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ABSTRACT 

Part A of this thesis describes a liquid helium stage 

for the Philips E.M. 300 electron microscope. The stage 

which makes use of an external reservoir for liquid helium 

enables a temperature of less than 9•‹K to be obtained at 
0 

the specimen with a resolution of 60 A. Helium consumption 

of the stage is relatively low at 1.4 litres per hour. 

Part B describes high energy transmission electron 

diffraction and microscope studies of the following rare- 

earth metals, Gd, Tb, Dy, Ho, Er and Tm, the films being 

made by means of vapour deposition. 
0 

Films less than 200 A thick had face-centred-cubic 

structures whereas in the thicker films the hexagonal-close- 

packed structures of the metals in bulk were observed. 

Arguments are presented which indicate that the f.c.c. 

phase is the metal itself and not a chemical compound which 

occurs because of contamination of the film. For the case 

of erbium, experiments performed involving electrical con- 

ductivity and the weight increase which occurs when this 

phase is oxidized to Er 0 shows that the phase is a new 
2 3 

form of metallic erbium and is not ErO as suggested by ano- 

ther worker. 



The lattice parameters of the face-centred-cubic forms 

of Gd, Tb, Dy, Ho, Er and Tm were found respectively to be 
0 

5.40, 5.20, 5.18, 5.15, 5.05 and 5.06 A ,  the error being 

approximately - + 1%. 

Oxidation of the films was observed in the vacuum in 

which they were deposited and also under the influence of 

the electron beam of the electron microscope. Arguments are 

presented to show that the space group of Er203 has Th 7 

symmetry and not T~ as suggested by another author. A 

comment is made which casts doubt on the validity of recent 

electron microscope observations of gadolinium monoxide and 

a related lower oxide carried out by other workers. 
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CHAPTER I 

INTRODUCTION 

PART A .  A LIQUID HELIUM STAGE FOR THE PHILIPS E.M. 300 

ELECTRON MICROSCOPE 

Electron microscopy at low temperatures has been demonstrated 

to be a useful tool for the study of superconducting materials 

(Watanabe and Ishikawa, 1967), solidified gases and temperature 

dependence of the absorption phenomena (Watanabe, 1965). While 

liquid helium stages have been constructed for other microscopes, 

no such stage has been reported for the Philips E.M. 300 electron 

microscope. The first part of this thesis describes a liquid 

helium stage built for the Philips microscope. 

The main problem of designing a low temperature stage for 

this microscope is that the space available for such a stage is 

much smaller than the corresponding spaces available in other 

electron microscopes for which low temperature stages have 

been designed. In these microscopes the specimen is inserted 

into the bore of the objective lens via an airlock above the 

upper polepiece. A large amount of space is available in the 

region of the air-lock thus it is a relatively easy task to in- 

stall a liquid helium cooling device. In the Philips microscope 

the objective lens coil is mounted above the upper pole piece 

of the objective lens hence for the low temperature stage 



described in this thesis, the specimen, the tube for the liquid 

helium, the radiation shield for the specimen and the objective 

aperture are all situated between the objective lens pole 

pieces which have a separation of only 7 mm. For the purposes 

of comparison with the present stage some helium stages de- 
I 

signed for other microscopes will now be described. 

The first liquid helium stages developed sacrificed some 

of the conveniences of room temperature stages in the process 

of obtaining low temperatures. Thus the stages designed by 

Piercy et al., (1963) , Cotterill (1964) , ~aldrs and Goringe 
(1965) and Boersch et al., (1966/67) did without the specimen 

exchange mechanism, and only the stage of ~aldrs and Goringe 

(1965) tilted about two axes. Venables' (1963) stage, retained 

the specimen exchange mechanism and one tilt axis, but the 

specimen drift was quite severe. 

Piercy's apparatus involved the modification of a Siemens' 

1 cold finger, to allow liquid helium to flow to the end of the 

I cold finger. Thermal contact between the specimen holder and 

I cold finger was maintained by soldering the two together in 
I situ. However, this method of securing thermal contact ruled 
i 

out the possibility of tilting. Experiments involving con- 
1 

j densed gases indicated that specimen temperatures of about 20•‹K 
I 
i could be obtained with a helium consumption of 10 litres per 
I 
I hour, which is a relatively high rate. ~aldrs and Goringe 
I \ (1965) retained the tilting mechanisms (+ 7 O )  and connected - 

I 

I 
I 



a liquid helium transfer line to a hollowed-out specimen 

holder. By regulating the helium flow and by the addition of 

a small heater they were able to obtain a temperature range 

of 5 to 300•‹K. Helium consumption was approximately 5 litres 

per hour when the specimen temperature was maintained at 5OK. 

Cotterill also employed the technique of circulating liquid 

helium within the specimen holder itself but instead of using 

a transfer tube the liquid helium was stored in a dewar system 

located just outside the microscope column and connected to 

the microscope vacuum system. 

The first stage designed by Venables (1963) used a liquid 

helium storage cryostat and retained the exchange mechanism, so 

that specimens could be changed without having to warm the 

cryostat and break the vacuum of the microscope. In this case 

the specimen holder was dropped from the exchange mechanism into 

a conical holder, cooled by the flow of liquid helium in a small 

tube coiled around the stage. The flexibility of the tubing 

allowed translation and tilting about one axis (+ 10'). Tempera- - 
tures down to 15OK were obtained with no specimen contamination. 

0 

Micrographs have been taken at 4.2OK with 50 A resolution 

using a highly stable stage designed by Boersch et al., (1966/67) 
i 

\ in which liquid helium is actually stored in a container around 
I the specimen, the exhaust helium gas being used to cool a radi- 
1 ation shield. This stage does not include a tilting mechanism; 

\however, a more elaborate version of this type of stage by 



Kitamura et al., (1964) does allow tilting via a gimbal system 
0 

and a resolution of 30 A down to 4.2OK is claimed. Watanabe 

and Ishikawa (1967) have produced a stage which retains the 

specimen exchange mechanism in which liquid helium circulates 

in flexibletubing coiled around the specimen holder, as in 

Venables' first design. Temperatures down to 4.2OK are possible. 

A later stage by Venables et al., (1968) retains the specimen 

exchange mechanism, has two axes of tilt (+ - 8O), and is a highly 
stable stage which will operate at temperatures between 4.2OK 

0 

and 50•‹C. A resolution of 25 A is claimed for work on solidi- 

fied gases. ~aldr6 and Goringe (1970) also have produced an 

improved stage with similar performance to that of the previous 

version but which includes the possibility of changing specimens 

through a small airlock without breaking the microscope vacuum. 

The best helium stages described above are versatile, 

retaining such features as specimen tilt about two axes, specimen 
0 

exchange via an airlock and have resolving powers of about 25 A 

at specimen temperatures as low as 4.2OK. The stage designed 
0 

in the present work has a resolution of about 60 A at specimen 

temperatures of g0K and does not include a specimen tilting or 

exchange mechanism. Hence, this stage does not match the versa- 

tility or performance of the above mentioned stages but shows 

that it is possible to build a liquid helium stage for the 

Philips E.M. 300 electron microscope despite the very small 

1 amount of space available in the specimen area. 
I 



CHAPTER I1 

CONSTRUCTION OF THE STAGE 

There are two types  of l i q u i d  helium s t a g e s ;  one inc ludes  

a sma l l  hel ium s t o r a g e  v e s s e l  e i t h e r  i n s i d e  t h e  microscope 

(Boersch e t  a l . ,  1966/67) o r  o u t s i d e  t h e  microscope (Venables, 

1963) t o  which t h e  specimen h o l d e r  i s  a t t a c h e d ,  and ano the r  i s  

t h e  t r a n s f e r  t ype  i n  which helium i s  t r a n s f e r r e d  cont inuous ly  

from a l a r g e  dewars v e s s e l  t o  coo l  t h e  specimen. The helium 

s t o r a g e  type  us ing  a 700cc c r y o s t a t  l o c a t e d  j u s t  o u t s i d e  t h e  

microscope column w a s  adopted f o r  t h i s  work s i n c e  it has  s e v e r a l  

advantages  over  t h e  t r a n s f e r  type .  

The s t o r a g e  type  i s  more convenien t  t o  u se  s i n c e  t h e  l a r g e  

dewars v e s s e l  con ta in ing  t h e  l i q u i d  helium and t h e  t r a n s f e r  

tub ing  which t a k e s  up a cons ide rab le  amount o f  space  can be 

removed from t h e  v i c i n i t y  of  t h e  e l e c t r o n  microscope b e f o r e  

e l e c t r o n  microscope o b s e r v a t i o n s  are begun. Furthermore,  t h e  

t r a n s f e r  t u b e  used f o r  t h e  t r a n s f e r  t ype  s t a g e  i n t r o d u c e s  a 

l a r g e  moment arm t o  t h e  microscope which can be t h e  source  of 

troublesome v i b r a t i o n s .  Another advantage o f  u s ing  a helium 

s t o r a g e  v e s s e l  i s  t h e  very  low helium consumption of t h i s  type  

of s t a g e .  The d i r e c t  t r a n s f e r  s t a g e s  des igned  by P i e r c y  e t  a l . ,  

(1963) and by Valdrb and Goringe (1965) u se  10 l i t r e s  pe r  hour 1 
? 
i and 4-5 litres p e r  hour  r e s p e c t i v e l y ,  w h i l e  t h e  s t a g e  of  Boersch 



e t  a l . ,  (1966/67) which uses a  l i q u i d  helium s to rage  v e s s e l  

loca ted  i n s i d e  t h e  microscope consumes only 1 .5  l i t r e s  per hacr  

The lowest helium consumption seems t o  be t h a t  f o r  t h e  s t a g e  

b u i l t  by Venables e t  a l .  , (1968) which inc ludes  an 800cc l i q u i d  

helium c r y o s t a t  s i t u a t e d  j u s t  i n  f r o n t  of  t h e  microscope sup- 

ported on a  b racke t  a t tached t o  t h e  lower p a r t  of t h e  microscope 

column. Runs of up t o  10 hours a t  l i q u i d  helium temperatures 

with one f i l l i n g  of t h e  c r y o s t a t  a r e  poss ib le .  

A l i q u i d  helium s to rage  v e s s e l  surrounding t h e  specimen 

i n s i d e  t h e  microscope i s  ru led  o u t  f o r  t h e  P h i l i p s  machine 

because of the  small  amount of space a v a i l a b l e .  The low tempera- 

t u r e  s t a g e  and l i q u i d  helium c r y o s t a t  produced i n  t h e  p r e s e n t  

work w i l l  now be descr ibed.  

The specimen s t a g e  c o n s i s t s  of t h e  o l d e r  type P h i l i p s  tilt 

s t a g e ,  p a r t  number PW 6501, with a modified specimen support  and 

a  hole  d r i l l e d  h o r i z o n t a l l y  through one s i d e  t o  br ing  i n  the  

helium tubes  and assoc ia ted  s h i e l d i n g  from t h e  c r y o s t a t .  The 

c r y o s t a t ,  t h e  lower s e c t i o n  of which i s  shown i n  f i g u r e  1, i s  

made of s t a i n l e s s  s t e e l  and s i ts  on a s t a n d  bes ide  t h e  micro- 

scope column ( see  f i g u r e  2 ) .  I t  c o n s i s t s  of an o u t e r  v e s s e l  A ,  

i n  which a r e  loca ted  c o n c e n t r i c a l l y  t h e  v e s s e l s  B and C contain-  

ing l i q u i d  n i t rogen  and helium respec t ive ly .  

Liquid helium flows through t h e  i6 th-inch-diameter cupro- 

n icke l  tube D t o  a  copper end plug E ,  an enlarged t o p  s e c t i o n a l  

view of which i s  shown i n  t h e  upper p a r t  of f i g u r e  1, and back 



F I G U R E  1: Sect ion  of t h e  lower p a r t  of t h e  l i q u i d  
helium c r y o s t a t .  





through an identical tube F to an outlet. 

The bottom of the nitrogen vessel B has protruding from it 

a tube G, which is soldered into the copper collar H. A well 

annealed th-inch-diameter copper tube J is threaded into H, 

a grease (Wakefield Thermal Compound No. 122) being used to 

provide a good thermal contact. An aluminum cap K with a slot 

cut out to fit over the collar is attached to the bottom of 

the nitrogen vessel by means of screws. The "0" rings which 

fit in the grooves L seal against the sides of a hole drilled 

in the stage. Thus the cryostat is connected to the vacuum 

system of the electron microscope. The one-inch-diameter pump- 

ing line M is connected to an oil diffusion pump which decreases 

the pump-down time and improves the vacuum in the vicinity of 

the specimen. 

The copper wires N shown in figures 1 and 3 are soldered 

to the copper end plug E and to the specimen holder Q (see 

figure 3); they thus conduct heat away from the specimen into 

E. This method of securing the specimen holder to the helium 

cooling tubes decreases the vibration transmitted to the specimen 

1 from boiling helium and permits specimen translation. The 

copper pieces P, shown in figure 3 are soldered to the tube J 

which is at about 77OK; thus, these pieces act as shields 

I against room temperature radiation. 
I 
i The specimen holder itself consists of a thin copper i 
1 sheet Q clamped around a piece of mica R, O.lmm thick, which 
I 



FIGURE 3 :  View of t h e  specimen chamber with 
the microscope column s p l i t  a t  t h e  
o b j e c t i v e  l e n s  l e v e l .  



i s  f a s t e n e d  o n t o  t h e  c e l e r o n  p o s t s  S by means of  b r a s s  screws 

(see f i g u r e  3 ) .  These p o s t s  a r c  g lued  i n t o  t h e  o b j e c t  p o s i t i ~ r -  

i n g  r i n g  T l o c a t e d  i n s i d e  t h e  s t a g e .  Specimen movement i s  

accomplished i n  t h e  u s u a l  way by moving t h e  o b j e c t  p o s i t i o n  

r i n g  w i t h  t h e  a i d  of two push-rods a g a i n s t  a s p r i n g  a c t i o n ;  

smooth movement is  ensured  by a g a t e  s t o n e s .  A h o l e ,  approxi-  

mately 3mrn i n  d iameter  pas se s  through bo th  Q and R and a copper 

specimen g r i d  which c a r r i e s  a t h i n  carbon f i l m  i s  mounted a c r o s s  

t h i s  h o l e  by means of Wood's me ta l  which s o l d e r s  t h e  g r i d  t o  

t h e  copper s h e e t  Q. E l e c t r o s t a t i c  charg ing  due t o  t h e  accumu- 

l a t i o n  on electr ical  i n s u l a t o r s  of  e l e c t r o n s  from t h e  e l e c t r o n  

beam is  prevented  by a c o a t i n g  of s i l v e r  p rev ious ly  a p p l i e d  t o  

t h e  mica R and t h e  c e l e r o n  p o s t s  S by means of  vacuum depo- 

s i t i o n .  The specimen is  s h i e l d e d  from room tempera ture  r a d i -  

a t i o n  and from contamina t ion  by t h e  P h i l i p s  coo l ing  b l a d e s  U 

which a r e  shown i n  t h e  withdrawn p o s i t i o n  i n  f i g u r e  3 .  When 

t h e  b l ades  a r e  advanced (see f i g u r e s  4 and 5) t h e  e l e c t r o n  beam 

passes  through t h e  h o l e  V i n  t h e  upper b l a d e  and a f t e r  t r a v e l -  

l i n g  through t h e  specimen e x i t s  through a second h o l e  i n  t h e  

lower b l ade .  The o b j e c t i v e  a p e r t u r e  h o l d e r  W i s  p o s i t i o n e d  

between t h e  o b j e c t i v e  l e n s  lower p o l e p i e c e  X and t h e  lower 

b l ade  of t h e  coo l ing  b l a d e s  U ( f i g u r e  3 ) .  A small gas  i n l e t  

tube  Y e n t e r s  t h e  microscope through a pumping h o l e  which i s  

connected t o  t h e  d i f f u s i o n  pump o f  t h e  e l e c t r o n  microscope. 

Pre l iminary  tests c a r r i e d  o u t  which w i l l  now be desc r ibed  
1 







showed t h e  e f f e c t i v e n e s s  of  t h i s  g a s  i n l e t  system. 

I n  o r d e r  t o  test  t h e  system,  t h e  microscope was s p l i t  a t  

t h e  o b j e c t i v e  l e n s  l e v e l  and t h e  t o p  of t h e  specimen s t a g e  was 

s e a l e d  by means of a  g l a s s  blank and an "0" r i n g  s o  t h a t  gas  

condensa t ion  could  be  observed v i s u a l l y .  The s t a g e  w a s  cooled 

us ing  l i q u i d  n i t r o g e n  i n s t e a d  of  helium and the g a s  i n t r o -  

duced i n t o  t h e  microscope was carbon d i o x i d e .  I n  t h e  f i r s t  

test  t h e  g a s  i n l e t  t ube  Y was n o t  i n s t a l l e d ,  t h e  carbon d iox ide  

being admi t ted  i n t o  t h e  microscope v i a  a h o l e  d r i l l e d  i n  t h e  

pumping tube  connec t ing  t h e  specimen chamber t o  t h e  d i f f u s i o n  

pump of  t h e  e l e c t r o n  microscope.  The p r e s s u r e  measured a t  t h e  

c r y o s t a t  by a  Penning gauge connected t o  t h e  pumping l i n e  M 

decreased  from - t o r r  t o  - l o m 4  t o r r  wh i l e  t h e  carbon 

d i o x i d e  was a l lowed t o  e n t e r  t h e  microscope.  A f t e r  s e v e r a l  

minutes a t  t h i s  p r e s s u r e  a  heavy wh i t e  d e p o s i t  cou ld  be  observed 

on t h e  edges  of a l l  t h e  l i q u i d  n i t r o g e n  cooled  s u r f a c e s  i nc lud ing  

t h e  edge of t h e  copper s h e e t  Q f a c i n g  t h e  pumping ho le .  How- 

e v e r ,  because of  t h e  s h i e l d i n g  e f f e c t  no obse rvab le  d e p o s i t  

formed on t h e  t o p  s u r f a c e  of  Q o r  on t h e  carbon coa t ed  copper 

g r i d  s o l d e r e d  t o  Q.  The f a c t  t h a t  no carbon d i o x i d e  was con- 

densing on the specimen w a s  v e r i f i e d  by e l e c t r o n  d i f f r a c t i o n  

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

The g a s  i n l e t  t ube  Y d i r e c t i n g  t h e  g a s  o n t o  t h e  specimen w a s  

then  f a s t e n e d  t o  t h e  g a s  i n l e t  h o l e  i n  t h e  pumping tube  by 

means o f  Torr  S e a l  and similar tests were a g a i n  c a r r i e d  o u t .  



this case a carbon dioxide deposit could be observed on the 

specimen a few seconds after turning on the gas flow and with 

a rate of flow, as judged by the opening of the needle valve, 

much smaller than for the case with the tube Y removed. Figure 

6 is a micrograph of solid carbon dioxide and figure 7 is the 

corresponding diffraction pattern taken at liquid nitrogen 

temperature. 

After the microscope column had been baked out for about 

five hours, a pressure of less than torr could be obtained 

in the microscope, the shielding being cooled to liquid nitrogen 

temperatures. Baking out the column is a standard procedure for 

the Philips microscope achieved by turning on the lens currents 

after short circuiting the water supply used to cool the lenses. 

This baking out procedure improved the vacuum and also decreased 

considerably the contamination rate on the specimen due to water 

vapour, this rate being very high immediately after the micro- 

scope had been up to atmospheric pressure. 







CHAPTER I11 

OPERATION OF THE STAGE 

111-1 Cooling Procedure 

Liquid nitrogen is poured into the reservoir B to cool 

the various radiation shields. Liquid nitrogen is also used to 

lower the temperature of the blades U. During this precooling, 

residual gases condense on the shielding and the contamination on 

the specimen is thus reduced. Liquid helium is transferred into 

the reservoir C after precooling it with liquid nitrogen. The 

helium cooled surfaces tend to reduce the pressure still further 

so that the final pressure in the specimen chamber is less thaq 

torr. 

The specimen is cooled by closing off the top of the 

liquid helium reservoir C. When this is done the pressure over 

the liquid builds up and consequently the liquid is forced 

through the tube D round the cap E and then through the exit 

tube F (see figure 1). When the top of the liquid helium 

reservoir is again opened and when the outlet tube F is closed 

the helium flow through E ceases and consequently the tempera- 

ture of the specimen increases. Condensed gases such as nitrogen 

are removed from the specimen within one minute after the supply 

of liquid helium to E is cut off. 



111-2 Performance 

The magn i f i ca t ion  of t h e  s t a g e  w a s  c a l i b r a t e d  a t  room 

tempera ture  f o r  t h e  S e l e c t e d  Area range  swi t ch  s e t t i n g s  by 

f i r s t  n o t i n g  t h e  width of  a  squa re  of  a  copper specimen g r i d  

a t  t h e  lowes t  magn i f i ca t ion  and comparing t h i s  measurement t o  

t h e  average  width  of a squa re  measured w i t h  t h e  a i d  of a  t r a v e l -  

l i n g  microscope.  A s  t h e  s i z e  of t h e  image w a s  i n c r e a s e d  t h e  

magn i f i ca t ion  was found by measuring d i s t a n c e s  on t h e  p l a t e  

between c e r t a i n  i d e n t i f i a b l e  a r e a s  on t h e  specimen. This  pro- 

duces a  rough c a l i b r a t i o n  of about  10% accuracy.  F igu re  8 shows 

t h e  r e s u l t s  a s  a p l o t  of  t h e  magn i f i ca t ion  a g a i n s t  t h e  s e l e c t e d  

area s e t t i n g  f o r  t h e  helium s t a g e .  

I n  o r d e r  t o  measure t h e  sample tempera ture ,  t h e  gases  

carbon d i o x i d e ,  k ryp ton ,  a rgon ,  n i t r o g e n  and neon were i n t r o -  

duced i n t o  t h e  microscope through t h e  t ube  Y v i a  an Edwards 

f i n e  c o n t r o l  need le  va lve  l o c a t e d  o u t s i d e  t h e  microscope. The 

gases  were of  i n d u s t r i a l  g r ade  and were o b t a i n e d  from Matheson 

G a s  P roduc t s ,  Whitby, On ta r io .  Observa t ion  of  t h e  d i f f r a c t i o n  

p a t t e r n  du r ing  condensa t ion  enabled  t h e  g a s  f l ow t o  be  c u t  o f f  

b e f o r e  t h e  condensate  l a y e r  became opaque t o  t h e  beam. 

The g a s e s  carbon d i o x i d e ,  k ryp ton ,  argon and n i t r o g e n  

could be  observed fo r  an i n d e f i n i t e  l e n g t h  o f  t i m e  a t  normal 

c u r r e n t s  b u t  could be  removed by t h e  h e a t i n g  e f f e c t  of an  

i n t e n s e  e l e c t r o n  beam. F igu re  9 shows micrographs of s o l i d  

carbon d iox ide  b e f o r e  and a f t e r  removal w i t h  a n  i n t e n s e  

e l e c t r o n  beam. 



SELECTED AREA SETTING 

FIGURE 8: Magnification Calibration of the liquid 
helium stage for the Philips E.M. 300 
electron microscope. 





Neon could be observed only for a few seconds even with 

a low beam intensity, however, it remained indefinitely on 

areas not illuminated by the beam. This shows that areas of 

the specimen not illuminated by the beam were at least as low 

as 9'K, the sublimation temperature of neon at lo-' torr (Honig 

and Hook, 1960). Just how low a temperature can be obtained is 

limited primarily by the heat input to the specimen from the 

electron beam. In principle the temperature rise due to beam 

heating could have been decreased by using as a substrate a 

thick metal foil with small thin regions instead of the carbon 

film used in the present experiment. This type of substrate is 

nade by putting small indentations in 0.005-inch-thick foils of 

?ure metals, which are then annealed and finally electropolished. 

Fhis produces a small hole at the indentation, surrounded by 

3 narrow region of thin foil with comparatively thick (0.003-inch) 

foil elsewhere (Venables , 1963) . 
The crystal structures of the observed gases have been 

studied in detail by others (see for example Curzon and Pawlo- 

sicz, 1965; Curzon, 1969; etc.) The crystal structure of carbon 

dioxide (Curzon, 1970) and of a nitrogen (stable below 35.5OK) 

6 is cubic with space group Th. The centres of the nitrogen 

nolecules lie on a face-centred-cubic lattice but the axes of 

the four molecules per unit cell point in different <111> 

directions. Figure 10 is a diffraction pattern from a nitrogen 

Dbtained in the present experiment and figure 11 is the 







corresponding migrograph. E lec t ron  d i f f r a c t i o n  p a t t e r n s  from 

d e p o s i t s  of a rgon ,  krypton and neon i n  t h e  condensed s t a t e  

were found t o  be c o n s i s t e n t  w i th  a  face-cen t red-cubic  l a t t i c e .  

F igu re s  1 2  and 1 4  a r e  d i f f r a c t i o n  p a t t e r n s  and f i g u r e s  13 and 

1 5  a r e  micrographs of s o l i d  argon and krypton  r e s p e c t i v e l y .  

F igu re  16 i s  a d i f f r a c t i o n  p a t t e r n  from s o l i d  neon; a  micro- 

graph o f  neon was n o t  ob t a ined  because t h e  s o l i d  sublimed t o o  

qu ick ly  t o  a l l ow t h e  long exposure  neces sa ry  a t  low beam in -  

t e n s i t y .  
0 

The r e s o l u t i o n  of t h e  s t a g e  i s  about  60 A as can be seen  

on t h e  en l a rged  micrograph of  krypton shown i n  f i g u r e  17.  The 

p r i n t  o f  t h e  micrograph has  a f i n a l  magn i f i ca t ion  of 112,000 

and was t aken  w i t h  a  two second exposu re , t he  S e l e c t e d  Area range 

swi t ch  be ing  set a t  1 4 .  

The n i t r o g e n  s h i e l d i n g  surrounding t h e  specimen keeps 

contaminat ion a t  a  low l e v e l ,  making it p o s s i b l e  t o  make runs  

of up t o  one hour w i thou t  any n o t i c e a b l e  contaminat ion forming 

on t h e  specimen. H e l i u m  consumption i s  r e l a t i v e l y  low compared 

t o  t h a t  f o r  o t h e r  low tempera ture  s t a g e s ;  i n  one exper imenta l  

run l a s t i n g  two and one-half h o u r s , t h r e e  and one-half  l i t res  

of l i q u i d  helium were used t o  f i l l  t h e  700cc helium r e s e r v o i r .  















CHAPTER I V  

CONCLUDING REMARKS 

The p r e s e n t  work has  shown t h a t  it i s  p o s s i b l e  t o  b u i l d  a 

l i q u i d  hel ium s t a g e  f o r  t h e  P h i l i p s  E.M. 300 e l e c t r o n  micro- 

scope d e s p i t e  t h e  ve ry  sma l l  amount of  space  a v a i l a b l e  i n  t h e  ' 

specimen a r e a .  The p r e s e n t  low tempera ture  s t a g e  has  a reason-  
0 

a b l y  good r e s o l u t i o n  o f  60 A and f a i r  s t a b i l i t y  a t  a specimen 

tempera ture  a t  l e a s t  a s  low a s  2g•‹K, t h e  sub l ima t ion  tempera ture  

of n i t r o g e n  a t  lo-' t o r r .  Observa t ions  down t o  g 0 K  are p o s s i b l e  

a l though a t  p r e s e n t  it i s  n o t  p o s s i b l e  t o  o b t a i n  micrographs a t  

t h i s  t empera ture .  However, micrographs a t  such low tempera tures  

would be a  d i s t i n c t  p o s s i b i l i t y  w i th  t h e  u se  of meta l  f o i l  

s u b s t r a t e s  r a t h e r  t han  t h e  carbon f i l m  used i n  t h i s  exper iment .  

Helium consumption i s  r e l a t i v e l y  low a t  1 . 4  l i tres p e r  hour .  

Although t h e  s t a g e  has  c e r t a i n  d i sadvan tages ,  i nc lud ing  no 

f a c i l i t y  f o r  specimen t i l t i n g  and l a c k  o f  a  specimen exchange 

mechanism v i a  an a i r l o c k  t h e s e  and o t h e r  f e a t u r e s  a r e  a  d i s t i n c t  

p o s s i b i l i t y  f o r  f u t u r e  improvements of t h e  s t a g e  now t h a t  a  

working p ro to type  has  been c o n s t r u c t e d .  The t h i n  m i c a  s t r i p  

suppor t ing  the specimen ho lde r  could be  r e p l a c e d  by a g l a s s  

rod  mounted i n  such a  way t h a t  specimen tilt about  a s i n g l e  

a x i s  i s  p o s s i b l e  and t h e  r i g i d i t y  of  such a rod  would dec rease  

v i b r a t i o n  hence i n c r e a s i n g  t h e  s t a b i l i t y  and r e s o l u t i o n  of  t h e  



stage. A hole for such a rod to pass through already exists 

in the stage since the specimen is inserted by means of a metal 

rod in the original room temperature stage. A specimen ex- 

change mechanism presents a more difficult problem due to the 

small space available but should also be a possibility. The 

addition of a small heater to increase the temperature range of 

the specimen and a thermocouple to measure the temperature and 

perhaps even an evaporator should present no great problems to 

the designer. 



PART B.  A STUDY OF FACE-CENTRED-CUBIC THIN FILMS OF SOME 

RARE-EARTH METALS AND THEIR OXIDES 

CHAPTER I 

INTRODUCTION 

M a t e r i a l s  i n  t h e  form o f  t h i n  f i l m s  sometimes o c c u r  w i t h  

c r y s t a l  s t r u c t u r e s  which d i f f e r  f rom t h o s e  o f  t h e  normal  b u l k  

s t r u c t u r e s .  The p r e s e n t  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  i n  

o r d e r  t o  d e t e r m i n e  whe the r  t h e  metals  g a d o l i n i u m ,  t e r b i u m ,  

dyspros ium,  holmium, e rb ium and t h u l i u m ,  which i n  b u l k  form 

have a  hexagona l  s t r u c t u r e ,  would have  t h e  c l o s e l y  r e l a t e d  

f a c e - c e n t r e d - c u b i c  s t r u c t u r e  i n  t h i n  f i l m s .  

S p h e r e s  may b e  c lose -packed  t o  form e i t h e r  a  hexagonal -  

c l o s e - p a c k e d  l a t t i c e  or a f a c e - c e n t r e d - c u b i c  l a t t i c e ,  t h e  

r e l a t i o n s  between t h e  l a t t i c e  p a r a m e t e r s  b e i n g  a, = a  and 

c = 6 a / f l  where  a. i s  t h e  l a t t i c e  p a r a m e t e r  o f  t h e  c u b i c  

l a t t i c e  and a  and  c a r e  t h e  l a t t i c e  p a r a m e t e r s  o f  t h e  hexagonal  
I 

l a t t i c e .  It i s  a l s o  t r u e  t h a t  a. = m d  where  d  i s  t h e  n  n  

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

The c r y s t a l  s t r u c t u r e  o f  t h e  metals under  i n v e s t i g a t i o n  

1 2 1  
i n  b u l k  is hexagona l  w i t h  t h e  metal a toms a t  000  and 3 5 2 

and l a t t i c e  p a r a m e t e r s  l i s t e d  i n  t a b l e  1 (Spedding  and Beaudry,  

1 9 7 1 ) .  The r a t ios  c / a  f o r  t h e  metals g i v e n  i n  t a b l e  1 l i e  

i n  t h e  r a n g e  1 .569 t o  1 .591 .  T h i s  d o e s  n o t  c o r r e s p o n d  t o  t h e  

c l o s e  p a c k i n g  o f  s p h e r e s  f o r  which  c / a  i s  1 . 6 3 3 ,  h e n c e  it i s  



0 

TABLE 1: L a t t i c e  p a r a m e t e r s  i n  A o f  t h e  metals GdI Tb, Dy, 

H o t  E r  and  Tm i n  b u l k  form (Spedd ing  and  Beaudry ,  

1 9 7 1 ) .  The l a t t i c e  p a r a m e t e r s  a. of t h e  5 . c . c .  form 

of t h e s e  metals is  e x p e c t e d  t o  be i n  t h e  n e i g h b o r -  

hood o f  fi a and  E d  where  d i s  t h e  n e a r e s t  n n 

n e i g h b o u r  d i s t a n c e  i n  t h e  h e x a g o n a l  form.  

M e t a l  a c c/a fla fZ d n 



3 6 .  

n o t  p o s s i b l e  t o  u s e  t h e  l a t t i c e  p a r a m e t e r s  of  t h e  hexagonal  

form t o  o b t a i n  a c c u r a t e l y  t h e  l a t t i c e  pa ramete r  a. of  a  p o s s i -  

b l e  f . c . c .  form of  any o f  t h e s e  m e t a l s .  However, t h e  r e l a t i o n c  

a  = d and a. = fi a  which were d i s c u s s e d  above and which o n  

a p p l y  s t r i c t l y  t o  s p h e r e s  shou ld  a t  l e a s t  g i v e  f i r s t  o r d e r  

a p p r o x i m a t i o n s  t o  a  where dn  i s  t h e  n e a r e s t  ne ighbour  d i s t a n c e  
0 

i n  t h e  hexagonal  form o f  t h e  m e t a l .  The r e s u l t  o b t a i n e d  i s  

t h a t  a. is e x p e c t e d  t o  be i n  t h e  neighbourhood o f  t h e  v a l u e s  

shown i n  t a b l e  1. The e x p e r i m e n t a l  v a l u e s  o f  a. f o r  t h e  m e t a l s  

Tb, Dy, Ho, E r  and T m a r e i n  f a c t  -2% h i g h e r  and t h a t  f o r  Gd 

- 50 h i g h e r  t h a n  t h e  c a l c u l a t e d  v a l u e s .  



CHAPTER I1 

EXPERIMENTAL PROCEDURE 

The r a r e - e a r t h  f i l m s  s t u d i e d  i n  t h e  p r e s e n t  e x p e r i m e n t s  

were p r e p a r e d  i n  a vacuum c o a t i n g  u n i t  which o p e r a t e d  a t  

2 x t o  5 x 1 0 ' ~  t o r r .  The m e t a l s  w e r e  of i n d u s t r i a l  

g r a d e  and w e r e  s u p p l i e d  by t h e  American P o t a s h  and Chemical 

C o r p o r a t i o n .  They were e v a p o r a t e d  from a molybdenum f i l a -  

ment and t h e  vapour was condensed on t h i n  c a r b o n  f i l m s  

s u p p o r t e d  by e l e c t r o n  mic roscope  g r i d s .  A s h u t t e r  between 

t h e  vapour  s o u r c e  and s u b s t r a t e  e n a b l e d  c o n d e n s a t i o n  t o  b e  

s t a r t e d  and s t o p p e d  a t  any c o n v e n i e n t  t i m e .  With t h e  

e x c e p t i o n  o f  g a d o l i n i u m  t h e  m e t a l s  under  c o n s i d e r a t i o n  a c t e d  

a s  g e t t e r s ,  hence  when e v a p o r a t i o n  s t a r t e d  t h e  p r e s s u r e  i n  

t h c  vacuum sys tem g e n e r a l l y  f e l l  by a b o u t  a f a c t o r  o f  t e n .  

T h i s  b e i n g  t h e  c a s e  t h e  m e t a l  vapour  was i n  most  c a s e s  n o t  

a l lowed  t o  &ondense on t h e  s u b s t r a t e  u n t i l  t h e  p r e s s u r e  had 

f i r s t  dropped.  When a t h i n  f i l m  was condensed i n  a poor 

vacuum ( - 1 0 ' ~ t o r r )  from t h e  moment t h e  m e t a l  began t o  eva-  

p o r a t e  from t h e  f i l a m e n t ,  e x t r a  d i f f r a c t i o n  r i n g s  be long ing  

t o  t h e  s e s q u i o x i d e  ( f o r  example,  E r 2 O 3 )  w e r e  o b s e r v e d .  Hence, 

oxyycn is t h e  main m a t e r i a l  absorbed  d u r i n g  g e t t e r i n g .  T h i s  

e f f e c t  i s  d i s c u s s e d  i n  more d e t a i l  i n  C h a p t e r  111. A marked 

g e t t c r i n g  a c t i o n  was n o t  obse rved  f o r  gado l in ium.  

A f t e r  a m e t a l  f i l m  was made it was c o a t e d  w i t h  a t h i n  f i l m  

o f  vacuum d e p o s i t e d  ca rbon .  The f i n a l  specimen on  a n  e l e c t r o n  



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

e a r t h  m e t a l  sandwiched between two t h i n  c a r b o n  f i l m s .  When 

t h e  specimen was removed from t h e  vacuum c o a t i n g  u n i t  and 

t r a n s f e r r e d  t o  a  P h i l i p s  E.M. 300 e l e c t r o n  mic roscope  t h e  

c a r b o n  c o a t i n g s  reduced  t o  a  minimum t h e  p o s s i b i l i t y  o f  o x i d a -  

t i o n  by e x p o s u r e  of  t h e  specimen t o  t h e  a tmosphere .  I n  p re -  

l i m i n a r y  work on  erbium a  p r o t e c t i v e  c o a t  o f  c a r b o n  was n o t  

a p p l i e d  a f t e r  t h e  m e t a l  had been d e p o s i t e d .  I t  was c o n s i d e r e d  

t h a t  t h e  erb ium would r a p i d l y  become c o a t e d  by a t h i n  l a y e r  of 

o x i d e  when t h e  m e t a l  was exposed t o  a i r  and t h i s  o x i d e  would 

p r e v e n t  o x i d a t i o n  o f  t h e  e n t i r e  m e t a l .  E l e c t r o n  d i f f r a c t i o n  

s t u d i e s  f a i l e d  t o  r e v e a l  t h e  p r e s e n c e  o f  o x i d e  i n  f i l m s  which 

w e r e  n o t  p r o t e c t e d  w i t h  c a r b o n  and hence  showed t h a t  t h e  above 

s u g g e s t e d  p r o t e c t i o n  mechanism based  on  a  s u r f a c e  o x i d e  f i l m  

( t o o  t h i n  t o  b e  d e t e c t e d )  o p e r a t e d  r e a s o n a b l y  e f f e c t i v e l y .  

The r e s u l t s  o f  a n  e x p e r i m e n t  now t o  be d e s c r i b e d  show t h a t  
/ 

t h e  c a r b o n  c o a t i n g  was v e r y  e f f e c t i v e  f o r  r e d u c i n g  o x i d a t i o n .  

A l a y e r  o f  c a r b o n  was d e p o s i t e d  on a  g l a s s  s l i de  and t h e n  two 

s i l v e r  e l e c t r o d e s  were vapour  d e p o s i t e d  on  t h e  c a r b o n ,  one  a t  

e a c h  end o f  t h e  s l i d e .  Copper w i r e s  w e r e  f a s t e n e d  t o  t h e  

s i l v e r  electrodes w i t h  c o l l o i d a l  s i l v e r  so t h a t  t h e  e l e c t r i c a l  

r e s i s t a n c e  o f  t h e  vacuum d e p o s i t e d  m e t a l  f i l m  c o u l d  b e  mea- 

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

f i l m  was t o o  h i g h  t o  be measured .  When a  t h i n  f i l m  of  a r a r e -  

e a r t h  m e t a l  was d e p o s i t e d  t h e  e lect r ical  r e s i s t a n c e  r a p i d l y  



0 

dropped to  a measurab le  l eve l  even f o r  v e r y  t h i n  f i l m s  (-50 A )  

showinq t h a t  t h e  r a r e - e a r t h  f i l m s  b e c a m e c o n t i n u o u s  a t  r e l a t i v e .  

l y  t h i n  a v e r a g e  t h i c k n e s s e s .  For  example,  a n  e rb ium f i l m  
e 

1 . 5  c m  by 2 c m  and 200  A t h i c k  had a  r e s i s t a n c e  o f  a b o u t  

2 0 0  ohms and hence  a  r e s i s t i v i t y  o f  5 . 3  x 1 0 ' ~  ohm-cm. A s  

soon a s  a i r  w a s  admi t t ed  t o  t h e  c o a t i n g  u n i t  t h e  e l e c t r i c a l  

r e s i s t a n c e  o f  t h e  m e t a l  f i l m  r a p i d l y  i n c r e a s e d  by o n e  or two 

o r d e r s  of  magni tude  showing t h a t  t h e  f i l m  w a s  much a f f e c t e d  

by t h e  a i r .  S i n c e  i n  t h e  p r e l i m i n a r y  e x p e r i m e n t s  on erb ium 

e x t e n s i v e  d i f f r a c t i o n  p a t t e r n s  from erbium o x i d e  w e r e  n o t  

obse rved  i n  t h e  erb ium f i l m s  exposed t o  a i r  i n  t h i s  way it is 

deduced t h a t  t h e  i n c r e a s e  i n  r e s i s t a n c e  w a s  a s s o c i a t e d  w i t h  

changes  i n  e l e c t r i c a l  c o n t i n u i t y  caused  by s u r f a c e  o x i d a t i o n  

of m e t a l  c r y s t a l l i t e s  e s p e c i a l l y  a t  g r a i n  b o u n d a r i e s  and was 

n o t  d u e  t o  t o t a l  c o n v e r s i o n  of  t h e  r e l a t i v e l y  good c o n d u c t i n g  

metal t o  t h e  p o o r l y  c o n d u c t i n g  o x i d e .  

When a  l a y e r  o f  c a r b o n  was d e p o s i t e d  o n  a f i l m  of  a  r a r e -  

e a r t h  m e t a l  immedia te ly  a f t e r  t h e  m e t a l  had condensed  o n  t h e  

c a r b o n  s u b s t r a t e  t h e  r e s p o n s e  of  t h e  specimen t o  e x p o s u r e  t o  

t h e  a tmosphere  was q u i t e  d i f f e r e n t .  The r e s i s t a n c e  of t h e  

specimen o n l y  i n c r e a s e d  by a  f a c t o r  of  t w o  or  less when 

exposed t o  t h e  a i r  i n s t e a d  of by one  or t w o  o r d e r s  of magni- 

t u d e  a s  had been t h e  c a s e  f o r  u n p r o t e c t e d  f i l m s .  U n l e s s  

o t h e r w i s e  s t a t e d  t h e  r e s u l t s  d i s c u s s e d  below w e r e  o b t a i n e d  

from m e t a l  f i l m s  which w e r e  p r o t e c t e d  on both s i d e s  by t h i n  



laycrs of carbon. 

T h c  lattice parameters a. of the f.c.c. form of the meta: - 

were determined from the relation (Hirsch et al., 1965, p. 10:) 

where H 
hkl 

is the radius of a diffraction ring arising from 

reflections from planes with Miller indices hkl and XL is the 

diffraction constant of the electron microscope. Thallium 

chloride was used as a calibration material for measurement of 

the diffraction constant and was deposited directly on the 

specimens over the protective carbon films, a part of each 

film being shielded from the thallium chloride vapour. Such 

a specimen is particularly useful because diffraction patterns 

may either be obtained from the rare-earth metal alone or from 

the metal and thallium chloride together, hence difficulties 

associated with the determination of which rings belong to 

the metal in a composite pattern are easily resolved. 



CHAPTER I11 

EXPERIMENTAL RESULTS 

F i g u r e  1 shows t h e  k i n d  o f  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  

o b t a i n e d  from a t h i n  f i l m  o f  e rb ium.  The m e t a l s  Gd, Tb, Dy, 

Ho, Er  and Trn a l l  formed p o l y c r y s t a l l i n e  f a c e - c e n t r e d - c u b i c  

f i l m s  when t h e  d e p o s i t s  w e r e  t h i n .  The l a t t i c e  p a r a m e t e r s  

a of t h e  f.c.c. fo rms  are  g i v e n  i n  t a b l e  2 .  A l s o  a p p e a r i n g  
0 

i n  t a b l e  2  a r e  t h e  n e a r e s t  n e i g h b o u r  d i s t a n c e s  a o / n  i n  t h e  

c u b i c  s t r u c t u r e s  and t h e  a  s p a c i n g  o f  t h e  hexagona l  s t r u c -  

t u r e s  (Spedd ing  and Beaudry ,  1 9 7 1 ) .  A s  may b e  s e e n  from 

t h c  t a b l e  a o / n  i s  1-2% l a r g e r  t h a n  a  f o r  a l l  t h e  metals 

s t u d i e d  e x c e p t  f o r  g a d o l i n i u m  where  t h e  d i f f e r e n c e  is 5%.  

The v a l u e s  o f  a. were measured  t o  a b o u t  1% h e n c e  it i s  t h o u g h t  

t h a t  t h e  r e s u l t  f o r  g a d o l i n i u m  d o e s  n o t  d i f f e r  f rom t h e  r e s u l t s  

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

a r e a l  e f f e c t  e x i s t s .  The d i f f e r e n c e  i s  t h o u g h t  t o  be d u e  to  

oxygen c o n t a m i n a t i o n  o f  g a d o l i n i u m .  When g a d o l i n i u m  i s  eva-  

p o r a t e d  i t  d o e s  n o t  a c t  a s  a  g e t t e r  h e n c e  t h e  c h a n c e  o f  con- 

t a m i n a t i o n  i s  h i g h e r ,  i n  f a c t ,  i n  some r e g i o n s  o f  t h e  gado- 

l i n i u m  spec imen o x i d e  r i n g s  c o u l d  be o b s e r v e d .  I t  i s  p o i n t e d  

o u t  i n  s e c t i o n  I V - 4  t h a t  o x i d a t i o n  of t h e  f a c e - c e n t r e d - c u b i c  

form o f  e rb ium l e a d s  t o  a  s l i g h t  r e a r r a n g e m e n t  o f  t h e  e rb ium 





0 

TABLE 2: Lattice parameters in A for rare-earth metals. 

a is the lattice parameter of face-centred-cubic 
0 

metals observed in thin films; a is the lattice 

parameter of hexagonal-close-packed metal observed 

in bulk (Spedding and Beaudry, 1971). 

Metal 



atorus but b a s i c a l l y  t h e  erbium l a t t i c e  r e m a i n s  a l m o s t  f a c e -  

c c n t r c d - c u b i c  w i t h  a l a t t i c e  pa ramete r  which i s  4 %  b i g g e r  t h a n  

i n  t h e  p u r e  m e t a l .  A s i m i l a r  s t a t e  o f  a f f a i r s  a p p l i e s  t o  
0 

gado l in ium.  The obse rved  l a t t i c e  p a r a m e t e r  o f  5 . 4 0  A i s  

p r o b a b l y  l a r g e r  t h a n  it s h o u l d  be  b e c a u s e  o f  oxygen contamina-  

t i o n ,  t h e  oxygen n o t  b e i n g  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t i e s  

t o  l e a d  t o  a  w e l l  d e f i n e d  o x i d e  s t r u c t u r e  w i t h  prominent  o x i d e  

d i f f r a c t i o n  r i n g s .  

F u r t h e r  s u p p o r t  f o r  t h e  s u g g e s t i o n  t h a t  t h e  obse rved  

l a t t i c e  p a r a m e t e r  o f  f a c e - c e n t r e d - c u b i c  g a d o l i n i u m  may b e  

s l i g h t l y  l a r g e r  b e c a u s e  o f  oxygen c o n t a m i n a t i o n  i s  a f f o r d e d  by 

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

c u b i c  forms o f  a l l  t h e  o t h e r  m e t a l s  l i s t e d  i n  t a b l e  2 i n c r e a s e  

by a b o u t  2% i f  t h e s e  m e t a l s  are d e p o s i t e d  i n  poor  vacuum, t h a t  

i s  a vacuum where t h e  g e t t e r i n g  e f f e c t  h a s  n o t  r eached  maximum 
t 

e f f i c i e n c y .  

When t h i c k e r  f i l m s  of  r a r e - e a r t h  m e t a l  w e r e  d e p o s i t e d ,  

b o t h  f . c . c .  and h .c .p .  m e t a l  w e r e  o b s e r v e d  t o g e t h e r .  T h i s  i s  

i l l u s t r a t e d  by t h e  d i f f r a c t i o n  p a t t e r n  o f  e rb ium shown i n  f i -  

g u r e  2 .  The r i n g s  from t h e  c u b i c  form a r e  s h a r p e r  t h a n  t h o s e  

from the hexagonal  form i n d i c a t i n g  t h a t  t h e  c u b i c  c r y s t a l s  

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

a r c e d  which i n d i c a t e s  a  t endency  towards  p r e f e r e n t i a l  o r i e n -  

t a t i o n .  The t h i c k e s t  f i l m s  s t u d i e d  p o s s e s s e d  t h e  normal h . c . p .  

structure. 





A l l  t h e  r e s u l t s  d e s c r i b e d  above were o b t a i n e d  when t h e  

r a r e - c a r t h  m e t a l s  were condensed i n  good vacuum c o n d i t i o n s  

and when t h e  100 kV e l e c t r o n  beam was k e p t  t o  a  l o w  i n t e n s i t y  

d u r i n g  examina t ion  of  t h e  f i l m s .  F i g u r e  3 shows t h e  k ind  of 

d i f f r a c t i o n  p a t t e r n  obse rved  when a weak e l e c t r o n  beam was 

used t o  examine a t h i n  f i l m  of  erb ium which had been condensed 

from t h e  moment erb ium began t o  e v a p o r a t e  from t h e  molybdenum 

f i l a m e n t .  I n  t h i s  c a s e  t h e  g e t t e r i n g  e f f e c t  o f  t h e  erb ium d i d  

n o t  have s u f f i c i e n t  t i m e  t o  come t o  maximum e f f i c i e n c y ,  hence 

t h e  p a t t e r n  shows e v i d e n c e  o f  c o n t a m i n a t i o n .  The b r i g h t e s t  

r i n g  of t h e  p a t t e r n  i s  t h e  111 r i n g  from f .c.c.  erbium. The 

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

111 r i n g  and is i n  f a c t  t h e  211 r i n g  from c u b i c  erb ium o x i d e  

( E r 2 O 3 ) .  T h i s  same t y p e  of c o n t a m i n a t i o n  w a s  obse rved  f o r  t h e  

o t h e r  m e t a l s  under  c o n s i d e r a t i o n  when c o n d e n s a t i o n  was s t a r t e d  

t h e  moment t h e  m e t a l  began t o  e v a p o r a t e .  

I n  a l l  t h e  above r e s u l t s  it  h a s  been p o i n t e d  o u t  t h a t  t h e  

d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  by means o f  a  weak e l e c t r o n  

beam. The r e a s o n  f o r  t h i s  p r e c a u t i o n  w a s  t h a t  t h e  u s e  of a  

s t r o n g  e l e c t r o n  beam led t o  t h e  o x i d a t i o n  o f  t h e  r a r e - e a r t h  

m e t a l  f i l m s  because  o f  t h e  h e a t i n g  e f f e c t  o f  t h e  beam. F i g u r e  4 

shows t h e  d i f f r a c t i o n  p a t t e r n  of a f i l m  o f  erb ium o x i d e  produced 

by a n  i n t e n s e  e l e c t r o n  beam a c t i n g  on  a f a c e - c e n t r e d - c u b i c  

erbium f i l m .  F i g u r e  5 shows mic rographs  o b t a i n e d  b e f o r e  and 

a f t e r  o x i d a t i o n .  The o x i d a t i o n  p r o c e s s  is accompanied by a  









considerable i n c r e a s e  i n  g r a i n  s i z e .  I f  t h e  e l e c t r o n  beam i s  

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

t o  such  a n  e x t e n t  t h a t  h o l e s  d e v e l o p  and t h e  f i l m  e v e n t u a l l y  

r u p t u r e s .  Such a n  i n c r e a s e  i n  g r a i n  s i z e  i n  t h i n  f i l m s  of  

E r 2 0 j  was obse rved  by Murr (1967) and i s  t h o u g h t  t o  b e  due  t o  

t h e  the rmal  stresses i n  a d d i t i o n  t o  t h e  t e m p e r a t u r e  rise set 

up by t h e  p u l s e  a n n e a l i n g  e f f e c t  o f  t h e  e l e c t r o n  beam (S ingh  

and S r i v a s t a v a ,  1 9 6 9 ) .  Thick  f i l m s  o f  t h e  r a r e - e a r t h  m e t a l s  

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

behave i n  a  s i m i l a r  manner w i t h  r e g a r d  t o  o x i d a t i o n .  Tab le  3 

g i v e s  t h e  l a t t i c e  p a r a m e t e r s  o f  t h e  o x i d e s  produced by h e a t i n g  

t h i n  f i l m s  of f . c . c .  m e t a l .  The l a t t i c e  p a r a m e t e r s  o f  t h e s e  

o x i d e s  which have a c u b i c  c r y s t a l  s t r u c t u r e  c o u l d  b e  measured 

t o  a b o u t  + %  because  t h e  d i f f r a c t i o n  p a t t e r n s  w e r e  e x t e n s i v e  

and t h e  r i n g s  were s h a r p .  The r e s u l t s  a g r e e  w e l l  w i t h  t h o s e  

o b t a i n e d  by X-ray methods (Templeton and Dauben, 1954; Guth 

and Eyr ing ,  1 9 5 4 ) .  

The t h i c k n e s s e s  a t  which t h e  c u b i c  form o f  t h e  rare e a r t h  

m e t a l s  o c c u r  h a s  n o t  been s t u d i e d  w i t h  t h e e x e p t i o n  o f  t h e  

c a s e  of erbium. By u s i n g  t h e  i n v e r s e  s q u a r e  law and t h e  mass 

of  erbium e v a p o r a t e d  t o  c a l c u l a t e  t h e  t h i c k n e s s  it was found 
0 

t h a t  a  f i l m  a b o u t  140 A t h i c k  c o n t a i n e d  o n l y  f a c e - c e n t r e d - c u b i c  
0 

erbium whereas a  f i l m  a b o u t  200 A t h i c k  c o n t a i n e d  b o t h  t h e  

f a c e - c e n t r e d - c u b i c  and hexagonal  forms.  F u r t h e r  s t u d i e s  i n -  

v o l v i n g  t h i c k n e s s  and t h e  s t r u c t u r e  o f  e rb ium f i l m s  w e r e  



0 

T a b l e  3 :  L a t t i c e  p a r a m e t e r s  i n  A f o r  r a r e - e a r t h  metal o x i d e s .  

bo a r e  t h e  p a r a m e t e r s  o f  t h e  c u b i c  o x i d e s  o f  t h e  

r a r e - e a r t h  metals o b s e r v e d  i n  t h e  p r e s e n t  work; 

C, are t h e  l a t t i c e  p a r a m e t e r s  o f  t h e  c u b i c  o x i d e s  

of t h e  r a r e - e a r t h  m e t a l s  r e p o r t e d  by ~ e m p l e t o n  and 

Dauben (1954)  o r  by Guth and  E y r i n g  ( 1 9 5 4 ) .  

Oxide bo 

Gd2 O3 
10.80 

Tb2 O3 
1 0 . 7 1  

Dy2 O3 10 .62  

Iio2 O3 10 .56  

E r Z  O3 10 .55  

Tm2 O3 10 .46  



conducted by means of  a mic ro -ba lance .  These a r e  d i s c u s s e d  

below i n  more de ta i .1 .  I t  was a l s o  found i n  t h e s e  s t u d i e s  

t h a t  t h e  hexagonal -c lose-packed form d i d  n o t  o c c u r  u n l e s s  t h e  
0 

f i l m s  ware a b o u t  200 A o r  more t h i c k .  I n  t h i c k  f i l m s  o n l y  

hcxagonal-close-packederbium was o b s e r v e d .  Though t h e  t h i c k -  
0 

n c s s e s  of  f i l m s  o f  t h e  o t h e r  m e t a l s  was n o t  known i n  A t h e  

r e l a t i v e  t h i c k n e s s e s  of  t h e  f i l m s  o f  a g i v e n  m e t a l  c o u l d  be 

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

c a s e s  t h e  f a c e - c e n t r e d - c u b i c  form was o b s e r v e d  i n  t h i n  f i l m s  

and a s  f i l m  t h i c k n e s s  i n c r e a s e d  s o  t h e  hexagonal  form became 

predominant .  

The  P h i l i p s  E.M. 300 e l e c t r o n  mic roscope  used i n  t h e  

p r e s e n t  s t u d i e s  i s  equipped w i t h  a n  e v a p o r a t o r  which e n a b l e s  

m e t a l s  t o  be  condensed on s u b s t r a t e s  i n s i d e  t h e  mic roscope  

(Curzon,  1 9 7 1 ) .  I n  v iew o f  t h e  r e a c t i v i t y  of  t h e  r a r e - e a r t h  

m e t a l s  i t  was c o n s i d e r e d  i n a d v i s a b l e  t o  e v a p o r a t e  l a r g e  quan- 
/ 

t i t i e s  of t h e  m e t a l s  i n  t h e  mic roscope ,  however,  a few s t u d i e s  

were made w i t h  erb ium.  I t  was found t h a t  i n  t h i n  f i l m s  t h e  

f a c e - c e n t r e d - c u b i c  phase  was obse rved  and a s  t h e  f i l m s  became 

t h i c k e r  so t h e  normal hexagonal  phase  o f  b u l k  erb ium became 

predominant ,  t h a t  i s ,  t h e  r e s u l t s  w e r e  t h e  same a s  t h o s e  ob- 

t a i n e d  f o r  erbium f i l m s  made i n  t h e  vacuum c o a t i n g  u n i t  and 

sandwiched between c a r b o n  f i l m s .  A l l  t h e  m e t a l s  s t u d i e d  were 

c h e m i c a l l y  s i m i l a r  hence  t h e  r e s u l t  f o r  erbium a l s o  i n d i c a t e d  

t h a t  f o r  t h e  o t h e r  m e t a l s  t h e  o b s e r v a t i o n  o f  f a c e - c e n t r e d - c u b i c  



5 3 .  

forms in thin films does not depend on whether the films are 

prepared in the electron microscope or a vacuum coating unit. 

It has been suggested (Murr, 1973) that the face-centred-. 

cubic electron diffraction pattern obtained in the present 

work (Curzon and Chlebek, 1972) from thin films formed by the 

evaporation of erbium was due to a metastable oxide ErO. A 

possible way to determine whether the face-centred-cubic phase 

was metallic erbium or ErO would be to oxidise a known weight of 

the material in air to Er203. When this technique was first 

tried problems of reproducibility were encountered. However, 

these problems have now been solved 3nd it has been established 

beyond reasonable doubt that the face-centred-cubic phase is 

metallic erbium and not ErO. The experimental technique was 

as follows. 

In a given experiment a thin glass microscope slide cover 

slip 1.8 cm square by 0.92 cm thick was heated in a propane 

flame in order to anneal it and thus reduce the risk of chipping 

during handling. The cover slip was then baked at 600•‹C for 

ten minutes in an electric furnace so that volatile conta- 

minants could be removed in a controlled manner. The cover 

slip was supported on two ceramic rods and was surrounded by 

glass surfaces so as to minimize contamination of the slip by 

refractory dust particles from the lining of the furnace. 

After the slip had been weighed erbium was vapour deposited 

on its two surfaces in two successive depositions the thickness 



b e i n g  m o n i t o r e d  by means o f  a  S l o a n  q u a r t z  c r y s t a l  t h i c k n e s s  

m o n i t o r .  The erb ium was e v a p o r a t e d  from a n  e l e c t r i c a l l y  

h e a t e d  molybdenum s p i r a l  i n  a  vacuum o f  2 x 10'~ torr.  The 
0 

t h i c k n e s s  d e p o s i t e d  was of  t h e  o r d e r  o f  200 A on  e a c h  s u r f a c e .  

The c r y s t a l  s t r u c t u r e  o f  t h e  f i l m s  w a s  checked by means o f  

e l e c t r o n  d i f f r a c t i o n  s t u d i e s  o f  spec imens  made by condens ing  

erb ium o n  t h i n  c a r b o n  f i l m s  p l a c e d  close t o  t h e  g l a s s  c o v e r  

s l i p .  I n  some cases a  t r a c e  o f  t h e  hexagonal -c lose-packed 

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

form was predominant .  

The t o t a l  w e i g h t  o f  e rb ium d e p o s i t e d  on  a g i v e n  c o v e r  s l i p  

was o b t a i n e d  by d i r e c t  weighing  w i t h  a  Cahn m i c r o - b a l a n c e  

s e n s i t i v e  t o  l o d 7  gram. The s l i p  w a s  t h e n  r e t u r n e d  t o  t h e  

f u r n a c e  and h e a t e d  t o  600•‹C f o r  t e n  m i n u t e s .  T h i s  c a u s e d  t h e  

d e p o s i t  which o r i g i n a l l y  had a meta l l i c  l u s t r e  t o  become t r a n s -  

p a r e n t  d u e  t o  t h e  f o r m a t i o n  o f  E r  0 
2 3 '  

The f o r m a t i o n  o f  t h i s  

, o x i d e  was v e r i f i e d  by e l e c t r o n  d i f f r a c t i o n  e x p e r i m e n t s  on t h i n  

f i l m s  o f  c a r b o n  s u p p o r t e d  erb ium d e p o s i t s  which were a l s o  baked 

a t  600•‹C f o r  t e n  m i n u t e s .  

T a b l e  4 l i s t s  n o t  o n l y  t h e  measured w e i g h t  i n c r e a s e s  which 

o c c u r r e d  on o x i d a t i o n  t o  Er  0 b u t  a l s o  c a l c u l a t e d  w e i g h t  2  3 

i n c r e a s e s  assuming t h a t  t h e  i n i t i a l  d e p o s i t  w a s  e i t h e r  erbium 

m e t a l  o r  ErO. Comparison o f  t h e  measured and c a l c u l a t e d  

i n c r e a s e s  i n  w e i g h t  shows t h a t  t h e  m a j o r i t y  o f  t h e  r e s u l t s  

a g r e e  w i t h  t h e  a s s e r t i o n  t h a t  t h e  i n i t i a l  d e p o s i t  formed by 



T a b l e  4 :  Weight . i n c r e a s e s  i n  mgm of  d e p o s i t s  vacuum con- 

densed from erbium vapour and subsequent ly  ox id i sed  

t o  E r 2 0 3 .  

n = r e s u l t  index 

W1 = weight  o f  t h e  d e p o s i t  b e f o r e  o x i d a t i o n  t o  

0 

t = t h i c k n e s s  of  t h e  d e p o s i t  i n  A c a l c u l a t e d  

on t h e  assumption t h a t  t h e  d e p o s i t  i s  E r .  

W 2  = weight  i n c r e a s e  of t h e  d e p o s i t  due t o  oxida- 

t i o n  t o  E r 2 0 3 .  

Wj = c a l c u l a t e d  weight i n c r e a s e  assuming t h e  

d e p o s i t  is E r .  

W4 = c a l c u l a t e d  weight  i n c r e a s e  assuming t h e  

d e p o s i t  i s  E r O .  



1 0 . 1 2 2  

2  0 . 1 2 0  

3  0 . 1 1 0  

4  0 . 1 2 6  

5  0 . 1 1 2  

6 0 . 1 2 6  

7  0 .063  

8  0 . 0 6 9  

9 0 .058  

1 0  0 . 0 8 5  

11 0.097  

1 2  0 .094  

1 3  0 .079  

1 4  0 . 0 9 0  

1 5  0 .086  

1 6  0 . 0 9 1  

1 7  0 .073  

1 8  0 .086  

TOTAL : 



condensation of erbium vapour was erbium metal and not ErO. 

The reproducibility of the weights was tested by weighing a 

clean glass cover slip before and after heating it to 600•‹C 

for ten minutes and repeating this process several times for 

several different slips. This procedure was found to give 

weights reproducible to 0.003 mgm and this being so only 

result number 14 in table 4 could conceivably be used to support 

the view that the initial deposit was ErO. In order to reduce 

the error below 0.003 mgm it would probably be necessary to 

use a dust-free room and equipment. However, such complexity 

is not necessary; the present accuracy is sufficient to enable 

a decision to be made between the alternatives of erbium or 

ErO as the material of the initial deposit. 



CHAPTER I V  

DISCUSSION 

I V - 1  FACE-CENTRED-CUBIC Gd, Tb, Dy, H o ,  E r  a n d  Tm 

When a  new p h a s e  i s  o b s e r v e d  f o r  a metal i n  t h e  form o f  

a  t h i n  f i l m  it is  i m p o r t a n t  t o  e s t a b l i s h  w h e t h e r  t h e  m a t e r i a l  

examined i s  t h e  m e t a l  i t s e l f  o r  w h e t h e r  it i s  a c h e m i c a l  

compound which  o c c u r s  b e c a u s e  o f  c o n t a m i n a t i o n  o f  t h e  f i l m .  

The f i l m s  s t u d i e d  had metal l ic  r e f l e c t i v i t y ,  t h e  low e lec t r i -  

c a l  r e s i s t a n c e  o f  metal f i l m s  and  t r a n s f o r m e d  i n t o  o x i d e s  

when h e a t e d  i n  a i r  o r  i n  a "vacuum" tor r )  by a n  i n t e n s e  

e l e c t r o n  beam. A l l  o f  t h e s e  f a c t s  s t r o n g l y  s u g g e s t  t h a t  t h e  

new p h a s e s  were m e t a l l i c .  A f u r t h e r  a r g u m e n t  i n  f a v o u r  o f  

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

t h e  s t r u c t u r e s  o f  t h e  f i l m s .  A s  was s t a t e d  ea r l i e r ,  con-  

d e n s a t i o n  on  a  s u b s t r a t e  was n o t  a l l o w e d  t o  b e g i n  u n t i l  t h e  

q c t t e r i n g  a c t i o n  had r e d u c e d  t h e  a m b i e n t  p r e s s u r e  t o  a  s t e a d y  

minimum. I n  t h i s  s i t u a t i o n  t h e  r a t e  o f  a r r i v a l  o f  a toms  

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

c o n s t a n t  a s  was t h e  r a t e  o f  a r r i v a l  o f  atoms f rom c o n t a m i n a n t s  

i n  t h e  vacuum. I n  t h i n  f i l m s  f a c e - c e n t r e d - c u b i c  p h a s e s  w e r e  

o b s e r v e d  w h e r e a s  i n  t h i c k  f i l m s  t h e  n o r m a l  h e x a g o n a l  s t r u c t u r e s  

o f  the m e t a l s  i n  b u l k  were o b s e r v e d .  The m e a s u r e d  l a t t i c e  

p a r a m c t c r s  o f  t h e  h e x a g o n a l  fo rms  a g r e e d  w i t h i n  t h e  exper imen-  

t a l  e r r o r  o f  a b o u t  1% w i t h  X-ray r e s u l t s  ( S p e d d i n g  and  Beaudry ,  



1 9 7 1 )  which i n d i c a t e s  t h a t  i n  t h i c k  f i l m s  t h e  c o n c e n t r a t i o n  

o f  c o n t a m i n a n t s  was n o t  l a r g e  enough t o  be d e t e c t e d .  S i n c e  

t h e  t h i n  f i l m s  and t h e  t h i c k  f i l m s  were made i n  t h e  same WLA, 

and t h e  t h i c k  f i l m s  behaved a s  r e l a t i v e l y  uncon tamina ted  

m e t a l s  i t  must  be  concluded t h a t  t h e  f a c e - c e n t r e d - c u b i c  

p h a s e s  o b s e r v e d  i n  t h i n  f i l m s  were new p h a s e s  o f  t h e  m e t a l s  

and notcompounds o f  t h e  m e t a l s .  Had t h e y  been compounds of 

t h e  metals t h e r e  i s  no r e a s o n  why t h e  s a m e  compounds s h o u l d  

n o t  have  been s e e n  i n  t h i c k e r  f i l m s .  

A l l  t h e  e x p e r i m e n t a l  r e s u l t s  r e p o r t e d  s o  f a r  for Tb, 

Dy, 110, E r  and Trn a r e  c o m p l e t e l y  c o n s i s t e n t  w i t h  t h e  sug- 

g e s t i o n  t h a t  t h e  f a c e - c e n t r e d - c u b i c  p h a s e s  which a r e  a s s o -  

c i a t e d  w i t h  t h e s e  m e t a l s  a r e  new fo rms  of t h e  m e t a l s .  No 

r e s u l t  o b t a i n e d  f o r  t h e s e  p h a s e s  r e q u i r e s  a n  e x p l a n a t i o n  i n  

terms of  a  compound o f  a  r a r e - e a r t h  m e t a l  and a c o n t a m i n a n t  

i n  t h e  vacuum s u c h  a s  oxygen or n i t r o g e n .  I n  t h e  case of  

gado l in ium t h e r e  i s  some e v i d e n c e  t o  i n d i c a t e  t h a t  t h e  f i l m s  

w e r e  c o n t a m i n a t e d  w i t h  oxygen.  S i n c e  t h e  f i l m s  p o s s e s s  

marked m e t a l l i c  p r o p e r t i e s  and  s t r o n g  e l e c t r o n  d i f f r a c t i o n  

r i n g s  from t h e  u s u a l  o x i d e  Gd 0 w e r e  n o t  o b s e r v e d  i t  i s  
2 3  

r e a s o n a b l e  t o  assume t h a t  even  i n  t h i s  c a s e  t h e  f a c e - c e n t r e d -  

c u b i c  phase  is c h a r a c t e r i s t i c  of m e t a l l i c  g a d o l i n i u m  i n  t h i n  

f i l m s .  There  is  e v i d e n c e  t h a t  r e c e n t l y  a  f a c e - c e n t r e d - c u b i c  

o x i d e  GdO h a s  been made by t h e  vacuum d i s t i l l a t i o n  of a 

powder c o n t a i n i n g  b o t h  Gd and GdZ03 ( B i s t  e t  a l . ,  1 9 7 2 ) .  



T h i s  GdO is  t h o u g h t  t o  be  formed by t h e  r e a c t i o n  Gd 0 + G d  
2 3 

= 3 GdO and i t s  c u b i c  s t r u c t u r e  h a s  l a t t i c e  p a r a m e t e r  
0 0 

a  = 5.24 + 0.05 A which i s  n o t  t h e  same a s  a. = 5.40 + 0.05 A 
0 - - 

t h e  l a t t i c e  pa ramete r  o f  t h e  f a c e - c e n t r e d - c u b i c  phase  produced 

i n  t h e  p r e s e n t  work by t h e  e v a p o r a t i o n  o f  gado l in ium m e t a l .  

Although t h i s  f a c e - c e n t r e d - c u b i c  phase  may p o s s i b l y  b e  c o n t a -  

mina ted  w i t h  some oxygen it  i s  main ly  gado l in ium m e t a l  and n o t  

GdO . 

I V - 2 .  THE FACE-CENTRED-CUBIC PHASE FOR ERBIUM, E r  or ErO? 

I n  a r e c e n t  l e t te r  Murr (1973) s u g g e s t e d  t h a t  t h e  f a c e -  
0 

c e n t r e d - c u b i c  e l e c t r o n d i f f r a c t i o n p a t t e r n  ( a  = 5.09 + 0.05 A )  
0 

o b t a i n e d  i n  t h e  p r e s e n t  work (Curzon and Chlebek ,  1972) from 

t h i n  f i l m s  formed by t h e  e v a p o r a t i o n  o f  erb ium was d u e  t o  

a  m e t a s t a b l e  o x i d e  E r O  and n o t  t o  a  new c r y s t a l l i n e  m o d i f i c a t i o n  

of  m e t a l l i c  e rb ium which normal ly  h a s  t h e  hexagonal -c lose-packed 

s t r u c t u r e .  The proposed o x i d e  was used by Murr (1967) t o  

a c c o u n t  f o r  a  f a c e - c e n t r e d - c u b i c  p a t t e r n  which was obse rved  

i n  some r e g i o n s  o f  e rb ium f i l m s  vapour -depos i t ed  on  t o  (001) 

NaCl s u b s t r a t e s .  Murr (1967) p r e p a r e d  h i s  e rb ium f i l m s  by a  

p u l s e  e v a p o r a t i o n  t e c h n i q u e  i n  a n  u l t r a  h i g h  vacuum o f  l o - '  

t o  lo- '  t o r r .  Tha t  t h e  vacuum d u r i n g  e v a p o r a t i o n  was worse 

than  t h i s  is  shown by t h e  f a c t  t h a t  men t ion  i s  made o f  vacuum 

r e c o v e r y  between e v a p o r a t i o n s  b u t  no i n f o r m a t i o n  i s  g i v e n  

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



work thc specimens were made in a vacuum of "10'~ torr dur~ng 

evaporation. Murr (1973) suggests that the difference in 

vacuum conditions for the two sets of experiments may account 

for the extensive occurrence of the face-centred-cubic phase 

in the present work. 

In the following discussion it will first be pointed out 

that Murr's results are consistent with a face-centred-cubic 

form of erbium and then further evidence will be presented 

which shows that the results of the present experiments on 

erbium are not explicable in terms of the p-type semiconducting 

oxide ErO discussed by Murr. 

Murr (1967) only observed the face-centred-cubic phase 

in localized regions of his erbium films. It is reasonable 

to suppose that the flux of any oxygen at the erbium film 

would be uniformly distributed over the substrate and hence 

the occurrence of localized regions of a face-centred-cubic 

oxide is unlikely especially as such regions would demand the 

diffusion of oxygen long distances over the reactive substrate. 

If it is assumed that the face-centred-cubic regions consisted 

of a new metastable form of metallic erbium then the occurrence 

of discrete areas of this material is easily explained. The 

cleavage face of NaCl contains cleavage steps and many other 

forms of defect which would act as preferred sites for the 

nucleation of the new form. The efficiency of nucleation is 

very sensitive to such defects hence an anisotropic distribution 



of face-centred-cubic erbium embedded in hexagonal-close- 

packed erbium would be a distinct possibility. The face- 

centred-cubic form, since it is metastable, would presumably 

have a tendency to transform to the bulk hexagonal-close- 

packed form by the formation of stacking faults. Murr (1967) 

himself observed the extreme ease with which such faults 

developed. It could also be argued though perhaps less con- 

vincingly that the faults in the NaCl would generate defects 

in 'hexagonal-close-packed erbium and that these defects could 

act as preferred sites for the growth of face-centred-cubic 

ErO. 

Murr (1973) suggests that the vacuum of 10'~ torr used 

during condensation of erbium films studied in the present 

experiments was sufficiently poor to lead to the formation of 

ErO. If this is so then other easily oxidizable metals such 

as thallium or zinc should also show evidence 6f oxidation 

when condensed in a similar vacuum. An experiment carried out 

on thallium showed that oxides of this metal were not observed 

when the metal was deposited in situ at about 10'~ torr inside 

the electron microscope but the metal rapidly oxidised when 

exposed to the atmosphere for a few seconds. Further evidence 

not considered by Murr which strongly argues against the 

interpretation involving ErO is the thickness dependence of the 

structures of the films already discussed in section IV-1 and 

the results of the weight increase measurements upon oxidizing 



thin films of the f.c.c.,phase to Er 0 given in Chapter 111. 2 3 

Thc present work has shown that the face-centred-cubic 

phase had low electrical resistance. The conductivity of the 

erbium films has been measured, the thickness of the film 

beinq estimated from the geometry of the apparatus and the 

weiqht of erbium evaporated. The conductivity is of the order 

of 0.2 x 10" (ohm-cm)-' which compares with 0.12 x lo5 (ohm-cm)-' 

for bulk erbium (Kittel, 1971, p. 260). The ratio of -0.2 for 

these conductivities is to be expected because of defects in 

the thin films and surface effects. When films of the face- 

centred-cubic phase (coated with carbon to prevent them from 

being exposed to air) were cooled to 77OK the resistances 

changed by 0 to 10% which is certainly not consistent with the 

behaviour to be expected from the p-type semi-conducting film 

E r O  proposed by Murr (1967) where the conductivity would change 

by at least an order of magnitude or more for an energy gap 
1 

of reasonable size (say "0.5 eV). On the other hand the fact 

that the conductivity did not change much agrees with the sug- 

gestion that the films studied were metallic, the conductivity 

being controlled by a large density of defects and surface 

effects. 

Other metals are known which occur in both the hexagonal- 

close-packed and face-centred-cubic forms. For example thin 

films of face-centred-cubic B- cobalt (normally stable above 

425•‹C) have been produced by electrodeposition onto face- 



centred-cubic copper substrates (Goddard and Wright, 1964). 

Hence, it is not at all unreasonable to suppose that erbium 

could also occur in these two forms, especially since the 

face-centred-cubic form has about the same density as the 

hexagonal-close-packed form. 

All the data so far obtained (the present work and Murr, 

1967) may be easily explained in terms of a face-centred-cubic 

form of erbium which is only stable in thin films. Explana- 

tions based on a proposed face-centred-cubic ErO encounter 

various difficulties. These include: the oxide only occurs in 

thin films and occurs whether the vacuum is gettered with 

freshly condensed erbium or not; formation of the oxide in 

films of hexagonal-close-packed erbium was not observed 

(ErZOj developed) in the work of Murr or in the present work 

and the "oxide" has an electrical conductivity which is cha- 

racteristic of a metal instead of a p-type semiconductor. Also 

the weight increase on oxidation in air is consistent with - 
the formation of Er103 from erbium and not from ErO. 

IV-3 THICKNESS DEPENDENCE OF THE CRYSTAL STRUCTURE 

As mentioned above thin films of many other materials 

have been observed which exhibit crystal structures which are 

different from the normal stable structures (Handbook of Thin 

Film Technology, 1970, pp. 10-45 to 10-52). Although the 

exact mechanism for the formation of the face-centred-cubic 

phase in thin films of the rare-earth metals under considera- 



6 5 .  

t i o n  i s  n o t  known some p o s s i b l e  c o n t r i b u t o r y  f a c t o r s  w i l l  

now be d i s c u s s e d .  

E p i t a x i a l  e f f e c t s  may b e  r u l e d  o u t  s i n c e  amorphous c a r b o n  

f i l m s  were used  a s  s u b s t r a t e s .  However, t h e  Os twald  r u l e  

(Chopra ,  1969 ,  p .199)  a c c o r d i n g  t o  wh ich  a s y s t e m  unde rgo ing  

r e a c t i o n  p r o c e e d s  from a  less s t a b l e  s t a t e  t o  t h e  f i n a l  s t a b l e  

e q u i l i b r i u m  s t a t e  may be  u s e d  t o  p r e d i c t  t h a t  t h e  less s t a b l e  

f . c . c .  p h a s e  i s  formed f i r s t  d u r i n g  c o n d e n s a t i o n .  The f . c . c .  

and  h . c . p .  s t r u c t u r e  have  t h e  same numbers  o f  n e a r e s t  a n d  n e x t  

n e a r e s t  n e i g h b o u r s  hence  t h e  e n e r g y  d i f f e r e n c e  a s s o c i a t e d  w i t h  

t h e  t w o  p h a s e s  i s  s m a l l  and  c o r r e s p o n d i n g l y  t h e  d r i v i n g  f o r c e  

f o r  a p h a s e  t r a n s i t i o n  is a l s o  s m a l l .  From s t a n d a r d  n u c l e a t i o n  

t h e o r y  it f o l l o w s  t h a t  t h e  p r o b a b i l i t y  o f  t h e  f o r m a t i o n  o f  a n  

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

i n c r e a s e s  a s  t h e  spec imen becomes t h i c k e r .  T h i s  means t h a t  t h e  

h . c . p .  p h a s e  would b e  e x p e c t e d  t o  d e v e l o p  i n  r e l a t i v e l y  t h i c k  

f i l m s  a s  was i n  f a c t  o b s e r v e d ,  t h e  f i l m s  b e i n g  t e n s  o f  i n t e r -  
0 

a t o m i c  d i s t a n c e s  t h i c k  (-200 A ) .  A n o t h e r  p o s s i b l e  e x p l a n a t i o n  

o f  t h e  dependence  of  cr9stal  s t r u c t u r e  o n  t h i c k n e s s  i s  t h a t  t h e  

stress be tween  t h e  s u b s t r a t e  and  t h e  m e t a l  may s t a b i l i z e  t h e  

f . c . c .  p h a s e ,  a n  e f f e c t  which  becomes less i m p o r t a n t  a s  t h e  

m e t a l  f i l m  i n c r e a s e s  i n  t h i c k n e s s .  

I V - 4  THE SPACE GROUP OF Er203 .  Th7 or  T ~ ?  

The c r y s t a l  s t r u c t u r e  o f  E r  0 h a s  b e e n  r e p o r t e d  i n  t h e  
2 3  

p a s t  ( P a u l i n g  and S h a p p e l l ,  1930 ;  S t r u k t u r b e r i c h t ,  1928-32,  

p . 3 8 ;  Templeton and Dauben, 1954 ;  F e r t ,  1962 ;  Wyckoff ,  1964 ,  

p. 2 )  t o  be  c u b i c  w i t h  symmetry T  ( I a 3 )  . However, Murr (1967)  h  



whcn s p e a k i n g  o f  h i s  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom E r  0 
2 3 

s t a t e s  " t h e  c o n d i t i o n  on OM t h a t  k ,  ( R )  = 2n ( and  c y c l i c )  

which  i s  s p e c i f i c  t o  t h e  s p a c e  g r o u p  T~ ( I a 3 )  i s  v i o l a t e d  
h  

by t h e  p r o m i n e n t  200 ,  110 ,  220,  e t c .  r e f l e c t i o n s  o b s e r v e d  

( I n t e r n a t i o n a l  T a b l e s  f o r  X-ray C r y s t a l l o g r a p h y ,  1969 ,  V o l .  1, 

pp. 308 and  315)  . . . ' I .  I n  f a c t  b o t h  200 a n d  220 a r e  a l -  

lowed r e f l e c t i o n s  f o r  Th7 b u t  110  i s  f o r b i d d e n .  Murr d e d u c e s  

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

g r o u p  o f  E r  0 is n o t  T  b u t  T5 b u t  f a i l s  c o m p l e t e l y  t o  
2  3  h  

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

h a v i n g  Th7 symmetry may be  invoked  t o  e x p l a i n  h i s  r e s u l t s .  

I t  w i l l  now b e  shown t h a t  t h e  e l e c t r o n  d i f f r a c t i o n  e v i d e n c e  

d i s c u s s e d  by Murr i s  j . n s u f f i c i e n t  t o  e s t a b l i s h  wh ich  o f  t h e  

t w o  s p a c e  g r o u p s  T  or T5 i s  correct. h  

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

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

11 = J-(Ti7 + k 2  + i 2 ) .  I n  t h e  p r e s e n t  work d i f f r a c t i o n  r i n g s  

from E r 2 0 3  with- having v a l u e s  up  t o  a b o u t  100  h a v e  been  

o b s e r v e d .  T a b l e  4 l i s t s  t h e  hkk i n d i c e s  f o r  f o r b i d d e n  r i n g s  

o f  t h e  t y p e  Oke i n  t h e  s p a c e  g r o u p  Th7 where  I? < 100.  A l s o  - 

l i s t e d  a r e  t h e  i n d i c e s  h ' k ' ~ '  o f  a l l o w e d  r i n g s  which  o v e r l a p  

f o r b i d d e n  r i n g s .  I t  i s  s e e n  from t h e  t a b l e  t h a t  i f  E r 2 0 3  h a s  

Th7 symmetry t h e n  t h r e e  r i n g s  o f  t h e  t y p e  OkQ w i t h  t h e  f o l l o w -  

i n g  i n d i c e s  s h o u l d  b e  a b s e n t ,  1 1 0 ,  310,  730 ,  s i n c e  o t h e r  



Table 5: hkR = i n d i c e s  o f  f o r b i d d e n  r i n g s  o f  t h e  t y p e  OkR 

i n  t h e  s p a c e  g roup  T h  
h 8 k ' , 2  ' = i n d i c e s  o f  

a l lowed  r i n g s  i n  t h e  s p a c e  g r o u p  T h  

H = J ( % 2 + k 2 + ~ 2 )  o r  m t 2 + k r 2 + % I 2 ) .  



al lowed r i n g s  wil l .  n o t  o v e r l a p  t h e s e  f o r b i d d e n  r i n g s .  These 

r i n q s  a r e  i n  f a c t  observed i n  t h e  d i f f r a c t i o n  p a t t e r n s  from 

E r 2 0 3  
( t h e  p r e s e n t  work and Murr,  1967) though t h e  730 r i n g  

i s  v e r y  weak. A t  t h e  same t i m e  t h e  1 1 2 ,  222, and 622 r i n g s  

a r e  s t r o n g .  I t  i s  c o n c e i v a b l e  t h a t  t h e  f o r b i d d e n  r e f l e c t i o n s  

110,  310, 730 appear  n o t  because  t h e  T ' s p a c e  g roup  i s  
h 

i n c o r r e c t  f o r  E r  0 b u t  because  d o u b l e  d i f f r a c t i o n  l e a d s  t o  
2  3 

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

where t h e  r e f l e c t i o n s  on t h e  r i g h t  i n  t h e  above e q u a t i o n s  a r e  

a l l  a l lowed  i n  T ~ ~ .  X-ray measurements ,  f o r  which d o u b l e  

d i f f r a c t i o n  is l i t t l e  problem, c a r r i e d  o u t  on  E r  0 by t h e  
2 3  

N a t i o n a l  Bureau o f  S t a n d a r d s  (1956) and quo ted  by Murr (1967) 

are c o n s i s t e n t  w i t h  t h e  s p a c e  g roup  T and i n c o n s i s t e n t  w i t h  
h 

T\ I n  - t h i s  work ( N a t i o n a l  Bureau of S t a n d a r d s ,  1956) some 

r i n g s  a r e  observed which a p p e a r  t o  v i o l a t e  t h e  c o n d i t i o n  on Okt 

t h a t  k ,  ( R )  = 2n b u t  t h e  v i o l a t i o n  i s  o n l y  a p p a r e n t  and is  

due t o  o v e r l a p  by a l lowed  r i n g s  (see T a b l e  5 ) .  The p r e s e n t  
0 

work and t h a t  of  Murr (1967) was c a r r i e d  o u t  on  f i l m s  -200 A 

or more i n  t h i c k n e s s  which i s  t o o  t h i c k  f o r  k i n e m a t i c  e l e c t r o n  

d i f f r a c t i o n  t h e o r y  t o  b e  a p p l i c a b l e .  Hence t h e  above e x p l a -  

n a t i o n  based on doub le  d i f f r a c t i o n  and used  t o  a c c o u n t  f o r  t h e  



appearance of the forbidden reflections 110, 310, 730 in Th7 

is reasonable. In order to use electron diffraction to show 

that the space group of Er2O3 is not T but T S  (for which the 
h 

110, 310 and 730 reflections are allowed) it would be necessa- 

ry either to study much thinner films of oxide in which the 

kinematic approximation could be used or alternatively single 

crystals mounted in a tilting holder could be studied, dark 

field and selected area techniques being used to check that 

double diffraction was absent. However such work is not 

necessary because the X-ray studies have ruled out T' as a 

possible space group for Er 0 . 
2 3 

IV-5. THE OXIDATION OF F.C.C. ERBIUM 

The relation of f.c.c. erbium to the oxide is of interest 

and will now be discussed. As stated above Er 0 has a cubic 
2 3 

crystal structure with symmetry T (International Tables h 

for X-ray Crystallography, 1969, Vol. 1, pp. 315 and 498). The 
0 

lattice-parameter is 10.55 A. There are 8 erbium atoms in the 

b positions and 48 in the e positions with xEr = -0.0330 + - 

0.0006 (Fert, 1962), and 24 oxygen atons in the d positions 

with x = 0.394 + 0.001, y = 0.149 + 0.001 and xo = 0.380 
0 - 0 - 

+ - 0.001. When, for simplicity, x is taken to be zero it Er 

turns out that the erbium atoms form a face-centred-cubic 
0 

lattice with a lattice parameter of 5.28 A which is half that 



o f  t h e  o x i d e .  T h i s  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  6 .  The 
0 

l a t t i c e  pa ramete r  o f  t h e  c u b i c  form o f  erbium i s  5 . 0 9  A ;  t h u s ,  

when t h e  c u b i c  form o f  erbium i s  o x i d i s e d  t o  Er203, t h e  sepa-  

r a t i o n  o f  t h e  erb ium atoms i n c r e a s e s  by t h e  s m a l l  amount of  

"I 4 % .  There  i s  a l s o  s l i g h t  r ea r rangement  o f  t h e  erbium atoms 

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

The c u r i o u s  f a c t  t h a t  r i n g s  2-5  o f  f i g u r e  4 have  a p p r o x i -  

m a t e l y  t h e  same r a d i i  a s  c o r r e s p o n d i n g  r i n g s  i n  f i g u r e  1 i s  

e x p l a i n e d  a s  f o l l o w s .  Rings  2 - 5  a r e  due  i n  l a r g e  p a r t  t o  erbium 

atoms w i t h  s m a l l  c o n t r i b u t i o n s  from oxygen atoms which s c a t t e r  

e l e c t r o n s  much less  s t r o n g l y  t h a n  t h e  erb ium atoms.  F i g u r e  1 

is due  e n t i r e l y  t o  erb ium atoms.  S i n c e  t h e  erbium atoms i n  

b o t h  t h e  o x i d e  and t h e  m e t a l  a r e  on v e r y  s i m i l a r  l a t t i c e s ,  i t  

f o l l o w s  t h a t  r i n g s  2-5 s h o u l d  c o r r e s p o n d  c l o s e l y  t o  r i n g s  

produced by t h e  p u r e  m e t a l  a s  i s ,  i n  f a c t ,  t h e  c a s e .  The 

prominent  211 r i n g  of  f i g u r e  4 i s  due  a l m o s t  e n t i r e l y  t o  

oxygen atoms.  

- A  d i s c u s s i o n  o f  t h e  o x i d a t i o n  o f  t h e  c u b i c  forms o f  t h e  

o t h e r  m e t a l s  under  i n v e s t i g a t i o n  would b e  s i m i l a r  t o  t h a t  

f o r  e rb ium and hence  i s  o m i t t e d .  



z = 0 l e v e l  

z = 3 l e v e l  

z = % l e v e l  

3  
z = - l e v e l  4 

F i g u r e  6 :  P o s i t i o n s  of t h e  erbium atoms i n  E ~ ~ O ~  t a k i n g  

~r = 0 f o r  s i m p l i c i t y .  The erbium atoms form 

a  f .c.c.  l a t t i c e  w i t h  a  l a t t i c e  p a r a m e t e r  e q u a l  t o  

one h a l f  t h a t  o f  t h e  o x i d e  l a t t i c e  p a r a m e t e r .  



IV-6. A COMMENT ON THE V A L I D I T Y  OF RECENT ELECTRON MICRO- 

SCOPE OBSERVATIONS OF GADOLINIUM MONOXIDE AND A 

RELATED LOWER O X I D E  

A number o f  p a p e r s  ( R a i  and S r i v a s t a v a ,  1971 ,  B i s t  and  

S r i v a s t a v a ,  1971;  B i s t  e t  a l . ,  1972)  have  r e c e n t l y  appea red  

which r e p o r t  t h e  r e s u l t s  o f  e l e c t r o n  m i c r o s c o p e  and  d i f f r a c -  . 
t i o n  s t u d i e s  o n  g a d o l i n i u m  monoxide and s u b o x i d e  o f  t h e  form 

Cd00.656 The v a l i d i t y  o f  t h e  i n t e r p r e t a t i o n  o f  t h e  e x p e r i -  

m e n t a l  r e s u l t s  i s  d i s c u s s e d  below i n  terms o f  t h e  e l e c t r o n  

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

work on t h i n  f i l m s  o f  r a r e - e a r t h  m e t a l s .  

Ra i  and  S r i v a s t a v a  (1971)  have  r e p o r t e d  t h a t  s i n g l e  

c r y s t a l s  o f  GdO are  o b t a i n e d  when t h e  v a p o u r  o f  99.95% p u r e  

g a d o l i n i u m  i s  condensed  o n  t h e  100  f a c e  o f  f r e s h l y  c l e a v e d  

N a C 1 ,  t h e  t e m p e r a t u r e  o f  t h e  N a C l  b e i n g  550•‹C and  t h e  vacuum 

b e i n g  a b o u t  10" t o r r .  The d e p o s i t  o f  GdO s o  o b t a i n e d  w a s  

r e p o r t e d  t o  have  a n  NaC1-type f a c e - c e n t r e d - c u b i c  l a t t i c e  w i t h  
0 

a  s p a c i n g  o f  5.50 - + 0.03  A .  I n  l a t e r  work ( B i s t  and  S r i v a s t a v a ,  

1 9 7 1 ;  B i s t  e t  a l . ,  1972)  GdO was p r e p a r e d  by vacuum d i s -  

t i l l a t i o n  a t  a b o u t  1800•‹C i n  a  vacuum o f  10 '~  t o r r  o f  a 

powder c o n t a i n i n g  b o t h  Gd203 and  Gd. T h i s  d e p o s i t  o f  GdO had 

a z i n c  s u l p h i d e  t y p e  f a c e - c e n t r e d - c u b i c  s t r u c t u r e  w i t h  a  
0 

l a t t i c e  p a r a m e t e r  o f  5.24 + 0.05  A .  I n  v i ew o f  t h e  d i f f e r e n t  - 
c r y s t a l  s t r u c t u r e s  and l a t t i c e  p a r a m e t e r s  r e p o r t e d  f o r  t h e  



deposits formed during the two different methods of prepara- 

tion it appears unlikely that both materials were GdO, thus it 

is necessary to discuss whether one of the deposits could 

have been a material other than GdO. 

It has been argued above that face-centred-cubic gadoli- 

nium metal has been prepared in the present work by condensa- 

tion of gadolinium vapour. The lattice parameter of this 
0 

phase is a = 5.40 + 0.05 A which compares with the parameter 
0 - 

0 

of a = 5.50 + 0.03 A oStained for the cubic phase reported 
0 - 

by Rai and Srivastava (1971). It thus appears that the 

cubic phase obtained by vapour deposition of gadolinium on 

rock-salt (Rai and Srivastava, 1971) may have been metallic 

face-centred-cubic gadolinium and not NaCl type face-centred- 

cubic GdO as reported. 

The phase obtained by distillation of a powder containing 

Gd and Gd203 was shown to be GdO by means of the weight gain 

which occurred when the phase was oxidized in air to Gd203 

(Bist et al., 1972). A similar test has not been carried 

out for the deposit formed when the vapour from gadolinium 

alone is condensed. 

When in the present work face-centred-cubic gadolinium 

or normal hexagonal-close-packed gadolinium was pulse annealed 

inside the electron microscope a diffraction pattern which 

could be interpreted entirely in terms of Gd203 was obtained. 
0 

The measured lattice parameter was 10.80 + 0.05 A which - 



0 

compares with the X-ray value of 10.813 A (~empleton and 

Dauben, 1954). Some weak "forbidden" rings were observed 

in the electron diffraction patterns but they are explicable 

in terms of the double diffraction which frequently occurs in 

electron diffraction studies and for which a detailed dis- 

cussion was given in section IV-3 for the case of Er 0 2 3' 

Tt is interesting to note that erbium oxidized more readily 

than gadolinium. Erbium could be oxidized by illuminating 

it with an intense electron beam but with the apertures of the 

condenser lenses still in position. In order to oxidize the 

gadolinium both apertures of the condenser lenses had to be 

removed. Bist et al., (1972) found that gadolinium did not 

oxidize at an appreciable rate in air until the temperature 

exceeded 750•‹C. This being so, it appears that even when 

gadolinium is deposited in a vacuum of lo-' torr on to a 

substrate of 550•‹C it should not oxidize appreciably. This 

conclusion reinforces the view expressed earlier that Rai and 

Srivastava (1971) observed not GdO but metallic gadolinium 

when they condensed gadolinium vapour on NaC1. 

When Rai and Srivastava (1971) pulse annealed the films 

they obtained by condensing gadolinium vapour on NaCl they ob- 

served the formation of a cubic super lattice with lattice 
0 

parameter a = 10.90 + 0.09 A. This result is consistent 
0 - 

0 

with the accepted lattice parameter of a. = 10.813 A for 



Gd20j (Tcmpleton and Dauben, 19541,  b u t  t h e  s u p e r l a t t i c e  was 

o f  f a c e - c e n t r e d - c u b i c  t y p e  which d o e s  n o t  a g r e e  w i t h  t h e  T 
h 

symmetry o f  Gd203 ( S t r u k t u r b e r i c h t ,  1928-32) .  Ra i  and 

S r i v a s t a v a  (1971) s u g g e s t  t h a t  t h e  phase  i n  q u e s t i o n  d e v e l o p s  

b e c a u s e  p u l s e  a n n e a l i n g  l e a d s  t o  l o s s  o f  oxygen from t h e  

i n i t i a l  m a t e r i a l  which w a s  t h o u g h t  t o  b e  GdO. A s  p o i n t e d  o u t  

ear l ier  t h i s  i n i t i a l  m a t e r i a l  was p r o b a b l y  g a d o l i n i u m  and n o t  

GdO Q u t  even  assuming t h e  i n i t i a l  material w e r e  GdO t h e  sug- 

g e s t e d  mechanism f o r  t h e  development  o f  t h e  s u p e r l a t t i c e  i s  

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

hexagonal -c lose-packed and f a c e - c e n t r e d - c u b i c  g a d o l i n i u m  

o x i d i z e  t o  Gd 0 when s u b j e c t e d  t o  p u l s e  a n n e a l i n g .  T h i s  means 
2 3 

t h a t  GdO when p u l s e  a n n e a l e d  would b e  e x p e c t e d  t o  o x i d i z e  f u r -  

t h e r  i n s t e a d  o f  l o s i n g  oxygen a s  Ra i  and S r i v a s t a v a  s u g g e s t e d .  

I t  i s  c l e a r  t h a t  f u r t h e r  work is  r e q u i r e d  i n  o r d e r  t o  e s t a b l i s h  

t h e  n a t u r e  o f  t h e  s u p e r l a t t i c e .  I n  p a r t i c u l a r  i t s  chemica l  

c o m p o s i t i o n  s h o u l d  b e  de te rmined  by n o t i n g  any  i n c r e a s e  of  

w e i g h t  which o c c u r s  when t h e  m a t e r i a l  is h e a t e d  i n  a i r .  I n  

v iew of t h e  c l o s e n e s s  o f  t h e  l a t t i c e  p a r a m e t e r  t o  t h a t  s f  

Gd203 it i s  c o n c e i v a b l e  t h a t  t h e  s u p e r l a t t i c e  i s  a non- 

s t o i c h i o m e t r i c  form o f  Gd 0 i n  which v a c a n c i e s  a r e  o r d e r e d .  2  3 

B i s t  e t  a l . ,  (1971,  1972) have shown t h a t  GdO may b e  made 

by vacuum d i s t i l l a t i o n  o f  a  powder c o n t a i n i n g  b o t h  gado l in ium 

m e t a l  and Gd203. When GdO i s  p u l s e  a n n e a l e d  it is  r e p o r t e d  

t h a t  Gd00.656 forms,  t h a t  i s ,  p u l s e  a n n e a l i n g  l e a d s  t o  a 



r e d u c t i o n  o f  GdO ( B i s t  e t  a l . ,  1 9 7 2 ) .  I t  i s  known t h a t  p u l s e  

a n n e a l i n g  o f  some o x i d e s  s u c h  a s  MOO l e a d s  t o  t h e i r  r e d u c t i o ~ .  
3 

( B u r s i l l ,  1969)  b u t  a s  h a s  j u s t  been  s t a t e d  t h e  p r e s e n t  s t u -  

d i e s  o n  t h e  o x i d a t i o n  o f  meta l l i c  g a d o l i n i u m  t o  Gd 0 i n d i c a t e  
2 3 

t h a t  p u l s e  a n n e a l i n g  o f  GdO s h o u l d  l e a d  t o  i ts  o x i d a t i o n  and 

n o t  i t s  r e d u c t i o n .  The fo rmula  GdO 0.656 
i s  b a s e d  e n t i r e l y  o n  

e l e c t r o n  d i f f r a c t i o n  s t u d i e s .  The q u e s t i o n  t h e r e f o r e  a r i s e s  

a g  t o w h e t h e r t h e  a n a l y s i s  o f  t h e s e  s t u d i e s  i s  c o r r e c t .  E l e c -  

t r o n  d i f f r a c t i o n  s t u d i e s  c a n  be used  t o  o b t a i n  a c c u r a t e  i n -  

f o r m a t i o n  a b o u t  t h e  geometry  o f  u n i t  ce l ls  b u t  i s  v e r y  un- 

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

f i l m s  s t u d i e d  by B i s t  e t  a l . ,  which  had a n  a v e r a g e  t h i c k n e s s  
0 

o f  500 A.  I n  s u c h  r e l a t i v e l y  t h i c k  f i l m s  d y n a m i c a l  i n t e r -  

a c t i o n s  c a n  b e  v e r y  s t r o n g .  B i s t  e t  a l . ,  p o i n t e d  t h i s  f a c t  

o u t  b u t  p roceeded  t o  u s e  t h e i r  i n t e n s i t y  d a t a  t o  d e t e r m i n e  

t h e  c o n t e n t s  o f  t h e  u n i t  c e l l  o f  GdO 
0.656' 

A s  w i l l  b e  d i s -  

c u s s e d  below,  t h e  e l e c t r o n  d i f f r a c t i o n  s t u d i e s  o f  B i s t  e t  a l . ,  

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

and p roposed  c r y s t a l  s t r u c t u r e  o f  t h e  o x i d e  GdO 0.656 '  

The p u l s e  a n n e a l i n g  o f  GdO made by vacuum d i s t i l l a t i o n  

o f  a powder c o n t a i n i n g  g a d o l i n i u m  metal and  Gd 0 ( B i s t  and 2  3 

S r i v a s t a v a ,  1971;  B i s t  e t  a l . ,  1972)  r e p o r t e d l y  l e a d s  t o  t h e  

f o r m a t i o n  o f  a  s u p e r l a t t i c e  w i t h  rhombohedra1 symmetry,  t h e  

hexagona l  a x e s  o f  t h e  u n i t  c e l l  o f  t h e  s u p e r l a t t i c e  b e i n g  



0 

a = 2JZ a. and  c  = 2 f l  a. where a  = 5.24 + 0.05  A is  t h e  

l a t t i c e  p a r a m e t e r  o f  GdO. The c 

t o  a  s i m p l e  c u b i c  u n i t  c e l l  w i t h  

p r e s e n t  c a s e  of  b = 2a = 10.48  
0 0 

X-ray C r y s t a l l o g r a p h y ,  1969,  Vol 

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

0 - 
a r a t i o  o f  fi/a c o r r e s p o n d s  

a  l a t t i c e  p a r a m e t e r  i n  t h e  
0 

A ( I n t e r n a t i o n a l  T a b l e s  f o r  

2 ,  p .  154)  t h u s  t h e  p o s i t i o n s  

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

by B i s t  e t  a l . ,  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  a  c u b i c  u n i t  
4 

ce l l .  T h i s  d o e s  n o t  o f  c o u r s e  imply  t h a t  t h e  s u p e r l a t t i c e  

n e c e s s a r i l y  h a s  c u b i c  symmetry. The s u p e r l a t t i c e  ( B i s t  and 

S r i v a s t a v a ,  1971;  B i s t  e t  a l . ,  1972)  h a s  been  i n t e r p r e t e d  i n  

t e r m s  o f  a n  o r d e r e d  a r r a y  of  oxygen atoms i n  a  l a t t i c e  o f  

rhombohedral  symmetry, t h e  c h e m i c a l  f o r m u l a  o f  t h e  compound 

b e i n g  GdO 0.656'  B i s t  e t  a l . ,  (1972)  p o i n t  o u t  t h a t  t h e  

g a d o l i n i u m  a toms i n  rhombohedra1 Gd00.656 l i e  o n  a f a c e -  

c e n t r e d - c u b i c  l a t t i c e .  I t  i s  wor thy  o f  n o t e  t h a t  t h e  oxygen 

atoms l e a d  t o  a d e c r e a s e  of l a t t i c e  symmetry from c u b i c  t o  

rhombohedral  and y e t  a t  t h e  same t i m e  t h e  symmetry o f  t h e  

m e t a l  a toms i s  c u b i c  and a l s o  a  c u b i c  shaped  u n i t  c e l l  w i t h  

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

be  used  t o  d e s c r i b e  Gd00,656. Such a s i t u a t i o n  is  o f  c o u r s e  

p o s s i b l e  i n  p r i n c i p l e  b u t  t h e  c u b i c  symmetry o f  t h e  m e t a l  a toms 

and t h e  c u b i c  s h a p e  o f  t h e  u n i t  c e l l  s u g g e s t  t h a t  a  p o s s i b l e  

c u b i c  symmetry o f  t h e  e n t i r e  l a t t i ce  ( g a d o l i n i u m  p l u s  oxygen)  

s h o u l d  be  examined. B i s t  e t  a l . ,  r e j e c t e d  c u b i c  symmetry 

because  of t h e  g e o m e t r i e s  o f  t h e i r  o b s e r v e d  s u p e r l a t t i c e  



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

d i f f r a c t i o n  p a t t e r n  showing a  (2111 s e c t i o n  t h r o u g h  t h e  GdO 

r e c i p r o c a l  l a t t i c e .  I f  a l lowance  i s  made f o r  t h e  f a c t  t h a t  

t h e  e l e c t r o n  beam is n o t  e x a c t l y  a l o n g  t h e  GdO [211] d i r e c t i o n  

i t  becomes a p p a r e n t  t h a t  t h e  GdO and s u p e r l a t t i c e  s p o t s  i n  

t h e  p u b l i s h e d  p a t t e r n  have  m i r r o r  symmetry a b o u t  t h e  GdO - 
[ i l l ]  and [ o l i ]  l i n e s  of  s p o t s .  Such symmetry i s  c o n s i s t e n t  

L 

w i t h  t h e  c u b i c  p o i n t  g roup  m3m ( I n t e r n a t i o n a l  T a b l e s  f o r  

X-ray C r y s t a l l o g r a p h y ,  1969,  Vol.  1, pp. 27 and 301, t h u s  

B i s t  e t  a l . ,  a r e  mis taken  i n  a s s e r t i n g  t h a t  t h e i r  p u b l i s h e d  

[211] d i f f r a c t i o n  p a t t e r n  s u p p o r t s  t h e i r  v iew t h a t  t h e  

r e p o r t e d  s u p e r l a t t i c e  i s  n o t  c u b i c .  I t  may b e  t h e  c a s e  t h a t  

t h e i r  a s s e r t i o n  i s  correct b u t  t h i s  c a n n o t  b e  a s c e r t a i n e d  un- 

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

c o n t r a d i c t s  m3m. Two o t h e r  d i f f r a c t i o n  p a t t e r n s  o f  t h e  super -  

l a t t i c e  o f  GdO have a l s o  been p u b l i s h e d .  One of  t h e s e  is 

a  (111) GdO r e c i p r o c a l  l a t t i c e  s e c t i o n  which h a s  s i x - f o l d  

r o t a t i o n  symmetry. Such symmetry i s  c o n s i s t e n t  w i t h  c u b i c ,  

rhombohedra1 o r  hexagonal  symmetry. The remain ing  p u b l i s h e d  

d i f f r a c t i o n  p a t t e r n  i s  a  I1231 GdO r e c i p r o c a l  l a t t i c e  s e c t i o n .  
-- 

T h i s  p a t t e r n  c o n t a i n s  a  (111)  a x i s  which is  a  t h r e e - f o l d  i n v e r -  
-- 

s i o n  a x i s  i n  m3m. Assuming t h a t  t h e  [ill] a x i s  i s  i n  f a c t  

a  t h r e e - f o l d  i n v e r s i o n  a x i s  t h e n  i n v e r s i o n  symmetry would b e  

e x p e c t e d  i n  t h e  ( 1 2 3 )  s e c t i o n .  Such symmetry i s  however 



always observed for diffraction patterns where resonance 

effects can be neglected (International Tables for X-ray 

Crystallography, 1969, Vol. 1, pp. 27 and 30) hence the 

C123) diffraction pattern does not give symmetry information 

which is of use in determining whether the superlattice of 

GdO is cubic or not. The facts that the published diffraction 

patterns from the superlattice are consistent with cubic sym- 

' metry and that the positions of the diffraction spots are 

given by a cubic unit cell argue against the interpretation 

by Bist et al., in terms of a lattice of rhombohedra1 symmetry. 

In addition, as pointed out previously, the oxidation to 

GdZ03 which occurs when gadolinium is pulse annealed shows 

that the pulse annealing of GdO would be expected to lead to 

a higher oxide and not to the lower oxide Gd00.656 proposed 

by Bist et al., (1972). Dynamical interaction in films 
0 

500 A thick such as were used by Bist et al., is likely to 

be so strong that intensity measurements would be totally 

unreliable. This being so, electron diffraction studies of 

such films should be mainly restricted to the determination 

of the size and shape of a unit cell. The determination of 

unit cell contents is likely to be unreliable. At the very 

least a proposed structure such as GdO 0.656 
should be con- 

firmed by a study of the weight increase which occurs when 

the film is heated in air to form Gd203. with the evidence 

presently available it is highly likely that the superlattice 



obtained by pulse annealing GdO is not Gd00.656 but is in 

fact an oxide containing more oxygen than GdO. 
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