a c k - r e f l e c t i o n  cam era .  PhaBa 

t r a n s i t i o n s  a r i s i n g  from changes in  

• o l e c u l a r  r o t a t i o n a l  o r d e r i n g  in  s o l i d  d l^  

and CD  ̂ and l a t t i c e  p a r a m e te r s  d u r in g  

s u b l i m a t i o n  and m e l t i n g  of  s o l i d  Ar, Kr, 

and Xe have  th u s  been s tu d i e d *  Fbr low er  

t e m p e r a t u r e s ,  th e  x - r a y  s c a t t e r i n g  

spec im en  c e l l  i s  f i x e d  to  a he l i iw i  

d i l u t i o n  r e f r i g e r a t o r ;  i t  can ho t a k e n  

down to  50 aK and I n t e r n a l l y  p r e s s u r i s e d  

t o  20 MPa. The s o a l e d - o f f  x - r a y  tiourcc  i s
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o r i e n t a b l e  a b o u t  t h r e e  o r t h o g o n a l  a x e s .  

S c a t t e r e d  x - r a y a  a r e  c - j l J e e t s d  i n  an 

o r i e u t a b l n  p o n i t i o n - s e n n i t J i e  d e t e c t o r .

Two examples of i iw«.'kM gat.ions, der.irable 

by coherent ncattering inelude l) 

determination of the oywmctries of the 

different phones below l 1C of the Byi;t«»u 

solid ortho- and para- and ?.) 

microscopic Btudy of isot.oplc phase
O /

r e p a r a t i o n  i n  s o l i d  He- 'lie m i x t u r e s  be low  

0*4 K. I i  c a s e  J ) ,  th e  Unovn f e e  f o m  of 

s o l i d  h y d ro g e n ,  s t a b l e  below a b o u t  2 K f o i - 

o r t h o - r i c h  m t e r i a l  , wan dc t o  r u i n e d  by J .  

V* G atos  and co w o rk e rs  to  t r a n s f o r m  to  hep 

fo rm  a t  .lower c o n c e n t r a t i o n s  und 

t t J i p e r a n u r e a .  O'lie t r n i i a f o r o t a t i o n  

t e o p o r a t u r e s  and coupon if. l o n e  c o u ld  k :  

f o l l o w e d ,  d e n p i t e  i n t e r n a l  sp e c im en  

•i h e a t i n g  due t o  n p o n la n eo u a  o r t h o -  to  p a v a -  

c o n v e v s io n ,  below  200 mK. In  c a s e  2 ) ,  x* 

r a y  s t u d i e n  o f  i s o i o p f c  p h a^ e  s e p a r a t i o n  

i n  ^ H e ~ \ c  bcc  BO.li.da were, c a r r i e d  ou t by 

H« A< ttcaaoB. D i r e c t  d e t r ,m J ,’<' t l o n  of 

Bragg s p a c in g s  o f  th e  d a u g h t e r  pli<\S!.v> und 

t h e i r  p e r f e c t i o n  and o r i e n t a t i o n  w i th  

r e s p e c t  t o  t h e  m a t r i x  c o u ld  be made f o r  

t h o  f i r e t  t im e ,  and new c h a r a c t e r i s t i c :  o f  

t lm  p h ase  s e p a r a t i o n  phenowena d i s c o v e r e d

mmmm cr w  oocdmeni is m m m  ^



a s  spec im ens  were coo led  and r e h e a t e d  ln  » 

range  below 400 mK.

INTRODUCTION

X -ray d i f f r a c t i o n  t e c h n i q u e s  o f f e r  

s p e c i a l  a d v a n ta g e s  to  th e  s c i e n t i s t  

i n t e r e s t e d  in  m o le c u la r  c r y s t a l : ) ,  

e s p e c i a l l y  th o s e  formed by c o n d e n s a t i o n  o f  

g a s e o .  Such c r y s t a l s  a t e  f r e q u e n t l y  

e a s i l y  deform ed, w i th  a t y p i c a l  s h e a r  

s t r e n g t h  o f  on ly  0 .1  MPa n e a r  th e  m e l t i n g  

t e m p e r a t u r e .  E q u i l ib r iu m  vapor  p r e s s m e n  

and c o e f f i c i e n t s  o f  th e rm a l  e x p a n s io n  a ro  

f r e q u e n t l y  h ig h ;  specim en s u r f a c e s  a r o  

• u b j e c t  to  r a p id  change which v i t i a t e s  

a p p l i c a t i o n  o f  many c o n v e n t i o n a l  

t e c h n i q u e s ,  such as  p u lse ~ e c h o  

u l t r a s o n i c s .  The tem pera tu re?)  o f  

s o l i d i f i c a t i o n  and o f  s o l i d - s o l i d  phase  

t r a n s f o r m a t i o n  a r e  low and o n ly  s m a l l  

m o u n t s  of t u t o r i a l  may be a v a i l a b l e ,  o r  

be s u i t a b l e ,  fo r  exam ple ,  when low th e rm a l  

c o n d u c t i v i t y  d i c t a t e s  minimal sp e c im e n  

d im e n s io n s  t o  i n s u r e  t e m p e r a t u r e  

t o a b g e n e l t y .

Many I n t e r e s t i n g  m o le c u l a r  c r y s t a l s  

however have low a b s o r p t i o n  and s m a l l  x? 

r* y  s c a t t e r i n g  a m p l i t u d e s .  W hi le  one 

gains th e  c a p a c i ty  to  p ro b e  t h e  b u lk  n o t  

j u s t  t h e  s u r f a c e ,  one must m axim ize th e  

e f f i c i e n c y  o f  th e  s c a t t e r i n g  g e o m e t r y .  At 

t h e  sa n e  t i n e ,  need to  s tu d y  t h e  sp e c im en  

« t  e l e v a t e d  p r e s s u r e s  and to  p r o v i d e  

s u i t a b l e  the rm al  and vacuum s h i e l d s
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D uring  th e  l a s t  d e c a d e ,  t e c h n iq u e s  

h a v e  been  d e v e lo p e d  a t  I l l i n o i s  t o  p r e p a r e  

and to  s t u d y  a  v a r i e t y  o f  m o le c u l a r  

c r y s t a l s ,  i n c l u d i n g  t h e  p r o t o t y p e  c r y a t n l a  

formed from th o  c o n d e n se d  nob ln  gnseH He, 

Ne, A r , Kf, and Xe. T h ia  p ap e r  d e s c r i b e s  

t h e s e  t e c h n i q u e s  and i n d i c a t e s  exam ples  o£ 

r e s u l t s  l n  ea ch  o f  t h e  a r e a s  ot s c i e n t i f i c  

i n t e r e s t  which m o t i v a t e d  th e  t e c h n o lo g y .

At h i g h e r  t e m p e r a t u r e s  and p r e s s u r e s  thr- 

exam ples  c i t e d  a r e  s o l i d  CH/(, CD^, and 

Xe. At lo w er  t e m p e r a t u r e s  t h e  exam ples  

a r e  s o l i d  1!  ̂ and He, R o t a t i o n a l  m o l e c u l a r  

d i s o r d e r  i n  th o  m e th an e s  and i n  o r t h o - p a r a  

hyd rogen  s o l i d  m i x t u r e s  a r e  o f  s p e c i a l  

r c l e v a n c e  t o  t h i n  Symposium. S t u d i e s  o f
A !

l s o t .o p l c  s o l i d  m i x t u r e s  o f  He and He a r e  

a  f i n a l  exam ple o f  th o  powor of x - r a y  

t e c h n i q u e s  to  add new know ledge ab o u t  

p h a s e  s e p a r a t i o n  phenomena in  t h e s e  so~ 

c a l l e d  quantum c r y s t a l s .

ROTATIONAL DISORDER. IN SOLID METOAKl'.S

The m e thane  m o le c u le  has  t e t r a h e d r a l  

s y m e t r y  b u t  i t n  sh ap e  d e p a r t s  l i t t l e  from 

s p h e r i c a l .  C o n d e n s a t io n  i n t o  an  f e e  

l a t t i c e  p r o v i d e s  i n t e r e s t i n g  exam ples  f o r  

t h e  s y s t e m a t i c  s tu d y  o f  r o t a t i o n a l  

o r d e r i n g  phenomena aa  i n f l u e n c e d  by 

d i f f e r e n c e s  in  i s o t o p i c  m aas ,  in  t r .o l e c u la r  

r o t a t i o n a l  moments o f  i n e r t i a ,  and in  

n u c l e a r  s p i n  i s o m e r i s m . * The sy s tem  i s  

io t tew hut s im p le : ’ t h a n  t h a t  d i s c u s s e d  in

presentt unusual challenges.



t h i s  Symposium by p r o f e s s o r  R a ic h .

By tho end o f  th e  X9601a c a l o r i r a e t r i c  

and s i m i l a r  s t u d i e s  had e s t a b l i s h e d  phase  

t r a n s i t i o n  t e m p e r a t u r e s  i n  th e  m e th a n e s .

One p a r t i c u l a r  i n t e r e s t  was w h e th e r  th e  

lo m d a - ty p e  phone t r a n s i t i o n s  in  t h e  r e g i o n  

20-30  K have any d i s c o n t i n u o u s  c h a r a c t e r  

i n  c a r c f u l l y  t r e a t e d  c r y s t a l l i n e  

s p e c im e n s .  X -ray ,  n e u t r o n ,  and e l e c t r o n  

s c a t t e r i n g  d a t a  o f  tho  tim e had 

i n s u f f i c i e n t  r e s o l u t i o n  to  d i s t i n g u i s h  

s h a rp  ch anges  in  l a t t i c e ,  p a r a m e te r .  A 

r e l a t e d  c h a l l e n g e  was p r e c i s c  t e m p e r a t u r e  

c o n t r o l  o f  p u re  methane specim ens w hich  

show r a t h e r  s l u g g i s h  re sp o n se  in  the  

im m ed ia te  n e ighbo rhood  o f  t r a n s i t i o n s  s 

change  by 10 mdep, may r e q u i r e  a s e t t l i n g  

t im e  o f  up to  h o u r s .

The x - r a y  t e c h n iq u e  a p p l i e d  to  

s u c c e s s f u l  s o l u t i o n  of  t h i s  p rob lem  was 

u s e  of a  r i g i d - t a i l  f l u t d - f l o w  h e a t  
f)

a x c h a n g e r  c r y o s t a t  combined w i th  a l a r g e  

o r i e n t a b l e  b a c k - r e f l e c t i o n  x - ra y  
*

ca m era .  Tho c ty o u t f t t - c a m u ra  c o m b in a t io n  

1 b shown i n  F igure  1« The c r y o s t a t  

p r o v id e s  e x e o l l e n t  t e m p e r a tu re  c o n t r o l  

o v « r  t h e  i n t e r v a l  2 .5 -3 0 0  K( s h o r t - t e r m  

f l u c t u a t i o n s  a r e  h e ld  below 5 mdeg and 

d r i S t  i o  l e s s  th a n  25 mdcg por day .  

C c y a t a l l l n e  spec im ens  o f  s e v e r a l  tarn 

d i a m e t e r  con be p re p a re d  by d i r e c t i o n a l  

s o l i d i f i c a t i o n  o f  l i q u i d  i n  a  c y l i n d r i c a l
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F ig u r e  1. C r y o s t . a t - c a m e r a  systeu for 
p r e c i s e  l a t t i c e  p a r a m e t e r  i)>r-;)!5iiri,i';em;s 
on m o le c u l a r  c r y s t a l s  h a v in g  f t t :  :■/.!w,<t 
p o i n t s  be low  300 K. A f t e r  specim en 
c r y s t a l  g row th  th e  cam era  la  on'eimui 
by means o f  Lauc d ia g r a m s  and th e  
sp e c im e n  i s  c e n t e r e d  by nitc rowcope.

M yla r  tu b e ,^ 1 T e m p e r a tu r e s  above and b o lo

20 K. a r o  m e asu red  w i t h  I’t  and Oo

r e s i s t a n c e  t h e r m o m e te r s ,  r e s p e c t i v e l y .

B e ca u se  sp e c im en  o r i e n t a t i o n  cannot 

o r d i n a r i l y  be c o n t r o l l e d ,  t h e  camera I s  

s o t  i n  a  l a r g o  c r a d l e  s o  t h a t  a f t e r  

c r y s t a l  g ro w th  th o  ca m e ra  e q u a to r  can  be 

s e t  i n  t h e  a p p r o p r i a t e  c r y s t a l l i n e
*

d i r e c t i o n s .  L a t t i c e  p a r a m e t e r  f i lm s  a r o  

t a k e n  w i th  cam era  o s c i l l a t i o n  about; two 

s u c c e s s i v e  o r i e n t a t i o n s  w h ich  p r o v id e  

e x p o s u r e s  on t h e  l e f t  and r i j ' h t  s i d e s  of  

th o  ca m e ra ,  shown in  p l a n  v iew  in  F ig u re  

The p r i n c i p a l  e r r o r  i n  a  cam era of  t h i  

ty p e  i s  sp e c im en  c e n t e r i n g  e r r o r *  w hich  

a r i o s o  in  p a r t  f rom  sp e c im e n
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(roioiion o*i*l 
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F ig u re  2 .  P la n  view of r o t a t i n g  camera 
used  to  p r o v id e  p r e c i s e  l a t t i c e  
p a r a m e t e r s  of m o le c u la r  c r y s t a l s  and to  
m e asu re  l a t t i c e  p a ra m e te r  changes  due 
t o  p h a s e  ch a n g es  and to  th e rm a l  
e x p a n s i o n .  Camera e x p o s u re  t im es  w i th  
a  g a s e o u s  He p a th  range  t y p i c a l l y  from 
1-100 min.
s u r f a c e  ro u g h n e s s  ( i n  t h e s e  s o f t  v o l o t i l e  

c r y s t a l s ) ,  a b s o r p t i o n ,  and d e v i a t i o n  o f  

t h e  d i f f r a c t i o n  v c c t o r  from th e  norm al to  

t h e  sp e c im en  s u r f a c e .  A c e n t e r i n g  

M ic ro s c o p e  and g i a n t  d im e n s io n s  f o r  th e  

cam era  c o n t r o l  t h i s  e r r o r .  E r r o r  i n  

l a t t i c e  p a r a m e te r  m e a su re m e n ts ,  oven f o r  

r a t h e r  p o o r l y  c r y s t a l l i z e d  s p e c im e n s ,  i s  

a b o u t  0 .0 0 0 0 7  A^j t h io  i s  n e a r  th e  

i n t r i n s i c  v a r i a t i o n  shown from spec im en  t o  

s p e c im e n  by many s im p le  c r y s t a l s .  

S e n s i t i v i t y  f o r  l a t t i c e  p a r a m e te r  ch a n g es

t t t  a  g i v e n  spec im en  cun be a s  s m a l l  as  3

5
PP®*

R e s u l t s  o b t a in e d  by Duane Aatlsen6 f o r  

t h a  l a t t i c e  p a r a m e te r  o f  CH/( a r e  shown i n  

F ig u r e  3 ,  t o g e t h e r  w i th  p r e v io u s  work

i n  t h e  l i t e r a t u r e  o b t a i n e d  by x - r a y  

d i f f r a c t o m e t r y  o f  p o l y c r y s t a l l i n e  

s p e c im e n s .  The r e s u l t s  o f  Aadsen a ro

— PRESENT DATA 
o o n t t l t  , MEYEft 
K MANZHCLM , T0L KACMtV 
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J----- ----—i----- »_J
60 8040

TEMPERATURt; (K>

F ig .  3 . L a t t i c e  p a r a m e te r  o f  p u t t  05^ 
i n  t h e  t e m p e r a t u r e  raugu  2 .5 ~8 6  K, 
a c c o r d i n g  to  D. K. AadBen ( K e f .  6 ) .
The mixed c o n t i n u o u H - d l s c o n t i n u o u a  
c h a r a c t e r  o f  th e  t r a n s i t i o n  duo to  
m o le c u l a r  r o t a t i o n a l  o r d e r i n g  n e a r  2 0 .4  
K i s  c l e a r l y  shown, w hereas  p r e v io u u  
d i f f r a c t i o t i  work wafi o f  i n s u f f i c i e n t  
r e s o l u t i o n .  A greem ent o f  t h e  l a t t i c e  
p a r a m e t e r  v a l u e  a t  h ig h  t e m p e r a t u r e  
w i th  b u lk  e q u a t i o n  o f  s t a t a  r e s e a r c h  by 
Chong and eoworkt-ra  i s  shown.

r e p r e s e n t e d  by a  s o l i d  lih») i n  f i g u r e  3;

t o  show o c a t t c r  in  h i s  d a t a  i t  io

n e c e s s a r y  t o  mako a  g r e a t l y  e n l a r g e d

d iag ram .
T h i s  i s  F ig u r e  4> w h ich  shows c l e a r l y  

t h e  d i s c o n t i n u o u s  p a r t  o f  t h e  t r a n s i t i o n  

and  a l s o  e x h i b i t s  t h e  h y s t e r e s i s  p r e s e n t ,  

o f  a b o u t  90 mdog, Such h y o t o . r e a i s ,  

i n c i d e n t a l l y ,  i s  c h a r a c t e r i s t i c  o f  

m a r t e n s i t i c - t y p e  t r a n s i t i o n  b e h a v i o r .  No 

loug*-rangG d i f f u o i o n  o f  th e  m o le c u l a r  

c e n t e r s  i s  in v o lv e d  i n  th e  t r a n s i t i o n ,  y e t  

t h e  f r o o  e n e r g y  d i f f e r e n c e s  be tw een  tho 

p ' . : ises  a r e  m odest  a t  t h e  t r a n s i t i o n  

te m p e r a t u r e 1. X -ra y  work d s e s  p r o v id e  a
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F ig .  Ao D. R. Aadsou’ s hlyh r e s o l u t i o n  
l a t t i c e  p a ra m e te r  fitudy of  th e  I - I  I  
p hase  t r a n s i t i o n  in  c r y s t a l l i n e  01^(
(Rdf 5 ) .  Both phases  i  and I I  n to  f e e ,  
b u t  th e  lower tem peraLure  phaue i s  
c h a r a c t e r i z e d  by o r i e n t a t i o n a l  o r d e r  of 
3 /4  of  t'nc m o le c u le s .  ’s t e r e u i s  o f  
abou t 90 radefi i s  p re t^  upon h e a t i n g  and 
c o o l i n g .

good v a lu e  of  th e  volume chango ,  and hence 

v i a  C la u s iu s - C la p o y r o n  of tho e n t r o p y  

d i f f e r e n c e ,  a t  th e  t r a n s i t i o n .  I t  i s  0 .6 5  

c a l / m o l / d e g ,  which comparea c l o s e l y  w i th  

t h e o r e t i c a l  e s t i m a t e s .

One o t h e r  i n t e r e s t i n g  f e a t u r o  o f  t h i s  

t r a n s i t i o n  i s  th e  s t e e p  r i s e  i n  th e rm a l  

e x p a n s io n  c o e f f i c i e n t  on tho  low -  

t e n p e r a t u r e  a i d e .  T h is  p a r a l l e l s  heat: 

c a p a c i t y  r e s u l t s .  U n f o r t u n a t e l y ,  

c a l o r i m e t r y  i s  o f  l e s s  use  f o r  p u r s u i t  of 

d e t a i l e d  co m p ar iso n s  i n  th e  r e g i o n  o f  

h y s t e r e s i s  and above . The a c c e p te d  model 

f o r  t h i s  t r a n s i t i o n  r e p r e s e n t s  th e  up p er  

f e e  phase  ( I )  as  m o le cu le s  w i th  

e s s e n t i a l l y  u n h in d e re d  r o t a t i o n  and th e

lo w e r  f e e  eho".? ( I I )  a s  one w i th  .0/4 of  

t h e  m o le c u le s  o r i e n t o d  i n  an  8- s u b l a t t i c . e  

" a n t i f e r i . v t 'o t . a t  i o n o l "  a r ra n g e ru sn t  and w i th  

1 /4  s t i l l ’ \i;ih<iv-;rod ( i . e . .  i n  an 

ocs J h e d ra l  c ; / e c * . l  f i e l d ) .  Inves* I.g;. t ; -,n 

o f  th e  dynOHi-'cf o f  t h e  r o t a t i n g  molftculcfl 

i a  b e s t  done by r -c u t ro n  s c a t t e r i n g . *  

Anntiher m e thane  ex a m p le ,  CD^, i s  

w o r th  p rec .en U n g  io  cho"  th e  c a p a c ic y  of  

s u i t a b l e  x - r a y  m ethods  tri c l a r i f y  some 

S t a t i c  f e a t u r e s  o f  yimiiUn r o t a t i o n a l  

p h a s e  t r a n s i t i o n s .  Compared to  th ?  l i g h t  

m o th a n o ,  ; s a t u r a t e d  vap o r  p - .c so u re

shows eri a d d i t i o n a l  phas<' a t  low 

t e m p e r a t u r e s  ( c a l l e d  H I ' .  T h is  phase i s  

o f  t e t r a g o n a l  symmetry and i t  i s  ouppo1n& 

t h a t  i t  i s  f u l l y  --.rdered a l t h o u g h  tha  

s t r u c t u r e  hao so  f a r  r e s i s t e d  c o m p lc ie  

a n a l y s i s .  W guru  3 sh o t’s t h e  c o n s i d e r a b l e  

s c a t t e r  in  v a r i o u s  e x p e r i m e n t a l  d a^a  in

P ig .  5. L a t t i c e  p a r a m e t e r s  o f  s o l i d  
CJ)  ̂ aa measured wis:h fh e  c f y o s t a t -  
cam era  sy s tem  by D. R. Baev and. 
co w o rk e rs  ( s o l i d  l ; n e s ,  Kof, 7 ) .  
S c a t t e r  in  t h e i r  d r t a  i s  to o  s m a l l  to  
bo shown. On the  ' f . h a r  han d ,  p r e v io u s  
x - r a y  and n e u t r o n  d a t a  from the  
l i t e r a t u r e  a r e  uho\>u a s  i n d i v i d u a l  
p o i n t s  w i th  s t a t e d  e r r o r s  i n d i c a t e d .



t h e  l i t e r a t u r e  on 

CD^ ( t a k e n  u s in g  x - ra y  and n e u t ro n  

s c a t t e r i n g )  a s  r e s p e c t i v e  i n d i v i d u a l  

p o i n t s  ( c i r c l e s ,  t r i a n g l e s ,  e t c . )  p r i o r  t o
7

t h e  work of  Baer and cow orkers .

I n d i v i d u a l  r c f e r c n c e 9  to  th e  e a r l i e r  work 

a c e  c i t e d  i n  R e fe ren ce  7. No c o n s i s t e n t  

p a t t e r n  i s  a v a i l a b l e  from th e  p r e v io u s  

w ork . T here  a r e  l a t t i c e  p a ra m e te r  

d i f f e r e n c e s  o u t s i d e  s t a t e d  e r r o r s ,  t h e r e  

i s  i n s u f f i c i e n t  r e s o l u t i o n  to  o b t a in  a 

l a t t i c e  p a r a m e te r  d i s c o n t i n u i t y  a t  th e  

u p p e r  ( I - I I )  t r a n s i t i o n ,  th e  c /a  r a t i o  of  

th e  t e t r a g o n a l  phase  ( I I I )  i s  p o o r ly  

d e f i n e d  and i t s  t e m p e r a tu re  dependence  (.-,<n 

o r d e r  p a ra m e te r  f o r  th e  p h ase )  i s  unknown.

Tbe work o f  Baer and co w o rk e rs^  i s  o f  

a  q u a l i t y  com parab le  to  t h a t  o f  Andson and 

i s  ahowu as  s o l i d  l i n e s  on H g u r a  5, Ebr 

r e a s o n s  o f  epace  a d ia g ra m  a n a la g o u s  eo 

t o  A a J s e n ' s  u ,u a  of f t g u r e  A i e  o m i t t e d ,  

b u t  t h e  d a t a  a r e  s i m i l a r ,  e x c e p t  t h a t  CD^ 

• h o ^ s  a  l a r g e r  r e g io n  o f  h y s t e r o t i c  

b e h a v i o r .

t h e  © ethane I t - 1 1 1  t r a n s i t i o n  be tw een  

f e e  and t e t r a g o n a l  p h ases  showy some 

m a c r o s c o p ic  s i m i l a r i t y  t o  t r a n s i t i o n s  in  

m i n e r a l s .  The t e t r a g o n a l  p h a s e  i n  m e thane  

p re su m a b ly  r e f l e c t B  f u l l  o r d e r in g  o f  the  

v o l e c u l e e ,  w i th  com ple te  h in d r a n c e  to  

t h e i r  r o t a t i o n .  U n f o r t u n a t e l y ,  t h a i e  i s  

no sp a c e  h e r e  to  d i s c u s s  o t h e r  i n t e r e s t i n g  

e f f e c t s ,  su c h  as  l a t t i c e  th e rm a l

- 6-

from n u c l c a r  s p in  iso tn e r  e f f e c t s  a t  lo w er

6t e m p e r a t u r e s .

EQUATION OF STATE OF NOBLE GAS SOLIDS 

The c a p a c i t y  o f  x - r a y s  and of  

n e u t r o n s  t o  p e n e t r a t e  s u i t a b l e  p r e s s u r e  

v e s s e l s  l a  w e l l -k n o w n ,  and lias boen 

e x p l o i t e d  in  o u r  l a b o r a t o r y  u s in f i  t h e  same 

c r y o a t a t - c a i n e r a  svocein. Tho p h y s i c a l  

sy s te m s  o f  i n t e r e s t  w ere  t h e  n o b le  y,aa 

s o l i d s  i n i t i a l l y ,  b e c a u s e  o f  t h e i r  

s i m p l i c i t y  com pared t o  m o l e c u l a r  c r y u t a l s  

and t h e  s u s p i c i o n  (shown t o  h a v e  a b a s i s ) )  

t h a t  c o n d i t i o n s  i n s i d e  p r e s s u r e  v e s s e . l s  

a r o  n o t  u n i f o r m .

A Be c e l l  f o r  t h e  200 MPa (2 k i l o b a r )  

ra n g e  was d e s ig n e d  by D r,  R. K. C raw ford
O

and a p p l i e d  by him and A, T. M a c ra n d e r .  

T h i s  r e l i a b l e  p r e s s u r e  c e l l  I s  shown i n  

F ig u re  6 .  A c o n e - t y p e  s e a l  i a  made

contraction in Qfy phase. 11, which ariee

tt
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n g .  6. Be sam ple  c o l l  o f  0 . 7 ^  mra 
d i a m e t e r  b o re  and i t o  h i g h - p r e s s u r e  
s e a l  t o  a specim en f i l l  l i n e  i f  0 .1 5  win 
i n s i d e  d i a m e t e r .  In u s e ,  t e m p e r a t u r e  
d i f f e r e n c e s  between top  and bo ttom  of 
th e  c e l l  a r e  t y p i c a l l y  l e s s  th a n  30 
mdeg, e x c e p t  when tho c e l l  t e m p e r a tu r e  
i s  b e in g  changed ,  when i n t e r n a l  
p r e s s u r e  g r a d i e n t s  a l s o  a r i s e  i n  the  
s e l f - p r e s s u r i z e d  sp e c im en .

be tw een  th e  machined lie c e l l  and a  f i l l -

l i n o  l e a d i n g  o u t s i d e  th e  c r y o s t a t  to  a

h i g h - p r e s s u r e  s o u rc e  o f  specim en

m a t e r i a l .  C r y s t a l l i n e  spec im ens  a r e

p r e p a r e d  by d i r e c t i o n a l  s o l i d i f i c a t i o n  of

l i q u i d  i n  a t e m p e r a t u r e  g r a d i e n t .

T r a n s m i s s io n  Laue d ia g ra m s  v e r i f y  c r y s t a l

o r i e n t a t i o n .

I n  t h i o  a r r a n g e m e n t  the  spec im ens  a r e  

s e l f - p r e s s u r i z e d ,  When th e  c e l l  i s  f i l l e d  

e n t i r e l y  w i th  s o l i d  o r  w i th  bo th  s o l i d  and 

l i q u i d ,  t e m p e r a t u r e  ch anges  a r e  

accom pan ied  by changes  i n  p r e s s u r e .  At 

l a r g e  p r e s s u r e s ,  e l a s t i c i t y  of  t h e  c o l l  

p e r m i t s  some changes  i n  c e l l  shape  and 

c o n s e q u e n t  p l a s t i c  f lo w  o f  th e  s o l i d  

c o n t a i n e d  t h e r e i n .  P r e c i s e  x - r a y  l a t t i c e  

p a r a m e te r  m easurem ent p e r m i t s  s e n s i n g  o f  

p r e s s u r e  g r a d i e n t s  i n  th e  spec im en  a b o u t  

down to  t h e  0 .1  MPa l e v e l .  The x - r a y  

method t h e r e f o r e  has a  b u i l t - i n  check  f o r  

e q u i l i b r a t i o n  o f  th e  s y s te m .

When th e  c e l l  i s  s e a l e d  o f f  w i th  an  

amount o f  m a t e r i a l  such  t h a t  bo th  l i q u i d  

and s o l i d  a re  p r e s e n t ,  p r e c i s e  s tu d y  of  

t h e  s o l i d  a t  m e l t i n g  o v e r  a ra n g e  o f  

t e m p e r a t u r e s  i s  p o s s i b l e .  An exam ple of

d a t a  ta k e n  on two sp e c im en s  o f  Xe i s  shown 

i n  F ig u re  7. A long t h e  l i n e  from th e  

t r i p l e  p o i n t  to  p o i n t  C, l a t t i c e  

p a r a m e te r s  a r e  s e e n  to  d e c r e a s e  

c o r r e s p o n d i n g  t o  t h e  i n c r e a s e  i n  p r e s s u r e  

of  t h e  m e l t i n g  t r a n s i t i o n .  From s e p a r a t e  

d e t e r m i n a t i o n s  o f  th e  e q u i l i b r i u m  P-T 

r e l a t i o n ,  t h i s  p r e c i s e  V~'f r e l a t i o n  can be 

u se d  t o  o b t a i n  an  im proved  e q u a t i o n  o f  s t a t e .

T*mp«f<jtur« (K)

F ig .  7. P r e c i s e  l a t t i c e  p a r a m e te r s  o f  
c r y s t a l l i n e  Xo ( R e f .  9) f o r  sp e c im e n s  
c o n f i n e d  i n  th o  Be c e l ]  o f  F ig .  6 a t  
p r e s s u r e s  from  t h e  t r i p l e  p o i n t  up t o  
a b o u t  140 MPa ( p o i n t  C) and a t  
s a t u r a t e d  v a p o r  p r e s s u r e  from t h e  
t r i p l e  p o i n t  down to  p o i n t  A. Data 
l i k e  t h e s e  y i e l d  i n f o r m a t i o n  a b o u t  t h e  
e q u a t i o n  of s t a t e .

I n d e e d ,  f u r t h e r  r e f i n e m e n t s  a r e  

p o s s i b l e .  C o n s id e r  th o  d a t a  i n  F ig u re  7 

o b t a i n e d  by c o o l i n g  t h e  sp e c im en  below  th e  

t r i p l e  p o i n t  t e m p e r a t u r e  ( to w a r d  p o i n t  

A ) .  The sp e c im e n  i n  t h i s  c a s e  i s  a t  i t s



e a t u r a t e d  vapor  p r e s s u r e  and th e  Be c e l l  

s e r v e s  on ly  f o r  m e c h a n ic a l  e u p p o r t  o f  th e  

spec im en  and co n f in e m en t  o f  t h e  v a p o r  

p h a s e .  C o n v e n t io n a l  th e rm a l  e x p a n s io n  

m easurem ents  a r e  th e n  p o s s i b l e  and f o r  Xe 

t h e s e  havo been an a ly z e d  to  deduce  some 

p r o p e r t i e s  o f  th e  th e rm a l  v acancy  i n  Xe,

I n  a d d i t i o n ,  b ec au se  a l l  t h e  t e m p e r a t u r e s  

a r e  above th e  Xe Debye t e m p e r a t u r e ,  

i s o c h o r e s  i n  t h e  P-T p la n e  o f  t h e  p h a s e  

d ia g ra m  a re  e x p e c te d  to  be e s s e n t i a l l y  

s t r a i g h t  l i n e s .  One can th e n  com bine 

t h e s e  x - r a y  d a t a  w i th  e x i s t i n g  v a l u e s  o f  

m e l t i n g  and o f  s u b l i m a t io n  p r o s e u r e s ,  t o  

o b t a i n  v a lu e s  f o r  (3 P /3 T )V and i t s  volume 

d e p e n d e n c e .  F i n a l l y ,  from t h i s  vo lum e 

d ependence  one can o b t a i n  th e  i s o c h o r i c  

t e m p e r a t u r e  d e r i v a t i v e  o f  th e  b u lk  

m od u lu s ,  Bj. For Xe the  r e s u l t  i s  

(9Bt /3 T ) v « ( 1 .0 8  t  0 .6 0 )  KPa/K a t  a
4 Q

m o la r  volume o f  37 .6  cai / tn o le .  Such 

h i g h - o r d e r  d e r i v a t i v e s  of t h e  c r y s t a l  f r e e  

e n e r g y  a r e  d i f f i c u l t  to  o b t a i n  f o r  ( s o f t )  

m o le c u l a r  c r y s t a l s .  T h e i r  s i g n  and  

m a g n i tu d e  a r e  s e n s i t i v e  t e s t s  f o r  

i n t e r m o l e c u l a r  p o t e n t i a l s  which a r o  

g e n e r a l l y  d i f f i c u l t  to  i n v e s t i g a t e  

q u a n t i t a t i v e l y  i n  t h e  condensed  s t a t e .

When in f o r m a t i o n  ab o u t  m o l e c u l a r  

c r y s t a l  c o m p r e s s i b i l i t y  a t  low p r e s s u r e s  

i s  s u f f i c i e n t ,  one can a p p ly  th e  same 

c r y o s t t t t - c a m e r a  s y s te m ,  w i th  a t h i n - w a l l e d  

sp e c im en  c e l l  and He f l u i d  a s  a p r e s s u r e

-8-

medium. I n  t h i s  c a s e ,  h y d r o s t a t i c  

c o n d i t i o n s  o b t a i n ,  and th o  o n ly  c o n c e rn  i e  

f o r  p o s s i b l e  s m a l l  i n t e r a c t i o n s  between  

t h e  He f l u i d  and t h e  sp e c im e n  s u r f a c e .^ ®  

SOLID HYDROGiiN -  MOLECULAR ORDERING AT LOW 

TEMPERATURES

S o l i d  h y d ro g en  ( l ^ )  p r o v id e s  a 

f a s c i n a t i n g  sy s te m  f o r  th e  i n v e s t i g a t i o n  

o f  m o le c u l a r  o r d e r i n g  phenomena. The 

soX id  i s  u s u a l l y  a m i x t u r e  o f  t h e  n u c l c a r  

Bpin  s p e c i e s  c a l l e d  o r t h o -  and p a r a - l ^  > 

r e s p e c t i v e l y .  For h y d ro g e n  th e  s p a c in g  

b e tw e e n  m o le c u l a r  r o t a t i o n a l  l e v e l s  i s  

l a r g o  com pared t o  t h e  s o l i d i f i c a t i o n  

t e m p e r a t u r e  and v e r y  l a r g e  compared Co th e  

t e m p e r a t u r e s  m a rk in g  t h e  boundary  be tw een  

d i f f e r e n t  c r y s t a l l o g r a p h i c  p h a s e s .  At 

t h e s e  t e m p e r a t u r e s ,  t h e r o f o v e ,  m o le c u lo s  

a r e  p r e d o m i n a n t ly  i n  t h e i r  r o t a t i o n a l  

g ro u n d  s t a t e s ,  w h ich  h av e  d i f f e r e n t  

s y m m e t r i e s .  The i n t e r m o l e c u l a r  

i n t e r a c t i o n s  c o n s e q u e n t l y  depend  upon th e  

c o n c e n t r a t i o n ,  x * o r t h o - F ^  i n  th e  

s o l i d .  Pure p a ra -H j  has  c e n t r a l  

i n t e r a c t i o n s  be tw een  th e  m o le c u l a r  c e n t e r s  

w h e re a s  i n  o r t h o -112 t o  t h i s  c e n t r a l  

i n t e r a c t i o n  i s  added a  q u a d f u p o l a r  te rm .

The t r a n s i t i o n  be tw e en  d i f f e r e n t  

s o l i d  p h a s e s  o f  H2 d e p e n d s  upon p r e s s u r e ,  

t e m p e r a t u r e ,  and o r t h o - c o n c e n t r a t i o n  X 

p r e s e n t .  The h i g h ~ t e m p e r a t u r e  s o l i d  p h a s e  

i e  hep f o r  a l l  c o n c e n t r a t i o n s  w i th  

a p p a r e n t l y  a  u n i f o r m  a n g u l a r  d i s t r i b u t i o n



f o r  th e  r o t a t i o n  a x e s  of  th o  m o le c u l e s .  

S l i g h t l y  above 2 K, how ever,  p u re  o r t h o -  

H2 a t  low p re 9 3 a re  e x h i b i t s  a 

c r y o t a l l o g r a p h i c  t r a n s i o r r a a t i o n  t o  cn 

o r d e r e d  f e e  phase of symmetry pa3 .  The 

t r a n s f o r m a t i o n  t e m p e r a t u r e  i s  lo w e r  f o r  

s m a l l e r  c o n c e n t r a t i o n ,  r e a c h i n g ,  f o r  

example upon c o o l i n g ,  0 .6  K (600 toK) a t  

a b o u t  a  x ° f  60%. H y s t e r e s i s  i s  

e x h i b i t e d  in  the  t r a n s f o r m a t i o n ,  w hich  i s  

supposed  to  be m a r t e n s i t i c  ( i . e .  

d i f f u s i o n l e s s )  in  n a t u r e .  Above 600 mK 

th e  t r a n s f o r m a t i o n  has been i n v e s t i g a t e d  

by many d i f f e r e n t  t e c h n i q u e s ,  among them 

h e a t  c a p a c i t y ,  cw NMR l i n e  s h a p e ,  ch a n g es  

i n  (d P /d T ) y ,  Raman a f f e c t ,  and n e u t r o n  and 

x~ ray  s c a t t e r i n g .

Below 600 mK e x p e r im e n t a l  e v i d e n c e  

a b o u t  t h e  t r a n s f o r m a t i o n  was s p a r s e  p r i o r  

t o  1979. S tu d ie s  by NMR (c w , p u l s e d ,  and 

T j )  however s u g g e s te d  f u r t h e r  b ro a d  

t e m p e r a t u r e  dependence  of a  t r a n s f o r m a t i o n  

upon x » c o n c e n t r a t i o n s  below 60%, 

a l t h o u g h  th e  NMR c r i t e r i a  f o r  t h e  

t r a n s f o r m a t i o n  v a r i e d  and t h e  v a r i o u s  

ded u c ed  t e m p e r a t u r e s  d i f f e r e d  by a f a c t o r  

o f  two. C i t a t i o n s  o f  e x t e n s i v e  work i n  

t h e  l i t e r a t u r e  a r e  g iv e n  in  R e fe re n c e  I I .

C l e a r l y ,  d i r e c t  s t r u c t u r a l  

I n f o r m a t i o n  Wf.s to  be a u s e f u l  e lem e n t  in  

u n d e r s t a n d in g  th e  low -x  l o w - t e m p e r a tu r e  

b e h a v i o r .  J u s t  as  c l e a r l y ,  ho w ev e r ,  

f a i r l y  s o p h i s t i c a t e d  s c a t t e r i n g  t e c h n iq u e s
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would  be r e q u i r e d .  The spec im cne  had to  

be t a k e n  c o n t t o l l a b l y  t o  t e m p e r a t u r e s  v e i l  

be low  600 mK, and s t r u c t u r a l  d a t a  c o i J e c t e d  

r e a s o n a b l y  q u i c k l y .  B ecause  th e  ground*- 

s t a t e  e n o rg y  o f  ortho-512 i s  h ig h e r  th a n  

t h a t  o f  p a r a - l ^ ,  c o n v e r s i o n  o f  th e  o r t h o -  

e p e c i e s  i n t o  p a r a -  o c c u r s  a t  a r a t e  o f  

a b o u t  2% p e r  h o u r ,  accom pan ied  by 

c o n s i d e r a b l e  r e l e a s e  of  e n e r g y .  T h is  

a p p e a r s  aa volume e v o l u t i o n  o f  h e a t  i n  a 

s p e c im e n  of  r e l a t i v e l y  p o o r  th e rm a l  

c o n d u c t i v i t y ,  w hich  a g g r a v a t e s  p rob lem s o f  

r e f r i g e r a t i o n  and o f  th e rm o m e tr y .  Sm all  

sp e c im e n s  were t h e r e f o r e  i n d i c a t e d ,  b u t  

t h i s  makes r a p i d  x - r a y  d i f f r a c t i o n  s t u d i e s  

d i f f i c u l t  i n  t h e  c a s e  o f  a s o l i d  such  a3 

w h ich  c o n t a i n s  o n ly  two e l e c t r o n s  per  

m o l e c u l e .

For  h i e  x - r a y  s tu d y  Jo h n  G ates*^

c h o s e  t o  u se  a  m o d i f i c a t i o n  of  th e

c r y o g e n i c  a r r a n g e m e n t  o f  S te v e  H ea ld .

H e a l d ’s  c r y o s t a t  has  been  d e s c r i b e d  i n  th e  

1 5l i t e r a t u r e . M o r e  d e t a i l  app o s r s  i n  h ie  

t h e s i s .  The g e n e r a l  a r r a n g e m e n t  o f  th e  

s p e c im e n  r e g i o n  o f  i l e a l d ' s  t a i l - t y p e  

c r y o s t a t  i s  shown i n  F ig u re  8 .  A H e- He 

d i l u t i o n  r e f r i g e r a t o r  i s  m ounted  below a 

^He cham ber  ( " c o l d  p l a t e " )  pumped t o  a b o u t  

t  K. The l u c i t e  sp e c im en  chamber i s  f i x e d  

t o  t h e  r e f r i g e r a t o r  m ix in g  cham ber,  whose 

c o o l i n g  i s  b a l a n c e d  a g a i n s t  e l e c t r i c a l  

h e a t i n g  t o  a c h i e v e  t e m p e r a t u r e s  in  t h e  

r e g i o n  50 -1 0 0 0  mK. The e n t i r e  as sem b ly  i s
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enclosed within successive thin-walled

K g .  8 .  S. M. H e a l d ' s  ^ l l e - S le  
d i l u t i o n - r e f r i g e r a t o r  c r y o s t a t  t a i l  f o r  
x - r a y  d i f f r a c t i o n  s t u d i o s  down to  50 mK 
and up t o  25 MPa ( R e f .  1 2 ) .  The 
s t i l l ,  w h ich  s e p a r a t e s  He from th e  
m ix t u r e  f o r  f low  th ro u g h  an e x t e r n a l  
c i r c u i t  ( n o t  shown),  i s  m e c h a n ic a l  
s u p p o r t  f o r  th e  c o l d e r  m ix in g  chamber 
th r o u g h  a v e r t i c a l  g r a p h i t e  p o s t .  The 
m o l e c u l a r  c r y s t a l  spec im en  i s  p r e p a r e d  
i a  t h e  chamber a t  th e  b o t to m .

th e r m a l  r a d i a t i o n  s h i e l d s  a t  ab o u t  1 K, 4

K, and 80 K, r e s p e c t i v e l y ,  and f i n a l l y

w i t h i n  a  c y l i n d r i c a l  Be c r y o s t a t  vacuum

j a t k e t .

H ydrogen  c r y s t a l  g ro w th  was a  

c h a l l e n g e ,  b ec au se  th e  s o l i d i f i c a t i o n  

t e m p e r a t u r e  n e a r  14 K was f a r  h i g h e r  th a n  

th o s e  a v a i l a b l e  p r e v i o u s l y  i n  t h i s  

c r y o s t a t .  The problem  was s o lv e d  by th e  

a d d i t i o n  o f  an a d d i t i o n a l  vo lum e i n  t h e  

sp e c im en  g a s  f i l l  l i n e ,  w h ich  i t s e l f  had 

a d d i t i o n a l  h e a t e r s ,  so t h a t  s u f f i c i e n t  

would  be a v a i l a b l e  f o r  c r y s t a l l i z a t i o n .

T hese  ’a o d i f i c a t i o n a  a r e  shown 

s c h e m a t i c a l l y  i n  F ig u re  9, w h ich  a l s o  

i l l u s t r a t e s  t h e  e x t e r n a l  sy s te m  u se d  to  

c o n v e r t  th o  s t a r t i n g  m a t e r i a l  to  a  

c o n c e n t r a t i o n  o f  75X o r t h o - l ^ *

$ampl£ cell assembly

f i g .  9 .  S c h e m a t ic  d ia g ra m  of  t h e  
a r r a n g e m e n t  u se d  by G a te s  and co w o rk e ra  
( R e f .  11) to  p r e p a r e  mm s i z e  c r y s t a l s  
o f  i n i t i a l  75% o r t h o - H ,  c o n t e n t .
B e ca u se  of  s e l f - e v o l u t i o n  o f  h e a t  by 
t h e  s a m p le s ,  s p e c i a l  th e rm a l  l i n k s  to  
t h a  th e rm o m e te r s  w e re  u s e d .  X~ray 
Bragg peaks  on t r a n s f o r m i n g  sa m p le s  
w ere  o b t a i n e d  a t  t e m p e r a t u r e s  w e l l  b e lo w  
200 mK.

A n o th e r  c o n c e r n  was r a p i d  a c q u i s i t i o n  

o f  x - r a y  Bragg p e a k  d a t a .  S u c c e s s i v e  

s c a n n i n g  of  a  r a n g e  o f  a n g l e s  by a moving 

B l i t  l n  f r o n t  o f  a  a c l n t l l l a t l o n  d e t e c t o r  

h a d  p ro v e n  s u f f i c i e n t  i n  p i o n e e r i n g  

s t u d i e s  o f  s o l i d  He by R e in h a rd  

D a l2e r . ^  B e c a u s e ,  s i m i l a r  to  th e  

r a t i o n a l e  d e s c r i b e d  i n  a  p r e v i o u s  s e c t i o n  

f o r  th e  c r y o s t a t - c a r o e v a  s y s t e m ,  a n g u l a r  

o r i e n t a b i l i t y  o f  t h a  x - r a y  s o u r c e  was



r e l a t i v e l y  low power) x - r a y  tu b e  was

u s e d .  J b r  b e t t e r  s p e e d ,  and th e  ,

c a p a b i l i t y  to  examine a ra n g e  o f  a n g l e s

s i m u l t a n e o u s l y ,  was n e c e s s a r y .  The

d e t e c t o r  o f  c h o ic e  wao a  g o a - f lo w

p o s i t i o n - s e n s i t i v e  c o u n t e r ,  whose o u tp u t

r e g i s t e r e d  on a  m u l t i c h a n n e l  a n a l y z e r .  A

s u b s e q u e n t  v e r s i o n  o f  t h i s  sy s tem  i s

1 sd e s c r i b e d  by B. A. F ra a s .  F ig u re  10 

shows t y p i c a l  r e s u l t s  f o r  a Bragg peak of  

d i m i n i s h i n g  i n t e n s i t y  d u r i n g  

c r y a t a l l o g r a p h i c  t r a n s f o r m a t i o n ;  d a t a  f o r  

an  i n d i v i d u a l  lo w - o rd e r  peak  (2 0 0 )  co u ld  

be c o l l e c t e d  in

-IL
needed, a eealed-off (and therefore

F ig .  10. T y p ic a l  lo w - o rd e r  Bragg peaks 
ea c h  c o l l e c t e d  i n  a b o u t  100 s e c ,  a s  
d i s p l a y e d  on t h e  m u l t i c h a n n e l  a n a l y z e r  
o f  a  p o s i t i o n - s e n s i t i v e  d e t e c t o r .  The 
f u l l  backg round  i s  shown; i t  i s  
c o n t r i b u t e d  b o th  by t h e  spec im en  and by 
i t s  chamber and many a s s o c i a t e d  
s h i e l d s .  One d e g r e e  i n  Bragg a n g l e  
c o r r e s p o n d s  to  abou t  100 c h a n n e l s  ( R e f .  
1 5 ) .

a b o u t  100 s e c .  P a r a m e t e r i z a t i o n  o f  the  

i n t e g r a t e d  peek  i n t e n s i t y  v e r s u s  

sp e c im en  t e m p e r a t u r e  p e r m i t t e d  p r e c i s e  and

r e p r o d u c i b l e  c h a r a c t e r i z a t i o n  o f  a 

t r a n s i t i o n  t e m p e r a t u r e  T* and i t s  

u n c e r t a i n t y ,  w h ich  c o u ld  th e n  be p u t  on a 

g r a p h i c a l  p l o t  o f  T v e r s u s  x •

The r e s u l t s  o f  t h i s  work by G a te s  

and cov io rkers  a r c  su m m ar ize d ,  t o g e t h e r  

w i th  p r e v io u s  w ork ,  on F ig u re  11. At

f i g .  11 .  C o l l e c t e d  r e s u l t s  f o r  the  
a p p a r e n t  t r a n s i t i o n  t e m p e r a t u r e s  of  
s o l i d  H2 a t  low p r e s s u r e  ( R e f .  1 1 ) .  
A b c is o a  x r e p r e s e n t s  c o n c e n t r a t i o n  o f  
o r t h o - l ^ .  X -ra y  d a t a  by G ate s  and 
co w o rk e r s  a r e  s o l i d  c i r c l e s ,  c o n n e c t e d  
by s o l i d  l i n e s .  S e p a r a t e  l i n e s  f o r  
h e a t i n g  and f o r  c o o l i n g  t r a n s i t i o n s  a r e  
shown. The m a jo r  r e s u l t  o f  G a te s  i s  
t h a t  t h e  low t e m p e r a t u r e  -  low x p h a s e  
h a s  hep  n o t  f e e  s t r u c t u r e  a s  p r e v i o u s l y  
su p p o se d  on th o  b a s i s  o f  p r e v i o u s  work 
baaed  upon NMR a l o n e .

t e m p e r a t u r e s  above 600 mK t h e  v a r i o u s

te c h n i q u e s  em ployed  p r e v i o u s l y  a l l

g e n e r a l l y  a g r e e ,  i n c l u d i n g  ag re em e n t  i n

t h e  h y s t e r e s i s  e x h i b i t e d  upon c o o l i n g  and

h e a t i n g  ( lo w e r  and u p p e r  c u r v e s ,

r e s p e c t i v e l y ) ,  The G a te s  d a t a  ( s o l i d

c i r c l e s )  a l s o  a g r e e .  However, a t  low

temperatures the wide variability among



f.he p r c v io u a  NMll r e s u l t s  i a  e v id e n t  

( c r o s s e s  and v a r i o u s  open s y m b o ls ) .

The p r i n c i p a l  r e s u l t  o£ G a te s '  x - r a y  

s tu d y  was to  show t h a t  th e  f e e  to  hep 

t r a n s f o r m a t i o n  te m p e r a tu re  e x t r a p o l a t e s  to  

jsero n e a r  an o r t h o - l ^  c o n c e n t r a t i o n  o f

0 . 4 9 .  The low cone e n t r a t ).on- lo w  

t e m p e r a t u r e phase  _ls hc.p n o t  f e e .  B ecause  

NMR s i g n a t u r e s  a r e  p r e s e n t  betweei; t h i s  

r e g i o n  o f  tho  phase  d ia g ra m  and o t h e r s  i t  

I s  t h e r e f o r e  " . lear  t h a t  a t  l e a s t  t h r e e  

d i f f e r e n t  p h ases  i c c u r  i n  s o l i d  l ^ .  At 

th ifc  t im e ,  c h a r a c t e r i z a t i o n  o f  th e  t h i r d  

p h a s e  i s  a  m a t t e r  o f  d i s p u t e .  I t  e x h i b i t s  

some c h a r a c t e r i s t i c s  o f  a f r o z e n - i n  

d i s o r d e r  o f  th e  m o le c u la r  r o t a t i o n  ax o s  

( " q u a d r u p o l a r  s p in  g l a s s " ) .

ISOTOPIC HELIUM MIXTURES -  POSITIONAL 

ORDERING

T h is  f i n a l  b r i e f  example c o n c e r n s  x -  

r a y  d i f f r a c t i o n  a s  a  new t o o l  t o  s tu d y  

i s o t o p i c  phase  s e p a r a t i o n  i n  s o l i d  

m ix t u r e s  o f  th e  i s o t o p e s  and ^ lle .

Much t h e  same c r y p a t a t - d e t e c t o r  sy s tem  can  

b e  u s e d  a s  f o r  th e  s o l i d  ^  s t u d i e s  

a l r e a d y  d e s c r i b e d .  S i m i l a r  reg im es  o f  . 

t e m p e r a t u r e  and s t r i n g e n c i e s  on x - r a y  

s c a t t e r i n g  d a t a  c o l l e c t i o n  e f f i c i e n c y  a r e  

i n v o l v e d .

H eliu m  s o l i d i f i e s  o n ly  under  a p p l i e d  

p r e s s u r e ,  and t h e  r e s u l t i n g  spec im ens  a r e  

e l u s i v e ,  p a r t i c u l a r l y  a t  l a r g e r  m ola r  

v o lu m e s .  R>r ex a m p le ,  t i n y  th e rm a l  o r
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m e c h a n ic a l  s t r e s s  g r a d i e n t s  a re  s u f f i c i e n t  

t o  p ro d u c e  specim en r o t a t i o n ,  

r e c r y s t a l l i z a t i o n ,  and o t h e r  b j h a v i o r  

d i f f i c u l t  f o r  x - r a y  d i f f r a c t o m e t r y .  

M e th o d ic a l  a t t e n t i o n  w i l l  p ro d u ce  s u i t a b l e  

s p e c im e n s ,  h o w e v e r .^

Tha phenomenon o f  i s o t o p i c  phase 

s e p a r a t i o n  was d i s c o v e r e d  i n  s o l i d  h e l iu m  

m i x t u r e s  by c a l o r i m e t r i c  s t u d i e s  of D. 0 . 

Edwards and covrorkers  i n  1962. fbr n e a r l y  

two d e c a d e s  t h e r e a f t e r  t h e  o n ly  d a t a  

a p p l i c a b l e  to  th e  s tu d y  o f  t h e  ^He-^Ile 

s o l i d  p h a s e  d ia g ra m  were o b t a i n e d  by 

c a l o r i m e t r y ,  by m e asu rem en ts  o f  t o t a l  

s y s t e m  p r e s s u r e ,  o r  by s t u d i e s  o f  th e rm a l  

c o n d u c t i o n .  T hese  t e c h n i q u e s  a l l  g iv e  

i n f o r m a t i o n  a b o u t  th e  g r o s s  sp ec im en ,  

h e t e r o g e n e o u s  o r  n o t .  D a ta  on th e  

i n d i v i d u a l  s e p a r a t e d  p h a s e s  was l a c k i n g .

T h i s  a b s e n c e  can  bo r e c t i f i e d  by t h e  

a p p l i c a t i o n  o f  an  x - r a y  d i f f r a c t i o n  

t e c h n i q u e , ^  a ^lle-^He m i x t u r e  i s  

s o l i d i f i e d  t h e n  i t s  l a t t i c e  p a ra m e te v  i s  

m e a su re d  upon c o o l i n g .  At t h e  h i g h e r  

t e m p e r a t u r e s  n e a r  m e l t i n g  t h e  l a t t i c e  

p a r a m e te r  o f  a  homogeneous npeclm en h e ld  

a t  c o n s t a n t  m a c r o s c o p ic  vo lum e shows 

v a r i a t i o n s  a t t r i b u t a b l e  t o  t h e  p r e s e n c e  o f  

t h e r m a l l y - g e n e r a t e d  v a c a n t  a to m ic  s i t e s ^  

( s e e  F ig u re  1 2 ) .  Then upon f u r t h e r  

c o o l i n g  i n  t h e  ra n g e  below  400 mK the  

Bragg p e a k  d i v i d e s  i n t o  two o v e r  a n a r ro w  

t e m p e r a t u r e  ra n g e  ( a  few p e r c e n t  o f  th e
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t e m p e r a t u r e )  and one c^n d e t e r m in e  th e  

e q u i l i b r i u m  m o la r  voluv<es of  t,he 

r e s p e c t i v e  ^ l i e - r i c h  and S i e - r i c h  phnsea  in  

c o e x i s t e n c e  a t  a s u c c e s s i o n  of  low er

P ig .  12. L a t t i c e  p a r a m e te r s  o f  an 
l s o t o p l c  fcolld  h e l iu m  m ix tu re  o f  
o r i g i n a l  c o m p o s i t i o n  28% He, 
s o l i d i f i e d  a t  1 .8 7  K and an I n i t i a l  
m o la r  volume shown ( f ro m  Ref. 1 5 ) .
Data upon c o o l i n g  ( c i r c l e ; ; )  d i f f e r  from  
d a t a  upou b o a t in g  ( c r o s s e s )  b ec au se  of 
d i f f i c u l t i e s  o f  e q u i l i b r a t i o n  o f  a hulk, 
spec im en  s u i t a b l e  fo r  p r e c i s e  x - r a y  
d l f f r a c t . o m e t r y  upon h e a t i n g  and i s o t o p e  
r e m i x in g .  N e v e r t h e l e s s ,  n ea r  300 mK 
th e  d i f f e r e n t  l a t t i c e  p a r a m e te r s  of t h e  
c o e x i s t i n g  d a u g h t e r  p h ases  a re  
a c c u r a t e l y  m e a s u r a b l e .

t e m p e r a t u r e s .  Kecauso of  the  low

A b s o r p t io n  o f  s o l i d  H«, th e  x - r a y f  p ro b e

t h e  b u lk  S pecim en in  t r a n s m i s s i o n

g e o m e try .

Itor th o  exam ple  6hown ln  F ig u re  12 

•1 1  t h e  p h a s e s  c o n c e r n e d  a r e  b c c .  I n  

o '-b a r  c a s e s  one or th o  d a u g h te r  p h a s e s  nay 

8 how f u r t h e r  ch a n g e s  upon c o o l i n g ,  su c h  as  

u n i t i n g  ( p o s s i b l e  w i th  ^ l i e - r i c h  p h a s e s  a t  

low p r e s s u r e s t )  o r  f u r t n e r  

c i y s t a l l o g r a p h i c  m o d i f i c a t i o n .  Owing to  

t h e  r a p i d  e ^ u a n ^ "  o f  He atoms b e tw e en  

a d j a c e n t  a to m ic  s i t e s  th e e o  phenomena

d e v e lo p  p ro m p t ly  upon g r a d u a l  c o o l i n g .  

Regrow th  o f  a s i n g l e  c r y s t a l  tpec im en  by 

i f .o to p e  r e m ix in g  i n  th e  s o l i d  phase  i s  n o t  

e a s y ,  how ever,  a s  i l l u s t r a t e d  by th e  

S C A tte r  o f  d a t a  a t  i n t e r m e d i a t e  

t e m p e r a t u r e s  i n  F ig u re  12.

T h i s  new t e c h n i q u e  shows prom ise  of  

q u a l i t a t i v e  new c o n t r i b u t i o n s  to  th e  

u n d e r s t a n d i n g  o f  i n t e r a t o m i c  i n t e r a c t i o n s  

i s  such  m i x t u r e s ,  b u t  much deve lopm en t 

re m a in c  t o  be d o n e .

ACKNOWLEDGEMENTS

The a u t h o r  w is h e s  to  ^ 'k n o w le d g e  th e  

many c o n t r i b u t i o n s  made by h i s  c i t e d  

c o l l a b o r a t o r s ,  whoue i n t e r e s t s  in  

m o l e c u l a r  c r y s t a l s  have  pushed  th e  

d e v e lo p m e n t  o f  u n u s u a l  x - r a y  d i f f r a c t i o n -  

c r y o s t a t  t e c h n i q u e s .  The e x p e r im e n t a l  

w ork was s u p p o r t e d  by th e  U.S. D epartm ent 

o f  Enorgy u n d e r  C o n t r a c t  E Y -7 6 - C - 0 2 -1 i98 

and p r e c e d i n g  g r a n t s .

REFERENCES

1 .  W. P r e s s  and A. H u l l e r ,  in  Vroc.  IJA'FO 
Adv. S tudy  I n s t ,  on A n h a r ro n ic  
L a t t i c e  , St rut: ; .i r.i i i>! .:.;f 
T r a n s i t i o n s  M o l r l i u . , r .  ! u « t c ,  
e d .  ( N o o r d h o t i ,  L e id o n ,  19 /4 )  p. 185.

I t  0 .  G. P e te rK o n  and H. 0 . Simmons,
Rev . S c i .  I n s t r u m .  _36_, 1316 ( 1 9 6 5 ) .

3 .  D. N. B a t c h e l d e r  and R, 0 .  Slmraans,
J ,  A p p l .  P h y a .  3 6 ,  2864 ( 1 % 5 )

4 .  B. A. F ' a o s s ,  S . M. H cnld  and R. 0.
S in ra cn s ,  J .  C r y s t a l  Growth 4 2 ,  370 
< 1 9 7 7 ) .  ~ ~

5 .  D. tt. B a t c h c l d e r  and R. 0. Slmmoas,
J .  Chesu I»hys. jM ,  2324 ( 1964) .

6 .  D. R. A ad se n ,  1975 Ph .D . t h e s i s ,
U n i v e r s i t y  o f  I l l i n o i s  a t  U rbana-  
Champaign ( u n p u b l i s h e d ) .



-14-

7 . D. R. B aer ,  B. A. P r a a s s ,  D. H. R l e h l  
and R. 0. Simmons, J .  Chem. P h y s i c s .  
6 8 ,  1411 ( 1 0 7 8 ) .  '

8 .  A. T. M acran d e r ,  Phys.  Rev, B21, 2549 
( 1 9 6 0 ) .

9. P. R. Q r a n f o r s ,  A. T. M a cran d e r ,  and 
R. 0. S im o n s  ( s u b m i t t e d  f o r  
p u b l i c a t i o n ) .

10 .  A. 0. U rv as ,  D. L. L oses and R. O. 
Simmons, J .  P hys .  Chem. S o l i d s  2 8 , 
2269  ( 1 9 6 8 ) .

11 .  J .  V. G a te s ,  P. R. G r a n f o r s ,  B. A. 
f r a a s s  and R. 0 .  Sisnmonii, P hys .  Rev. 
B l 9 , 3667 ( 1 9 7 9 ) .

1 2 .  S. M. Hoald and R. O. Simmon.*), Rev. 
Sci. I n s t r u c t  _48, 316 ( 1 9 7 7 ) .

13 . S. M. H e a ld ,  1976 Ph .D . t h e s i s ,
U n i v e r s i t y  of I l l i n o i s  a t  U rb a n a -  
Champaign ( u n p u b l i s h e d ) .

14 .  R. ’' a l z e r  and R. 0 . Simmons, J.<w 
Tempe r a t u re  Phy s i c s  -  LTH ( ed". by 
TitraaerEaus, O’ SufTTvan and Hainmel, 
Plenum Pub. Corp. 1974) V o l .  2,  p .  
115.

15 . B. A. R ra a s s ,  1980 Ph.D. t h e s i s ,
U n i v e r s i t y  of  I l l i n o i s  a t  U rb a n a -  
Champalgn ( u n p u b l i s h e d ) .

16 .  B. A. Fraaso  and R. 0 .  Simmons, i n
P r oc .  W i t h  I n t .  Con f .  on Low

( t o  be p u b l i s h e d  in  P h y s ic s  B 
aruf C, N orth  H o l la n d  Pub. Co. 1 9 3 1 ) .


