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Résumé 

L ' e a u  l i q u i d e  p e u t  ê t r e  a i s é m e n t  v i t r i f i é e  e n  u n e  f o r m e  f a v o r a b l e  à 
l a  c r y o - m i c r o s c o p i e  é l e c t r o n i q u e .  La g l a c e  c u b i q u e  p e u t  a u s s i  ê t r e  
o b t e n u e  p a r  r e f r o i d i s s e m e n t  r a p i d e  du  l i q u i d e .   e eau v i t r e u s e  
o b t e n u e  à p a r t i r  d u  l i q u i d e  e t  l ' e a u  amorphe  s o l i d e  (H20as) o b t e n u e  
p a r  c o n d e n s a t i o n  d e  l a  v a p e u r ,  s e m b l e n t  ê t r e  i d e n t i q u s s u r  l a  b a s e  d e  
l e u r s  d i f f r a c t o g r a m m e s ,  d e  l e u r  t e m p é r a t u r e  d e  c r i s t a l l i s a t i o n  e t  d e  
l e u r  d e n s i t é .  La g l a c e ,  a u - d e s s u s  d ' e n v i r o n  7 0  K ,  e s t  t r b s  
r é s i s t a n t e  à l ' i r r a d i a t i o n  é l e c t r o n i q u e  m a i s ,  e n  d e s s o u s  d e  c e t t e  
t e m p é r a t u r e ,  e s t  t r a n s f o r m ' e  p a r  u n e  d o s e  d e  s e u l e m e n t  q u e l q u e s  5 c e n t a i n e s  d ' g l e c t r o n s  p a r  nm , e n  une  s u b s t a n c e  amorphe  r e s s e m b l a n t  3 
l ' e a u  v i t r i f i g e .  
A b s t r a c t  

L i q u i d  w a t e r  c a n  e a s i l y  b e  v i t r i f i e d  i n  a  f o r m  s u i t a b l e  f o r  c r y o -  
e l e c t r o n  m i c r o s c o p i c a l  o b s e r v a t i o n s .  C u b i c  i c e  c a n  b e  f o r m e d  b y  
r a p i d  c o o l i n g  o f  t h e  l i q u i d .  A s  j u d g e d  by  a  c o m p a r i s o n  o f  t h e  
e l e c t r o n  d i f f r a c t o g r a m s ,  by t h e  d e t e r m i n a t i o n  o f  t h e  c r y s t a l l i z a t i o n  
t e m p e r a t u r e  a n d  by  d e n s i t y  m e a s u r e m e n t s ,  v i t r i f i e d  w a t e r  o b t a i n e d  by 
c o o l i n g  t h e  l i q u i d  a p p e a r s  i d e n t i c a l  t o  s o l i d  amorphous  w a t e r  (H20as)  
o b t a i n e d  by v a p o u r  c o n d e n s a t i o n .  I c e  i s  r e s i s t a n t  t o  t h e  e l e c t r o n  
beam a b o v e  Ca. 70 K b u t  b e l o w  t h i s  t e  p e r a t u r e ,  f o r  a n  i r r a d i a t i o n  o f  
some h u n d r e d s  o f  e l e c t r o n s  p e r  nm9, i t  i s  t r a n s f o r m e d  i n t o  a n  
a m o r p h o u s  s u b s t a n c e ,  s i m i l a r  t o  v i t r i f i e d  w a t e r .  

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

The i d e a  o f  s o l i d i f y i n g  w a t e r  o r  a q u e o u s  s u b s t a n c e s  w i t h o u t  c h a n g i n g  
t h e i r  s t r u c t u r e  h a s  s t i m u l a t e d  s c i e n c e  f i c t i o n  w r i t e r s ,  p h i l o s o p h e r s  
a n d  s c i e n t i s t s .  U n t i l  r e c e n t l y  i t  was t h e  l a t t e r  who g o t  t h e  
s m a l l e s t  r e t u r n  f o r  t h e i r  e f f o r t s :  l i q u i d  w a t e r  a l w a y s  c r y s t a l l i z e d  
when c o o l e d  i n t o  a  s o l i d .  T h i s  u n s u c c e s s  l e d  t o  t h e  i d e a  t h a t  
v i t r i f i c a t i o n  o f  l i q u i d  w a t e r  is  f u n d a m e n t a l l y  i m p o s s i b l e  and  t h a t  
t h e r e  i s  n o  c o n t i n u o u s  r e l a t i o n s h i p  b e t w e e n  t h e  l i q u i d  s t a t e  a n d  
s o l i d  smorphous  w a t e r  o b t a i n e d  b y  v a p o u r  c o n d e n s a t i o n  [Review i n  
(111 . I n  1980 B r f i g g e l e r  and  Mayer ( 2 )  c h a n g e d  t h e  s i t u a t i o n  i n  
s u c c e e d i n g  t h e  v i t r i f i c a t i o n  o f  s m a l l  w a t e r  d r o p l e t s  b y  s p r a y i n g  them 
a t  h i g h  p r e s s u r e  i n  a  c r y o g e n .  S h o r t l y  a f t e r  a n d  i n d e p e n d e n t l y  we 
f o u n d  a n o t h e r  method  e s p e c i a l l y  s u i t a b l e  f o r  e l e c t r o n  m i c r o s c o p i c a l  
work ( 3 ) .  The o l d  h y p o t h e s i s  t h a t  w a t e r  v i t r i f i e s  when t h e  c o o l i n g  
r a t e  i s  h i g h  enough  was t h u s  c o n f i r m e d .  I t  i s  t h e  good f o r t u n e  o f  
t h e  e l e c t r o n  m i c r o s c o p i s t  t h a t ,  r e d u c i n g  s a m p l e  s i z e  i n  o r d e r  t o  
i n c r e a s e  t h e  c o o l i n g  s p e e d ,  v i t r i f i c a t i o n  becomes e a s y  j u s t  when t h e  
d i m e n s i o n s  o f  t h e  s p e c i m e n  a r e  t h o s e  s u i t a b l e  f o r  e l e c t r o n  
m i c r o s c o p y .  T n i s  s i t u a t i o n  o p e n s  a  new a n d  b e a u t i f u l  f i e l d  f o r  
e l e c t r o n  m i c r o s c o p y  (4,5). It h a s  a l s o  a l l o w e d  u s  t o  g a t h e r  some new 
o b s e r v a t i o n s  on s o l i d  w a t e r .  Most o f  them h a v e  b e e n  p u b l i s h e d  b u t ,  
i n  j o u r n a l s  w h i c h  a r e  n o t  a l w a y s  a c c e s s i b l e  t o  t h e  s p e c i a l i s t s  
( 6 , 7 , 8 , 9 ) .  I n  t h e  p r e s e n t  a r t i c l e  we h a v e  p u t  t o g e t h e r  a l 1  o u r  
o b s e r v a t i o n s  on p u r e  w a t e r ,  a n d  complemented  some o f  them.  
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Vitrification of Liquid Water 

Among several variants that we use routinely, the following method is 
the simplest to describe. A copper grid (hole dimension: 100 pm) is 
held by tweezers fixed on a guillotine about 10 cm above a small 
recipient containing two cm3 of liquid ethane cooled in a bath of 
liquid nitrogen. The cleaned copper grid is uncoated. A drop of 
pure water or of any aqueous solution is put on the grid, most of it 
is removed by pressing a blotting psper towards the grid for about 1 
sec and the guillotine is released allowing the grid to fa11 down 
into the cryogen. The grid is then transferred to liquid nitrogen 
(where it can be stored) and from there into the cryo-specimen holder 
where it is kept cold during transfer and subsequent observation in 
the electron microscope. With this method many squares of the grid 
are filled with a thin vitrified water layer of usable thickness 
(less than 200 nm). Other variants of the method consist in using a 
grid coated with a perforated carbon film. The thin water layer is 
then formed across the Ca. 2,um diameter holes of the carbon film. A 
thin and uniform water layer can also be obtained on a continuous 
carbon film, pretreated by a glow discharge in alkylamine vapour 
(10). Finally, small water droplets can be sprayed on a hydrophilic 
carbon film and immersed into the cryogen within the next 100th of s 
second (6). Al1 these methods can be used routinely with a success 
rate comparable to the most traditional electron microscopy specimen 
preparation procedures. 

General Properties 

Three forms of solid water are seen by electron microscopy. They are 
depicted, together with their electron diffractogram, in Fig.1. 
a) Hexagonal ice crystals are always relatively large (/um), they are 
rich in visible structures like grain boundaries, bent contours and 
dislocation networks. By electron diffraction they present several 
reflections which are typical for this form of ice [ (100) 
corresponding to a plan spacing of 0.389 nm and (101) corresponding 
to 0.343 nm]. b) Cubic ice crystals are always in the 100 nm range, 
leading to a grainy appearance in the direct image. They present 
thus a powder electron diffractogram. It should be noticed that al1 
the reflections of cubic ice also exist in hexagonal ice and it is 
therefore the absence of some reflections of hexagonal ice, such as 
those mentioned above, which allows the unambiguous characterization 
of the cubic form. Noteworthy is also the shoulder on the inside of 
the first ring ( 1 1 1 )  suggesting a minor contribution of the (100) 
reflection of hexagonal ice. Juding by the width of the rings, we 
have never detected cubic ice crystals smaller than Ca. 30 nm. c) As 
expected, vitreous ice is characterized in the direct image by its 
total absence of structure. Indeed, down to a resolution of 2 nm the 
photographic grain distribution in a micrograph of a thin layer of 
vitrified water is indistinguishable from the distribution obtained 
by irradiating the photographic film in absence of a specimen (of 
course vitrified wster has a normal electron scattering cross- 
section). By electron diffraction, amorphous ice has, however, a 
very characteristic structure formed by a number of diffused rings 
with well-defined radius and width (see below). 
When pure water is prepared as described above, the regions of the 
specimen with a thickness adequate for electron microscopy are 
generally vitrified. The thicker regions which are at the limit of 
visibility in the electron microscope at the voltage we are using (up 
to 120 kV), are frequently crystallized. From this, we infer that 
the method is capable of vitrifying water up to the micrometer range. 



F i g u r e  1  T y p i c a l  i m a g e s  a n d  e l e c t r o n  d i f f r a c t o g r a m s  o f  t h e  t h r e e  
f o r m s  o f  i c e  t h a t  c a n  b e  o b s e r v e d  i n  t h e  e l e c t r o n  m i c r o s c o p e .  The 
d i r e c t  i m a g e s  a r e  p r i n t e d  a t  a  m a g n i f i c a t i o n  o f  x  1 0 , 0 0 0  ( a , b )  a n d  x 
1 0 0 , 0 0 0  ( c l .  ( a )  H e x a g o n a l  i c e  o b t a i n e d  by  r a p i d  f r e e z i n g  o f  a  t h i n  
w a t e r  l a y e r  s p r e a d  on  a  c a r b o n  f i l m .  The t h i c k n e s s  o f  t h e  l a y e r  
shown on  t h e  m i c r o g r a p h  i s  50-80 nm. The d i f f r a c t o g r a m s  w h i c h  a r e  
t a k e n  f rom o t h e r  s p e c i m e n s  show t h e  ( 1 1 0 )  a n d  ( 1 0 1 )  p l a n e s .  ( b )  
C u b i c  i c e  o b t a i n e d  b y  warming a  l a y e r  o f  s o l i d  amorphous  w a t e r .  The 
weak c o n t r i b u t i o n  o f  t h e  ( 1 0 0 )  f o r m  o f  h e x a g o n a l  i c e ,  h a s  b e e n  marked 
o n  t h e  d i f f r a c t o g r a m  ( a r r o w ) .  The l a y e r  i s  a p p r o x i m a t e l y  7 0  nm 
t h i c k .  ( c )  V i t r i f i e d  t h i n  l a y e r  o f  p u r e  w a t e r .  The t h i c k n e s s  i s  
a p p r o x i m a t e l y  70 nm. 
(From ( 6 )  w i t h  m o d i f i c a t i o n s .  
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When the specimen is prepared under suboptimal freezing conditions, 
in particular when the cryogen is not at a low enough temperature, 
vitrification is not or only partially achieved. Fig.2 is an example 
of this frequently observed situation in which hexagonal, cubic and 
vitreous ice coexist. Of special interest is the presence of cubic 
ice under these conditions. It demonstrates that this form of ice, 
previously thought to be obtained only by crystallization of solid 
amorphous water (H2OaS), can also be obtained by rapid cooling. In 
general, cubic ice occupies a small portion of the surface of the 
specimen, between zones of hexagonal and of vitreous ice. This 
observation could support the hypothesis that cubic ice formation is 
a preliminary step in the formation of hexagonal ice. The islands of 
hexagonal ice lost in a sea of vitreous ice probably indicate some 
heterogeneous nucleation phenomenon. They resemble, though on a 
smaller scale, the spherulites that Luyet liked so much (11). 

Vitreous ice crystallizes into cubic ice upon rewarming. We have 
found ( 6 )  that the crystallization temperature Tc is around 135 K and 
is dependent on the warming rate, in agreement with X-ray 
measurements made on amorphous solid water (H O ) by Dowell and 
Rinfret (12). We should note, however, that2t'% specimen in an 
electron microscope is a difficult place to make precise temperature 
measurements. Consequently we do not attribute too much value to our 
measurements in the debate on T (see 13). What we see 
unambiguously, however, is that cryStallization has the clear-cut 
properties of a phase transition. Watching the transition on the 
direct image shows the sudden appearance of cubic crystals which, 
once formed, remain unchanged upon further warming. The effect is 
even more obvious in the electron diffractogram where the diffuse 
rings of vitreous ice fade away while being replaced by the sharp 
rings of cubic ice, instead of the diffuse rings getting sharper and 
sharper until they are transformed into the cubic ice pattern. This 
fact is a strong indication that the formation of a cubic ice crystal 
is a sudden phenomenon after an interna1 energy threshhold is 
attained and it involves a volume of at least 30 nrn in diameter. 
Once the cubic ice crystals are formed, there is very little further 
change upon warming until evaporation becomes significant sround 170 
K. Measurements of the evaporation rate, though also suffering from 
the uncertainty of temperature measurements, are compatible with the 
known data on partial pressure of water at these low temperatures 
(6). In psrticular, we see no significant difference in the 
evaportion rate of cubic and of hexagonal ice. 

Comparison of Vitrified Liquid Water and H,Oas 
L 

A layer of H Oas is easily formed in the electron microscope. In 
fact, and wizhout special precaution, residual water vapour, in the 
specimen chamber of the cryo-electron microscope, condenses on the 
cold specimen and forms an undesirable contaminating layer. In order 
to avoid this effect, we have built a special anticontamination trap, 
which limits this condensation to a negligible amount. This being 
established, it is easy to form thin layers of pure H O obtained by 
vapour condensation on a very thin carbon filn (negl?g'?gle compared 
to water) and to compare them with uncontaminated thin layers of 
vitrified liquid water. These two forms of water appear to be 
identical in al1 the aspects we have explored in the electron 
microscope (6,7,8). in particular: 

1. The position and width of the first three rings in the electron 
diffractogram of the thin specimen are shown in Figure 3. This 
cornparison is objective in the sense that it is made on the basis of 



F i g u r e  2 Th in  l a y e r  o f  s o l i d  w a t e r  a t  t h e  edge  o f  a  g r i d  h o l e .  The 
w a t e r  fo rms  h e x a g o n a l ,  c u b i c  c r y s t a l s  o r  i s  v i t r i f i e d  i n  t h e  r e g i o n s  
marked H , C  and V r e s p e c t i v e l y .  A s p h e r u l i t e  i s  marked S.  The 
t h i c k n e s s  i s  e s t i m a t e d  t o  be  a round  100 nm i n  t h e  r e g i o n  marked by 
one  s t a r  and 300 nm i n  t h e  r e g i o n  marked by two s t a r s .  
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F i g u r e  3  C h a r a c t e r i z a t i o n  o f  t h e  e l e c t r o n  d i f f r a c t o g r a m  o f  v i t r i f i e d  
l i q u i d  w a t e r  a n d  s o l i d  amorphous  w a t e r  (H O ) o b t a i n e d  b y  v a p o u r  
c o n d e n s a t i o n .  The o p t i c a l  d e n s i t y  o f  t h e  g l g z t r o n  d i f f r a c t o g r a m  o f  
v i t r i f i e d  w a t e r  i s  shown i n  A w h e r e  t h e  f i r s t  t h r e e  r i n g s  a r e  m a r k e d .  
A f t e r  r e w a r m i n g  a b o v e  t h e  c r y s t î l l i z a t i o n  t e m p e r a t u r e ,  t h e  l a y e r  
e x h i b i t s  t h e  p a t t e r n  o f  c u b i c  i c e  shown i n  B. The r i n g  ( 2 2 0 )  
c o r r e s p o n d i n g  t o  a  p l a n e  s p a c i n g  o f  0 . 2 2 5  nm i s  u s e d  f o r  
c a l l i b r a t i o n .  F o r  c l a r i t y ,  t h e  c u r v e s  A and  B h a v e  b e e n  t r a n s l a t e d  
v e r t i c a l l y .  

V i t r i f i e d  L i q u i d  

P o s i t i o n  FWHM P o s i t i o n  FWHM 

Ring  1 2 . 6 7 + 0 . 1 0  0 . 6 3 + 0 . 1 2  2 .68+0.06  0 .56+0.  I O  
Ring  2  4 . 3 5 + 0 . 1 3  0 . 9 6 + 0 . 3 4  4 . 4 6 + 0 . 1 3  0.91'0.28 

Ring  3  7 . 0 4 + 0 . 3 0  1 . 4 1 + 0 . 5 1  7.04+0.30 1 .30+0.09  

The t a b l e  g i v e s  t h e  a v e r a g e  p o s i t i o n  a n d  t h e  f u l l  w i d t h  a t  h a l f  
maximum (FWHM) f o r  t h e  t h r e e  r i n g s  i n d i c a t e d  i n  c u r v e  A f o r  v i t r i f i e d  
l i q u i d  w a t e r  a n d  f o r  s i m i l a r  d i f f r a c t o g r a m s  o b t a i n e d  f r o m  H O I n  
b o t h  c a s e s ,  5  e l e c t r o n  d i f f r a c t o g r a m s  r e c o r d e d  a t  8 0  kV w i $ h a 8 j 0  mm 
c a m e r a  l e n g t h  w e r e  d i g i t i z e d  w i t h  a n  O p t r o n i c s  P h o t o s c a n  P-1000 w i t h  
0 . 1  mm r a s t e r  s i z e .  An i t e r a t i v e  p r o c e s s  f i t s  t h e  e x p e r i m e n t a l  c u r v e  
o b t î i n e d  a f t e r  o n e  d i m e n s i o n a l  r e d u c t i o n  o f  t h e  t w o  d i m e n s i o n a l  s e t  
o f  d a t a ,  w i t h  a  sum o f  3  û a u s s i a n  c u r v e s  a n d  a n  i n v e r s e  s e c o n d  o r d e r  
p o l y n o m i a l  w h i c h  r e p r e s e n t s  t h e  b a c k g r o u n d .  The s t a r t i n g  v a l u e  f o r  
t h e  i t e r a t i v e  p r o c e d u r e  i s  t a k e n  f r o m  a n y  r e a s o n a b l e  a p p r o x i m a t i o n .  
I t  c o n v e r g e s  r a p i d l y  t o w a r d s  a  s i n g l e  s o l u t i o n .  T h e , t î b l e  g i v e s  t h e  
s v e r a g e  c e n t e r  p o s i t i o n  a n d  FWHX e x p r e s s e d  i n  nm- ( / d ) ,  f o r  t h e  3  
f i t t e d  Ûau s i a n  c u r v e s .  A f o u r t h  weak r i n g  i s  d i s t i n g u i s h a b l e  a t  a  9 c a .  8 . 2  nm- . 
(Redrawn f r o m  ( 8 )  w i t h  m o d i f i c a t i o n s . )  



an objective test described in the Figure Legend. It is found that 
within the accuracy of the method, the diameter and the width of the 
ring are identical for the two types of specimen. 

2. The crystallization temperature of H2OaS and of tQeo vitrified 
liquid are the same to within the measurement error 3 . Here 
again we îre uncertain about the absolute value of Tc. 

3. The density of vitrified liquid water can be determined from 
contrast measurements in the image of polystyren? spheres solution. 
The value we have measured is 0.9320.02 g per cm . It agrees with 
the value of 0.9420.02 that Ûhormley and Hochanandel found by 
flotation of H2OaS (14). 

Electron Beam Damage 

When observed in a liquid nitrogen cooled specimen holder, water 
seems to be a very stable substance. An electron dose which is very 
large compared to the dose required for one micrograph must be 
applied before significant changes take place. The beam-induced 
sublimation causes about 1 water molecule to be etched away each time 
the specimen is irradiated with a dose of 100 electrons at 100 kV 
(6,151. This effect is independent of the thickness of the specimen. 
It can be interpreted as a surface phenomen in which the surface 
molecules are ejected each time they suffer an inelastic scattering 
event . 
Beam-induced crystallization has been observed between 110 K and Tc. 
It causes irradiated areas to crystallize more rapidly than 
unirradiated areas. The colder the specimen, the higher the dose 
inducing crystallization. Below 110 K the crystallization dose 
becomes so high that the specimen is etched away before 
crystallization takes place. 

Beam-induced evaporation and crystallization are not due to direct 
heating effects. This can be seen in that these effects are electron 
flux independent. They are also strictly limited to the irradiated 
area whereas heating effects would extend outside this area. The 
phenomenon of bubbling is also worth mentioning although it becomes 
important only when organic material is added to the water. It is 
not yet clear if water plays a direct role in the chemical reactions 
leading to the formation of the bubbles, or if it only prevents rapid 
diffusion of the radio-decomposition produots of the organic 
material. 

Flectron beam damage below the temperature of liquid nitrogen is very 
different from above this temperature. The first difference is 
practical: cold stages working below liquid nitrogen temperature are 
rare and generally difficult to work with. We have made our 
observations in a conventional transmission electron microscope 
equipped with a liquid helium cryostat in which the specimen is kept 
at the temperature of 4.2 K and in a scanning transmission electron 
microscope (STEM) with a cryo-specimen holder which can be coo$ed 
down to 20 K by helium gas. As is the case for most STEM, this 
machine cannot provide high resolution (sharp) electron 
diffractograms, as the angular coherence of the beam is low. 

The other difference is that water becomes very sensitive to the 
electron beam below 70K ( 9 ) :  ice crystals are destroyed by an 
electron dose-yhich, depending on the temperature, is from 200 to 500 
electron . nm . For comparison, this dose is not even sufficient to 
etch away one molecular layer at a higher temperature. This 
transformation leads to an amorphous material which has an electron 
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F i g u r e  4  Th in  l a y e r  o f  hexagona l  i c e  i r r a d i a t e d  below 70 K and 
warmed above  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e  i n  a  STEM. ( a )  D i r e c t  
image  and c o r r s p o n d i n g  e l e c t r o n  d i f f r a c t o g r a m  o f  t h e  o r i g i n a l  
spec imen r e c o r d e d  a t  40 K .  ( b )  Same r e g i o n  a f t e r  i r r a d i a t i o n  a t  4 4 K. The a r e a  w i t h i n  t h e  s m a l l  r e c t a n g l e  h a s  r e c e i v e d  5000 e . -?min and  t h e  a r e a  w i t h i n  t h e  l a r g e  r e c t a n g l e  h a s  r e c e i v e d  1000 e . nm 
a d d i t i o n .  The e l e c t r o n  d i f f r a c t o g r a m  o f  t h e  dashed  c i r c l e  i s  shown 
i n  t h e  i n s e r t .  ( c )  Same sample  a f t e r  warming a t  a b o u t  155 K .  Arrows 
mark t h e  o r i g i n a l  b e n t  c o n t o u r s  which  r e a p p e a r  i n  t h e  i n t e r m e d i a t e  
r e g i o n .  The d i f f r a c t o g r a m  o f  t h e  dashed  c i r c l e  a l s o  shows t h e  
r e a p p e a r a n c e  o f  t h e  o r i g i n a l  h e x a g o n a l  c r y s t a l  and  c u b i c  i c e .  ( d )  
E n l a r g e d  v iew o f  t h e  c e n t r e  o f  t h e  f i e l d  shown i n  ( c ) .  The c e n t r a l  
r e g i o n  h a s  t h e  g r a i n y  s t r u c t u r e  o f  c u b i c  i c e .  The e l e c t r o n  
d i f f r a c t o g r a m  o f  t h e  dashed  a r e a  is  c h a r a c t e r i s t i c  f o r  c u b i c  i c e .  
The b a r  r e p r e s e n t s  lpm. A l 1  t h e  d i f f r a c t o g r a m s  a r e  a t  t h e  same s c a l e  
g i v e n  by t h e  p o s i t i o n  oq t h e  2nd r i n g  o f  c u b i c  i c e  [ a r r o w  i n  ( d ) ]  
c o r r e s p o n d i n g  t o  4.44 nm- . 



diffractogram undiscernible from the one of vitrified water. This 
effect takes place with hexagonal as well as with cubic ice and makes 
that ice crystals are, at low temperature, as delicate as typical 
organic crystals or biological structures. The only explanati~n we 
can propose for this remarkable change is that the apparent high beam 
resistance of ice observed at higher temperatures, is due to a 
restoration mechanisn which reforms the original structure after the 
molecule has been displaced or broken by the interaction with the 
electron. Below 70X the mechanism is blocked at some intermediate 
stage, thus leaving the damage in the crystal. 

The fate of an ice crystal made amorphous by electron irradiation 
below 70K and rewarmed up to its crystallization temperature is also 
interesting. jfter large enough electron irradiation (above 2000 
electrons . nm- ) ,  the beam-induced wvitrifiedw ice devitrifies upon 
rewarming as normal H O . When, however, irradiation is limited to 
the dose necqssary fo2 a?itrification" but not much more (500 to 2000 
electron.nm- 1,  a new phenomenon takes place: when beam-induced 
"vitrifiedW hexagonal ice crystals are rewarmed above T 
crystallization does not lead to the usual transformation into smaEi 
cubic ice crystals, but to the restoration of the original hexagonal 
crystals. This phenomenon is illustrated in Fig.4 where a thin layer 
of hexagonal ice crystals spread on a thin carbon film is observed in 
the scanning transmission electron microscope. Before irradiation, 
the hexagonal crystals present a rich pattern of bent contours and 
sharp reflections in the diffractogram. After irradiation at about 
40 K, the irradiated region is amorphous but its surroundings remain 
crystalline. The specimen is then rewarmed to about 155K and the 
following transformations take pl2ce: The central region, irradiated 
with a dose of 5000 electrons.nm- takes on the grainy appearance of 
cubic ice, a structure which is confirmed by the electron 
diffractogram. The original bent contour reappears in the 
intermediate regisn where the specimen was irradiated with 1000 
electrons . nm . The electron diffractograms confirm the 
reappearance of the original reflections. In this experiment, where 
the original hexagonal ice crystal is reformed upon rewarming of the 
"vitrifiedu sample, the memory of the original state is not kept in 
the non-irradiated part of the original crystal but is inside the 
apparently amorphous substance. This can be demonstrated when the 
experiment is made on isolated hexagonal crystals which, after they 
have been transformed over their whole surface, can still be restored 
upon warning. 
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