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Abstract.- Extended X-ray Absorption Fine Structure (EXAFS) measurements are reported for crystalline 
solids a and 8-Gallium, and for liquid in the supercooled state. The Comparison of these results 
to the previous structure knowledge is discussed in terms of both temperature and atomic environment 
dependence. 

INTRODUCTION 

The extended X-ray absorpt ion f i n e  s t r u c t u r e  

i s  a  valuable technique f o r  s t r u c t u r a l  problems and 
the  determinat ion o f  t h e  l o c a l  s t r u c t u r e  around a  

s p e c i f i c  atom i s  extremely usefu l  i n  the  study of 

multicomponent so lu t ions  o r  amorphous s o l i d s  when 

the  p a r t i a l  s t r u c t u r e  f a c t o r s  are n o t  ava i lab le .  

However EXAFS spectrum ana lys is  needs some parame- 

t e r s  one can deduce from specia l  experiments o f  a  

standard m a i e r i a l  whose coord inat ion distances a re  

known. 

The purpose o f  t h i s  paper i s  t o  present t h e  

r e s u l t s  obtained on ga l l i um and t o  compare the c a l -  

cu l  ated EXAFS s ignal  w i t h  t h e  experimental data. 
Gal l ium was chosen f o r  a t  l e a s t  two reasons : on tk 

one hand orthorhombic a-Ga i s  a  r a t h e r  s u i t a b l e  can- 

d i d a t e  f o r  t e s t i n g  an iso t rop ic  e f f e c t  r e l a t i v e  t o  

the  c rys ta l log raph ic  o r i e n t a t i o n  and f o r  eva lua t ing  

the  temperature dependence, on the o ther  hand the  

t r a n s f e r a b i l i t y  o f  t h e  phase s h i f t  may be tes ted  on 

both t h e  a l l o t r o p e  8-Ga and t h e  l i q u i d .  

EXPERIMENTAL 

The experiments were performed a t  L.U.R.E. on 

t h e  O C I  storage r i n g  o f  Orsay ; t h e  standard setup 

and EXAFS f a c i l i t i e s  were used. 

The samples consis ted of rectangular  f o i  1s o f  

th ickness 35 ; t h e  s i n g l e  c r y s t a l s  o f  a-gal l ium 

were grown from a  seed inser ted  i n  l i q u i d  squeezed 

between two p lates,  the  sample o r i e n t a t i o n  being 

deduced from f u r t h e r  X-ray d i f f r a c t i o n  study. Expe- 

r iments on normal o r  supercooled l i q u i d  and on mo- 
n o c l i n i c  6-Gallium were c a r r i e d  o u t  on samples con- 

s i s t i n g  on a  l a r g e  number of small d rop le ts  s e t t l e d  

on a Kapton sheet. 

Using a c r y o s t a t  cooled by l i q u i d  helium, t h e  

s tab le  a-form (me l t ing  p o i n t  303 K) was s tudied i n  

the temperature range 300 t o  20 K, the  l i q u i d  ga l -  

l i u m  down t o  180 K where f reez ing  was observed t o  

occur, as seen by d i f f e r e n t i a l  thermal analys is ,  

and the  metastable 6-Ga under i t s  me l t ing  p o i n t  

(257 K) down t o  20 K. 

EXAFS DATA AND RESULTS 

I n  a  mate r ia l  composed of one k i n d  of atom, 

the ampli tude ~ ( k )  o f  the f i n e  s t r u c t u r e  o s c i l l a -  

t i o n s  occuring on the  absorpt ion c o e f f i c i e n t  as a  

funct ion of energy E above t h e  K-edge Eo, can be 

described by the expression f l l  : 
f k n  

X L L )  = - -$+ i expl* s i n l 2 k ~ + a ( k ) l d ~  
0  R  

k  = Zm(E - E ~ ) ~ / ~  i s  the  photoelect ron wave Yector. 

f (k,n) the back-scat ter ing amplitude, D(R) i s  the  

p a i r  d i s t r i b u t i o n  func t ion ,  X(k) the  e l e c t r o n  mean 

free path and a (k )  t h e  t o t a l  phase s h i f t .  

I n  a  c r y s t a l  i t  i s  genera l l y  assumed t h a t  the 
p a i r  d i s t r i b u t i o n  o f  atoms surrounding the absor- 

b ing  aton i s  gaussian i n  form ( w i t h  a  mean square 
2  r e l a t i v e  displacement a o f  the atom) and can be 

expressed as a  sum o f  s h e l l s  o f  F l i  atoms a t  t h e  ave- 

rqge d is tance Ri so t h a t  equ. 1 becomes : 

2  2 X(X)  = - 3  ,w ( $ 3 0 ~  2 exp(-*sit 
1 R .  

This expression a1 so inc ludes t h e  p o l a r i z a t i o n  de- 

pendence, < being the  p o l a r i z a t i o n  vector  o f  t h e  

X-ray beam. 

I n  most previous works s t r u c t u r a l  in format ions 

have been determined by  Four ie r  t ransformat ion.  But 

i n  order  t o  avoid problems i n  determining the  
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window f u n c t i o n  t o  i s o l a t e  t h e  successive she1 1s o f  

neighbours and s ince t h e  s t ruc tu res  under i n v e s t i -  

ga t ion  a re  known i n  our  case, we choose t o  compare 

t h e  measured values t o  the  computed EXAFS s ignal ,  

i n  the k-space. 

Experiments were performed a t  20 K on a-Ga 

s i n g l e  c r y s t a l s  whose o r i e n t a t i o n s  r e l a t i v e  t o  the  

p o l a r i z a t i o n  vec to r  are such t h a t  the f o u r  f i r s t  

coord ina t ion  s h e l l s  d i f f e r e n t l y  con t r ibu te  t o  the  

EXAFS s igna l  : t h e  two spectra shown i n  f i g .  l a  

and l b  e x h i b i t  s i g n i f i c a n t  d i f fe rence  over the  

whole range o f  k ; these measurements c l e a r l y  con- 

f i r m  previous r e s u l t s  [2,3,41 r e l a t i v e  

t o  EXAFS o r i e n t a t i o n  dependence. I n  f i g .  1 are 

a l s o  p l o t t e d  t h e  t h e o r e t i c a l  curves computed from 

equ. 2 ; the  f i t t e d  phase s h i f t  expressed by : 

- 3.8 x k3  t 2.8 x lo-' k 2  - 0.99 k t 9.55 

i s  very comparable t o  t h a t  deduced from TEO and 

LEE c a l c u l a t i o n  151, the  main i n c e r t i t u d e  a r i s i n g  

from t h e  exact threshold energy determinat ion. The 

general agreement concerning both o s c i l  Jat ions and 

amplitudes, between experiment and theory i s  rea- 

sonably good over the  range 3.3 - 13 i-' since 

u and X(k) have been keeped constant and f(7,k) i s  

t h e  ca lcu la ted  value [51. 

Flgurc 1. tompariron of theory (solid l ine1  w1;h the n o r k l i z e d  experimental LXArS 

spectra (own c i r c l r l )  f a  0-O 1 7 y l c  r r j , t a l l  (ortmrharbtc ; . t 5135. i  

L 6 5 7 0 2 d  <: 4 5258 A1 
In 0 9  l a .  the v t c t o r  13 i d . 2  ; I s  p r a l l c l  10 th p0lar lmt ,on  

rector i . an In,, orientation toe r r ~ g n t c d  a t a  numcrr * a i  1; 5,) '  are 

0 01. 0 M. 1.12 a d . 1  25 for the d>,canres a ,  ro%nrct i rc ly  4 u . 1  1. 2 a;. 
2  71. 2  7 I a l d  2 8 0 A .  

~n f \g  ~ b  and IC. the rector i - 6 . 2 I 1s o a r r l l r i  t o  i . here tbr  r c l - h t d  

*to. &r% I n  the f t r l t  shells are 0.14. 0.93. 0 50 and 0 67. 

I n  employing EXAFS f o r  unknown s t r u c t u r e  de- 

terminat ion,  i t  i s  genera l l y  assumed t h a t  f(n,k) 

and a(k)  of the  absorbing atom are independent o f  

the atomic envirorment. Gal l ium o f f e r s  t h e  oppor- 

t u n i t y  t o  t e s t  t h i s  bas ic  assumption s ince a t  

l e a s t  two d i f f e r e n t  c r y s t a l l i n e  s t ruc tu res  may be 

a v a i l a b l e  a t  very low temperature ; (i) the or tho-  

rhonbic  a-form, j u s t  s tud ied above, where each 
0 

atom has a f i r s t  neighbour a t  2.44 A, ( i i )  the me- 

tas tab le  monocl inic @-form, where each atom has 
0 

two nearest neighbours a t  2.68 A. 

The r e s u l t s  obtained on a p o l y c r y s t a l l i n e  

6-Ga sample a t  20 K are p l o t t e d  i n  f i g .  2a ; the 

t h e o r e t i c a l  curve, ca lcu la ted  w i t h  t h e  same para- 

meters as those used f o r  a-Ga, show t h a t  the  ato- 

mic environment has l i t t l e  importance about the 
t r a n s f e r a b i l i t y  o f  the  phase s h i f t .  

Flqure 2.  CanparIran of theory ( r o i l d  l ine)  with the ~ m r l i l e d  exnerlmental E x e s  
spectra (open circler) i n  fl,. 2a and Zb : R-ra porler a t  a7 a M  1% I In 
fig .  2c : luperconlcd l iqu id  a t  IIY) K .  

This i s  t r u e  a t  very low temperature b u t  

p a r t l y  f a i l s  when temperature i s  r a i s e d  ; i f  no 

s i g n i f i c a n t  change i n  t h e  phase s h i f t  can be seen 

i n  a-Ga a t  300 K as i l l u s t r a t e d  i n  f i g .  l c ,  a 

change i n  the  phase f u n c t i o n  i s  obvious i n  B-Ga a t  

180 K ( f i g .  2b).  As repor ted  by EISENBERGER and 

BROWN Ill, t h i s  behaviour may be comes from the  

f a c t  t h a t  the  gaussian p a i r  d i s t r i b u t i o n  f u n c t i o n  

assumed t o  e s t a b l i s h  equ. 2 i s  an overs imp l i ca t ion  

and a more r e a l i s t i c  model has t o  be used i n  t h e  

8-Ga where thermal expansion and anharmonic ef fects  

are a t  l e a s t  tw ice  h igher  than i n  a-Ga [6]. 

Another con f i rmat ion  o f  t h i s  p o i n t  o f  view i s  

provided by experiments on l i q u i d  ga l l i um ( f i g . 2 ~ ) :  

EXAFS spectrum concerning h i g h l y  supercooled l i q u i d  

a t  180 K has less  d e t a i l s  than c r y s t a l l i n e  8-Ga a t  

the  sane temperature ( f i g .  2b) because o f  l a c k  o f  

long range order  b u t  t h e  major maxima and zero pos i -  

t i o n s  o f  both co inc ide  (experimental curves, open 

c i r c l e s )  ; we are  n o t  su rp r i sed  s ince X-ray d i f f r a c -  

t i o n  s tud ies had a l ready shown a s i m i l a r i t y  between 

l i q u i d  and 8-st ructure.  But i t  i s  o f  p a r t i c u l a r  



importance t o  note t h a t  i n  l i q u i d  s t a t e  the 

t h e o r e t i c a l  curve ( f i g .  2c) ca lcu la ted  from equ. 1 

by us ing the  d i f f r a c t i o n  data and t h e  phase s h i f t  

p rev ious ly  deduced, matches w e l l  the  observed curve 

a c t u a l l y ,  no assumption has been made about s h e l l  

shape. 

CONCLUSION 

Extended X-ray absorpt ion f i n e  s t r u c t u r e  spec- 

troscopy has been app l ied  t o  the study o f  l i q u i d  

and s o l i d  g a l l i u m  ; the  w e l l  known s t ruc tu res  o f  

t h i s  monoatomic system can serve t o  t e s t  the  a p p l i -  

c a b i l i t y  o f  t h i s  technique as f u n c t i o n  o f  the  ato-  

mic environment , o r i e n t a t i o n  and temperature. Ile 

conclude t h a t  EXAFS r e s u l t s  agree q u i t e  we1 1, es- 

pec ia l  l y  a t  very low temperature, w i t h  i n f o r m a t i o s  

provided by conventional X-ray d i f f r a c t i o n .  For 

t h i s  study, experimental and ca lcu la ted  r e s u l t s  

were compared i n  the  k-space ; b u t  i t  i s  t o  be fea- 

red  t h a t  i n  such complex s t ruc tu res ,  the  overlap- 

p i n g  s h e l l s  o f  neighbours w i l l  encounter severe 

problems t o  e x t r a c t  t h e  s t r u c t u r a l  i n fo rmat ion  by 

us ing Four ie r  t ransform from k-space t o  R-space. 
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