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I n t r o d u c t i o n  

In a recent compilation of published data on the lattice 
expansion of hexagonal ice between -180 and 0 °C., as 
determined by diffraction methods, there are included 
measurements made at only five different temperatures 
in this range. These are shown in Table 1. Four investiga- 
tions are represented; in one (B]ackman & Lisgarten, 
1957) electron diffraction techniques were used. The 
others used X-rays. 

Table 1. Crystal data for ice 
Temp. 

(°C.) a 0 (A) c o (A) c/a Ref. 
0 4"5227_____0"0014 7"3671__+0.0012 1.629 (1) 

--46 4-5163__+0.005 7.3477_+0-0009 1.627 (2) 
--66 4.5177__+0.002 7"353 +__0"0035 1.628 (1) 
--110 4"493 _+0"004 7"337 -+0"006 1.633 (3) 
--185 4"476 -+0"003 7"306 _+0.012 1.632 (4) 

(1) Megaw (1934). 
(2) Truby (1955). 
(3) Blackman & Lisgarten (1957). 
(4) Vegard & Hillesund (1942). 

The inadequacy  and  inconsistency of the da ta  in 
Table 1 have  been no ted  by  Lonsdale  (1958) who, 
nevertheless,  subjected  these measurements  to a detai led 
analysis which led her  to conclude tha t :  ' the t rend  is 
clear, the  coefficient of cubical expansion is at  least 50% 
greater  a t  - 1 8 0  t han  at  0 °C., and the expansion is 
greater  along the  a t han  along the c direction. '  

These conclusions conflict wi th  the  results of several 
d i la tometr ic  measurements  of the the rmal  expansion of 
ice. Measurements  on bulk  ice, or ientat ion unspecified, 
by J akob  & E r k  (1929), are summarized  in Table 2. 

Table 2. Coefficient of linear expansion qf ice 

Coeff. of 
T (°C.) linear expansion x 10 -s 

0 52"7 
- -  100 33"9 
--200 0-8 
--250 --6.1 

The negat ive  coefficient repor ted  for - 2 5 0  °C. need  
not  surprise us. B lackman  (1958), apparen t ly  unaware  
of J a k o b  & Erk ' s  results, has predic ted  t h a t  negat ive  
coefficients of volume expansion m a y  be expected at  low 
tempera tu res  in cer ta in  substances wi th  the open zinc- 
blende s t ructure .  The s imilar i ty  be tween  the  ice and  
zincblende s t ructures  is well known.  More recent ly  
Gibbons (1958) de termined,  di la tometr ical ly ,  t ha t  Si and  
InSb  also have  negat ive  coefficients of volume expansion 
a t  low tempera tures .  

Addi t ional  di la tometr ic  measurements  on bulk  ice, 
be tween  0 and  - 1 9 5  °C., have  been made  by I-Iamblin 
and  repor ted  by  Powell  (1958). These are in general ly  
good agreement  wi th  the results of J akob  & Erk,  as are 

the  still more  recent  bulk  ice measurements  from 0 to 
- 3 0  °C. by Butkovich  (1959). Both  Hambl in  and 
Butkovich  worked with large, oriented single crystals;  
the former found only a small anisotropy in the  expansion 
(ac > aa) while Butkovich  found no significant anisotropy.  

I t  is clear t ha t  serious discrepancies exist be tween these 
bulk  ice measurements  and  the da ta  listed in Table 1, 
as well as the conclusions drawn by Dr  Lonsdale.  These 
led Butkovich  to s ta te  t ha t  there  'seems to be a systemat ic  
difference between X- ray  and di la tometr ic  measurements  
of thermal  expansion' .  The present  work was unde r t aken  
to de te rmine  whether  such a systemat ic  difference really 
exists, a t  least in the  case of ice. 

E x p e r i m e n t a l  

Measurements  were made  on a di f f ractometer  adap ted  
for work a t  low tempera tures  (Miksic, Segerman & Post,  
1959). Ni t rogen gas, cooled by passage th rough copper 
coils immersed  in liquid nitrogen,  was blown over the 
specimen. Gas tempera tures  were varied by mixing dry,  
room tempera tu re  air, wi th  the cold ni trogen.  Fi l tered 
C u K  radia t ion was used for all measuremen t s ;  the 
detec tor  was a tha l l ium ac t iva ted  sodium iodide scintilla- 
t ion crystal .  

Pa t t e rns  were run a t  a scanning speed of ~o (20) per  
minute .  Tempera tures  were measured  using cal ibrated 
thermocouples  in contac t  wi th  the specimens. 

Specimens were prepared initially by spraying distilled 
water ,  in the form of a fine mist ,  onto a cooled glass 
specimen holder.  I t  was found t ha t  the r andomly  oriented 
specimens obta ined in this way  general ly did not  yield 
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Fig. 2 

d i f f rac t ion  p a t t e r n s  su i tab le  for precis ion m e a s u r e m e n t s  
of l a t t i ce  cons tan t s .  P e a k s  a t  angles  g rea t e r  t h a n  50 or 60 ° 
(20) were  too w e a k  to  be useful .  H o w e v e r ,  b y  r e p e a t e d l y  
w a r m i n g  t h e  spec imens  to ju s t  be low m e l t i n g  p o i n t  a n d  
t h e n  cooling slowly,  i t  was  possible to ob ta in  spec imens  
showing  h igh  degrees  cff p re fe r red  o r i en ta t ion .  P a t t e r n s  
of these  spec imens  genera l ly  h a d  s t rong,  sharp  ref lect ions  
a t  r e l a t ive ly  h igh  B r a g g  angles  (20 = 100 to  120 °) w i th  
l >~ h;  in o the r  ins tances  o the r  types  of o r i en t a t i on  were  
o b t a i n e d  in wh ich  ref lect ions  w i th  the  h index  >> 1 pre-  
d o m i n a t e d .  I n  th is  w a y  all necessa ry  m e a s u r e m e n t s  could  
be  m a d e  in sensi t ive,  h igh  angle  regions.  

Tab le  3. Thermal expansion of ice 

T (°C.) a (A) c (A) c/a 

- -  10 4.5190 7.3616 1.6291 

--20 4-5169 7.3570 1.6288 

-- 40 4.5128 7.3500 1.6287 

-- 60 4.5088 7.3440 1.6289 

-- 80 4.5052 7.3388 1.6290 

- -  100 4.5021 7.3344 1-6291 

-- 120 4.5001 7.3304 1.6289 

-- 140 4.4990 7.3267 1.6285 

- -  160 4.4961 7.3233 1.6288 

- -  180 4.4948 7.3201 1.6286 

Coefficient of 
thermal expansion 

× I0 -6 

± c  [Ic 

46 63 

45 48 

44 41 

40 35 

34 30 

22 27 

12 25 

32 23 

14 22 

P e a k  locat ions  we re  d e t e r m i n e d  severa l  t imes  a t  each  
t e m p e r a t u r e .  R e p e a t e d  runs  b e t w e e n  0 a n d  - 1 8 0  °C. 
were  m a d e  over  a pe r iod  of severa l  m o n t h s ;  each  r u n  in- 
v o l v e d  m e a s u r e m e n t s  a t  smal l  t e m p e r a t u r e  in t e rva l s  
(genera l ly  < 10 °) in t h a t  range .  Compos i te  p lo ts  of t h e  
resul ts  a re  shown  in Figs.  1 a n d  2. I n  Tab le  3 we  list 
va lues  of c a n d  a t a k e n  f rom t h e  s m o o t h e d  curves  in 
Figs .  1 a n d  2, t o g e t h e r  w i th  va lues  of c/a, a n d  expans ion  
coeff icients  c o m p u t e d  f rom these  l a t t i ce  cons tan t s .  

I n d i v i d u a l  d e t e r m i n a t i o n s  of c or  a are  e s t i m a t e d  to  
invo lve  re la t ive  errors  of ± 1 × 10 -4. Abso lu te  va lues  a re  
s o m e w h a t  less exac t  a n d  a p p e a r  to  be  l imi ted  p r i m a r i l y  
b y  u n c e r t a i n t i e s  in t h e  t e m p e r a t u r e s ,  whose  abso lu t e  
va lues  were  p r o b a b l y  k n o w n  on ly  to  w i th in  a b o u t  5 °C. 
Changes  in t e m p e r a t u r e ,  in w h i c h  we  were  p r i m a r i l y  
in te res ted ,  could  be  m e a s u r e d  w i t h  m u c h  g r ea t e r  pre-  
cision. 

D i s c u s s i o n  

I n  genera l ,  t he  t r ends  exh ib i t ed  b y  our  X - r a y  d i f f rac t ion  
m e a s u r e m e n t s  r esemble  those  shown  b y  d i l a t o m e t r y ,  
a l t h o u g h  the re  are  some s ign i f ican t  differences.  Ove r  
m o s t  of t he  t e m p e r a t u r e  r ange  f rom 0 to  - 1 8 0  °C. b o t h  
t echn iques  ind ica te  expans ion  coeff icients  of approx i -  
m a t e l y  t he  same  m a g n i t u d e s ;  bo th  also ind ica te  t h a t  t he  
coeff icients  decrease  m a r k e d l y  as t h e  t e m p e r a t u r e  is 
decreased .  T h e  X - r a y  resu l t s  also show s o m e w h a t  m o r e  
a n i s o t r o p y  of expans ion  t h a n  do t h e  d i l a tome t r i c  mea -  
su remen t s ,  b u t  t he  m a j o r  dif ferences  b e t w e e n  the  two  
sets of m e a s u r e m e n t s  conce rn  t h e  t e m p e r a t u r e  region  
b e t w e e n  - 1 0 0  a n d  - 1 3 0  °C. T h e  X - r a y  resul ts  r evea l  
an  a n o m a l y  in t he  t h e r m a l  expans ion  n o r m a l  to  c in this  
t e m p e r a t u r e  r ange ;  for a lmos t  t he  en t i r e  t h i r t y  degrees  
t he re  is v i r tua l ly  no  change  in t h e  d imens ion  of a, al- 
t h o u g h  c behaves  no rma l ly .  The  effect  was  checked  in  
r e p e a t e d  runs .  D e t e r m i n a t i o n s  of a d id  show the i r  l a rges t  
e x p e r i m e n t a l  errors  in this  t e m p e r a t u r e  range,  b u t  i t  was  
e v i d e n t  t h a t  a change  in da/dT, m u c h  la rger  t h a n  t h e  
e x p e r i m e n t a l  error,  h a d  occurred.  

T h e  in tens i t ies  of (h00) a n d  (h/c0) ref lec t ions  also be-  
h a v e d  e r ra t i ca l ly  in this  t e m p e r a t u r e  region.  T h e y  
dec reased  r egu la r ly  as the  t e m p e r a t u r e  was  ra i sed  f rom 
- 1 8 0  °C. up  to a b o u t  - 1 3 0  °C. ; b e t w e e n  t h a t  t e m p e r a -  
t u r e  a n d  - 1 0 0  °C. changes  in in tens i t ies  of these  reflec- 
t ions  a p p e a r e d  to be  a lmos t  r a n d o m  a n d  the  v a r i a t i o n  
of these  in tens i t ies  w i t h  t e m p e r a t u r e  d id  n o t  r e s u m e  the i r  
n o r m a l  course  un t i l  t e m p e r a t u r e s  well  above  - 1 0 0  °C. 
we re  reached .  The  effect  is n o t  u n d e r s t o o d ,  t h o u g h  i t  
shou ld  be  r e m e m b e r e d  t h a t  t he  cubic  fo rm of ice is 
r e p o r t e d  to  fo rm in this  r ange  of t e m p e r a t u r e .  I t  is 
possible  t h a t  d i s tor t ions  of t he  s t r u c t u r e  in t h e  d i r ec t ion  
of t h e  cubic  fo rm were  invo lved  in t h e  a n o m a l y ;  if th is  
is so, it  is not  clear why only directions normal  to 0 are 
affected .  

T h e  c/a ra t io  of t h e  h e x a g o n a l  ice d id  n o t  show t h e  
re la t ive ly  large va r i a t i on  i nd i ca t ed  b y  t h e  d a t a  in Tab le  1. 
All the  m e a s u r e m e n t s  fal] w i t h i n  t he  r ange  1.6288 ± 0.0003, 
and ,  if t he  a n o m a l o u s  region b e t w e e n  - 100 a n d  - 130 °C. 
is n o t  cons idered ,  t he  r ange  of c/a is even  na r rower .  

The  genera l  t r ends  of our  resul ts  are  cons is ten t ,  excep t  
for  t he  a axis  a n o m a l y ,  w i t h  t he  f indings of J a k o b  & E r k .  
I t  would ,  therefore ,  be  of g rea t  in te res t  to ob ta in  measu re -  
m e n t s  of t he  la t t i ce  d imens ions  of ice a t  t e m p e r a t u r e s  
well  be low - 180 °C. to  inves t iga te  t he  nega t i ve  expans ion  
coeff ic ient  w h i c h  t h e y  r epor t ed .  
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A compar i son  of t h e  in tens i t ies  of t h e  lines in p o w d e r  
p h o t o g r a p h s  of A lP  a n d  I n P  o b t a i n e d  in this  l a b o r a t o r y  
w i t h  p rev ious ly  r e p o r t e d  va lues  (Passerini ,  1928; I an -  
delli,* 1941) has  shown  s igni f icant  d i f ferences .  W e  h a v e  
c a l c u l a t e d  t h e  intensi t ies ,  us ing the  re la t ion  

Ic =plF]2(1 + c o s  2 20)/(sin ~" 0 cos 0) 

(p = mul t ip l i c i ty ,  0 = B r a g g  angle  of ref lect ion,  [ E l =  
s t r u c t u r e  f ac to r  modu lus )  a n d  a tomic  sca t t e r ing  fac to rs  
for  n e u t r a l  a t o m s  (Internationale Tabellen zur Best immung 
yon Kristallstrukturen, 1935; T h o m a s  & U m e d a ,  1957) 
a n d  f ind a good a g r e e m e n t  w i t h  t h e  o b s e r v e d  values .  

* In  private correspondence with Prof. Iandelli we learned 
tha t  his calculated values for InP include an absorption cor- 
rection with /~r = oo. 

T h e  r e l e v a n t  d a t a  and ,  for  comple teness ,  ana logous  d a t a  
for  GaP ,  are  r e p o r t e d  in Tab l e  1. 

T h e  ca lcu la t ions  of in tens i t ies  were  done  on our  B e n d i x  
C o m p u t e r ,  Model  G--15-D, b y  Mr F.  W.  K u h l m a n ,  w h o m  
we wish  to  t h a n k .  
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A l P  

hkl Io Ic x 10 -a 
111 vvs 866 
200 - -  3 
220 vs 568 
311 s 339 
222 - -  53 
400 vw 88 
331 ms 136 
420 - -  < 1 
422 ms 250 

511+333 w 83+28 
440 vvw 72 
531 ms 146 

600+ 442 - -  O+ 44 
620 ms 157 
533 vw 95 
622 - -  64 
444 w 143 

711 + 551 
640 
642 

Tab le  1. X-ray  data* 
GaP InP  

r ^ , r 

Io Ic × 10 -a" Io Ic x 10 -a 
vs 2,933 vs 8,952 
vvw 399 ms to w 2,236 
s 1,688 s 4,931 
ms 1,136 s 4,040 

- -  138 vw 684 
vvw 281 w 791 
w 442 ms 1,606 

- -  104 w 778 
w 604 ms 1,694 
vs 281 + 94 ms 939 + 313 
vww 225 w 579 
w 523 ms 1,488 

- -  17+ 111 w 98+436 
w 520 ms 1,089 
vw 351 w 777 

- -  160 vw 471 
vvw 425 vvw 459 

ms 1,081 + 1,081 
w w  627 
s 6,040 

(v ---- very;  s = strong; w = weak; m ---- moderately).  

* The lattice constants are, in the order: AlP a0= 5.451 _+ 0.004 A (present determination.  Cf. White & Bushey, 1944); GaP 
a0=5.4505 A and InP a0=5.8687 A (Giesecke & Pfister, 1958). 


