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A b s t r a c t  - The amorphous s t r u c t u r e  of Pdg4Si l6  a l l o y  w i r e  o b t a i n e d  by in -  
ro ta t ing- l iqu id  spinning method from t h e  l i q u i d  s t a t e ,  has been s tudied,  i n  
an atomic sca le ,  by atom-probe f ie ld- ion microscopy. I n  the  as - so l id i f ied  
specimen of Pd84Sil6 a l loy ,  whose e lec t ron  d i f f r a c t i o n  pa t te rn  shows s ing le  
ha lo  r ing,  compositional f l u c t u a t i o n  is  found t o  e x i s t  i n  the  range of 8 t o  
24 a t %  Si. The f l u c t u a t i o n  i s  of t h e  period of a  few t e n t h  nanometer, and it 
does not  have long-range periodici ty .  We have discussed these experimental 
r e s u l t s  with m i c r o c o m p o s i t i o n a l  f l u c t u a t i o n  i n  t e r m s  of  b o t h  amorphous 
s t r u c t u r e  i t s e l f  and a r t i f a c t  e f f e c t  wi th  f i e l d  evaporation. 

I - INTRODUCTION 

Amorphous s t r u c t u r e  has been s tudied in tens ive ly  from experimental and t h e o r e t i c a l  
po in t s  of view. Although t h e  s t u d i e s  with both topological  and chemical s t r u c t u r e  
a r e  necessary, most of s t u d i e s  have been concerned with topolog ica l  s t ructure.  But 
recen t ly  t h e  importance of t h e  knowledge of chemical s t r u c t u r e  on amorphous phase 
has been recognized, because of easy formation and s t a b i l i z a t i o n  of amorphous phase 
by a n  a d d i t i o n  o f  m e t a l l o i d  element .  A c t u a l l y  s t u d i e s  on c h e m i c a l  s t r u c t u r e  a r e  
b e i n g  made by some t e c h n i q u e s  such  a s  X-ray, e l e c t r o n  and n e u t r o n  d i f f r a c t i o n s ,  
Moessbauer spectroscopy and extended X-ray absorpt ion f i n e  s t r u c t u r e  (ExAFS). 

An atom probe f ie ld - ion  microscope / I /  i s  powerful t o  study t h e  chemical s t r u c t u r e  
of  amorphous a l l o y .  I t  h a s  been a p p l i e d  t o  t h e  s t u d y  of amorphous a l l o y s  of  
Fe&oNi40B20, Ni6oNb40 and Ti50Be40Zr10 by Haasen, Wagner and co-workers 12-41, 

I n  t h i s  work we s e l e c t e d  a  Pd r i c h  Pd-Si a l l o y  because it i s  one of t h e  t y p i c a l  
amorphous a l loys ,  and s tudied chemical s t r u c t u r e  of amorphous phase, i n  an atomic 
sca le ,  by using an atom-probe. 

I1 - EXPERIMENTAL PROCEDURE 

The S i  c o n t e n t  of t h e  a l l o y  i n  t h e  p r e s e n t  s t u d y  i s  16 a t%.  The a l l o y  w i r e  o b t a i n e d  
by t h e  in-rotat ing-l iquid spinning method from l i q u i d  s t a t e  /5/ was used t o  avoid 
a r t i f a c t  e f f e c t s  i n  a  specimen preparat ion process such t h a t  t h e  specimen tempera- 
t u r e  would r i s e s  on c u t t i n g  of t h e  r i b b o n  specimen i n t o  specimen w i t h  square  o r  
c i r c u l a r  c ross  sect ion.  

The atom probe analyses were performed employing our computer-controlled s t r a i g h t -  
type time-of-flight atom-probe. The d e t a i l  of our atom probe is  described elsewhere 
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/6,7/. I n  order t o  confirm amorphous s t a t e  t h e  tip-shaped specimen was examined by 
e lec t ron  d i f f r a c t i o n  technique. 

I11 - RESULTS AND DISCUSSION 

1. Electron d i f f r a c t i o n  p a t t e r n  

Figure 1 i s  a t y p i c a l  e lec t ron  d i f f r a c t i o n  pa t te rn  obtained from a specimen t i p  of 
a s - s o l i d i f i e d  Pd84Si l6  a l l o y .  T h i s  shows a s i n g e  h a l o  r i n g .  The r i n g  i s  i n t e n s e  
and d i f f u s e .  T h i s  h a l o  p a t t e r n  c o n f i r m s  t h a t  t h e  a s - s o l i d i f i e d  specimen i s  i n  
amorphous s t a t e .  Dark f i e l d  imaging  by t h e  h a l o  r i n g  was t r i e d ,  b u t  a n  image d i d  
n o t  show any p a r t i c u l a r  m i c r o s t r u c t u r e .  When t h e  a s - s o l i d i f i e d  specimens were 
annea led  f o r  a s h o r t  p e r i o d  o f  t i m e  a t  563 K,  t h e i r  d i f f r a c t i o n  p a t t e r n s  changed 
i n t o  t r i p l e  and quadruple ha lo  r ings  with increase  of annealing time. The d e t a i l s  of 
these changes a r e  not  described here. 

2. Atom-probe analyses 

2.1. Mass spectrum 

The mass spectrum of atom-probe d a t a  cons i s t s  of ~ d 2 + ,  ~d ' ,  ~ i 2 '  and ~i'. The 60% 
of Pd a r e  field-evaporated on t h e  doubly charged s t a t e  and t h e  40% a r e  i n  t h e  s ing ly  
charged s t a t e ,  w h i l e  most (94%) of S i  i s  i n  t h e  doubly charged s t a t e .  S i n c e  Pd and 
S i  peaks do n o t  o v e r l a p  each o t h e r  i n  t h e  spec t rum,  we can c l e a r l y  i d e n t i f y  t h e  
atomic species ,  Pd or  Si. 

2.2. Field-evaporation behavior of the  amorphous allo;y 

Figure 2 is  a p l o t  of Pd ions  p lus  S i  ions detected versus t h e  cumulative number of 
f i e l d  e v a p o r a t i o n  p u l s e s .  T h i s  f i g u r e  p r e s e n t s  a f i e l d  evaporation behavior. Pd 
and S i  i o n s  a r e  detected on an atom-basis, and Pd and S i  ions  of t h e  ordinate  i n  t h e  
f i g u r e  i n c r e a s e  smoothly. So t h e  f i e l d - e v a p o r a t i o n  o f  t h e  amorphous Pd-Si a l l o y  
occurs smoothly. This suggests t h a t  t h e  bindings between two atoms i n  the  amorphous 
Pd-Si a l l o y  a r e  n o t  much d i f f e r e n t  among Pd-Si, S i -S i  and Pd-Si i n  a rough 
evaluat ion because t h e  field-evaporation i s  s t rongly  r e l a t e d  with the  binding. 

2.3. S i  atom d i s t r i b u t i o n  i n  t h e  a l l o y  

S i  atom d i s t r i b u t i o n  i n  the  a l loy ,  i n  t h e  r e l a t i v e l y  l a r g e  scale ,  i s  shown i n  Fig.3. 
It is  a p l o t  of t h e  cumulative number of S i  ions  versus t h e  cumulative number of Pd 
plus S i  ions during continuous f i e l d  evaporation i n  t h e  atom-probe ana lys i s ,  demon- 
s t r a t i n g  a p a r t  of  a run. The average  s l o p e  of t h e  f i g u r e  p r e s e n t s  t h e  a v e r a g e  
composition. The average composition determined by the  atom-probe a n a l y s i s  i s  15.7 
a t % S i .  T h i s  v a l u e  i s  i n  good agreement  w i t h  t h e  compos i t ion  (16.0 a t %  Si) .  I n  
Fig.3 t h e r e  i s  n e i t h e r  l a rge  compositional change nor any prec ip i ta te .  In  t h e  e a r l y  
study on t h e  amorphous s t r u c t u r e  of Pd-Si a l loy ,  Duewez e t  a l .  /8/ made a t h i n  f o i l  
specimen of amorphous Pd-20at%Si a l l o y  by t h e  gun technique or  t h e  p i s ton  and a n v i l  



NUMBER OF PULSES 

Fig.2 - A p l o t  of Pd i o n s  
p lus  S i  ions detected 
versus t h e  cumulative 
number of field-evapora- 
t i o n  pulses ,  showing f i e l d  
evaporation behavior of 
amorphous Pd84Sil 6 alloy. 

Fig.3 - A p l o t  of  t h e  
cumulative number of S i  
ions versus t h e  cumulative 
number of Pd plus S i  ions 
during continuous f i e l d  
evaporation i n  atom-probe 
ana lys i s  of amorphous 
Pd84Sil6 a l l o y  

NUMBER OF Pd+Si 

t e c h n i q u e ,  and observed  t h e  specimen by t r a n s m i s s i o n  e l e c t r o n  microscopy (TEM). 
Masumoto and Maddin /9/ a l s o  observed t h e  ribbon specimen of amorphous Pd-20at%Si 
a l l o y  by TEM. Both TEM r e s u l t s  show t h a t  t h e  s t r u c t u r e  i s  q u i t e  uniform i n  t h e  
b r i g h t  f i e l d  image. The p r e s e n t  atom probe r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e i r  
r e s u l t s  by TEM o b s e r v a t i o n  i n  t e r m s  t h a t  amorphous Pd-Si a l l o y s  have un i form 
s t r u c t u r e  i n  t h e  r e l a t i v e l y  la rge  scale. 

The de ta i led  analyses of t h e  present  atom-probe da ta ,  however, ind ica te  t h e  possi- 
b i l i t y  f o r  e x i s t e n c e  of  m i c r o - f l u c t u a t i o n  i n  S i  atom d i s t r i b u t i o n ,  a s  w i l l  be 
described. I n  order t o  examine t h e  micro-fluctuation of S i  atom d is t r ibu t ion ,  t h e  
two kinds of ana lys i s  were made: ( i )  frequency d i s t r i b u t i o n  of composition of atom 
blocks, and ( i i )  auto-correlat ion a n a l y s i s  f o r  composition prof i l e .  

Let us  describe t h e  f i r s t  analysis .  I n  t h e  atom-probe analysis ,  t h e  protruded atoms 
i n  t h e  s u r f a c e  of t h e  a l l o y  f i e l d - e v a p o r a t e  and t h e  i o n s  go ing  th rough  t h e  probe 
hole  reach the  detector. The successive detect ions of t h e  ions  during continuous 
f i e l d  evaporation give t h e  depth p r o f i l e  of composition i n  t h e  a l l o y  along t h e  a x i s  
of t h e  a n a l y z e d  c y l i n d r i c a l  reg ion .  When t h e  sequence of  t h e  d e t e c t e d  i o n s  i s  
dev ided  i n t o  a number of  b l o c k s  e a c h  of  which c o n t a i n s  n i o n s ,  where n i s  a n  
i n t e g e r ,  t h e  compos i t ion  of  each b lock  i s  determined.  For  t h e  p r e s e n t  a n a l y s i s ,  
various values of n were taken. Figure I, is  a depth p r o f i l e  of composition i n  the  
amorphous Pd81,Si16 a l l o y  f o r  t h e  c a s e  where t h e  number of  i o n s  i n  one b lock  i s  25 
(n=25). I t  i s  n o t i c e d  t h a t  t h e  S i  c o n c e n t r a t i o n  i s  n o t  c o n s t a n t  b u t  f l u c t u a t e s .  
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Fig.4 - A depth p r o f i l e  of 
composition i n  the  
amorphous Pd8&Si16 a l l o y  
f o r  t h e  case where one 
block contains  25 ions. 
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Frequency d i s t r i b u t i o n  of c o m p o s i t i o n  of i o n  b l o c k s  o b t a i n e d  from t h e  Fig.4, i s  
shown i n  Fig.5. I f  S i  atoms d i s t r i b u t e  randomly i n  t h e  a l loy ,  t h e  d i s t r i b u t i o n  i s  
binomial. However, when t h e  present  frequency d i s t r i b u t i o n  has been compared with 
the  binomial d i s t r i b u t i o n  and has been t e s t e d  by t h e  chi-square goodness-of-fit t e s t  
/ lo/ ,  t h e  p robabi l i ty  t h a t  t h e  present  d i s t r i b u t i o n  i s  binomial d i s t r i b u t i o n  i s  20%. 
T h i s  v a l u e  i s  s m a l l ,  and t h i s  i m p l i e s  t h a t  t h e  p r e s e n t  d i s t r i b u t i o n  i s  d i f f e r e n t  
from t h e  purely random d is t r ibu t ion .  The frequency f o r  I6at%Si,  which is  t h e  a l l o y  
composition, i s  r e l a t i v e l y  low, and t h e  frequency s p l i t s  i n t o  two parts :  t h e  lower 
s i d e  of S i  concentrat ion (8 and 12 a t%Si)  and t h e  higher s ide  (20 and 24 at%). 

Frequency d i s t r i b u t i o n s  o f  c o m p o s i t i o n s  f o r  v a r i o u s  v a l u e s  of n  a r e  o b t a i n e d  and 
t h e n  i t  i s  found t h e  m i c r o - f l u c t u a t i o n  i s  prominent  f o r  n=25. The s i z e  of  t h e  
c y l i n d r i c a l  r e g i o n  c o n t a i n i n g  d e t e c t e d  25 i o n s  i s  2.5 nm i n  d i a m e t e r  and 0.14 nm 
high. This i s  evaluated by t h e  fol lowing way. The volume of one block, V i s  given 
by 

where m i s  t h e  number of atoms e x i s t i n g  a c t u a l l y  i n  t h e  one block, y t h e  detectabi-  
l i t y  of  t h e  atom-probe system i n c l u d i n g  t h e  d e t e c t a b i l i t y  of  t h e  Chevron CEMA 
d e t e c t o r ,  v  t h e  a t o m i c  volume, and q t h e  pack ing  d e n s i t y .  Giv ing  n=my=25, y=0.6 
/ I  1  , I  2/ and r)=0.63 /13,14/,  and u s i n g  a  weigh ted  a v e r a g e  v a l u e  of Pd and S i  a toms  
f o r  t h e  a t o m i c  volume v, V i s  o b t a i n e d  f o r  t h e  p r e s e n t  case.  S i n c e  t h e  a n a l y s e d  
a r e a  i s  e v a l u a t e d  t o  be 2.5 nm i n  d i a m e t e r  f rom t h e  image, t h e  t h i c k n e s s  becomes 
0.14 nm. Thus i t  h a s  been r e v e a l e d  t h a t  t h e  h i g h  and low r e g i o n s  o f  S i  concent ra -  

Si CONCENTRATION (at%) 

Fig.5 - Frequency d i s t r i -  
bution of composition of 
atom blocks i n  amorphous 
Pda4Si16 a l loy ,  which i s  
obtained from Fig.4. 



t i o n  e x i s t  a  few t e n t h  nanometer order  apart.  

In  order  t o  inves t iga te  t h e  p o s i t i o n a l  r e l a t i o n s  between such high and low regions 
of  S i c o n c e n t r a t i o n ,  t h e  a u t o c o r r e l a t i o n a n a l y s i s  f o r t h e  compos i t ion  p r o f i l e  o f  
Fig.4 was made -- t h e  second analysis.  The c o r r e l a t i o n  coef f ic ien t  R(k) i s  given by 

where Ci and Ci+k a r e  t h e  compos i t ion  of t h e  i - t h  and ( i+k) - th  i o n  b l o c k s ,  C o  t h e  
average composition, N t h e  t o t a l  number of ion  blocks, and k t h e  cor re la t ion  length. 
A p l o t  of  R(k) v e r s u s  k i s  shown i n  Fig.6. According t o  t h e  t e s t  o f  t h e  t h e  
r e l i a b i l i t y  i n  t h e  s t a t i s t i c s ,  R(k) i s  meaningful only f o r  k=l and 3. A t  k=l it has 
t h e  negative correlat ion.  This means t h a t  t h e r e  i s . a  tendency t o  be a  combination 
of  h i g h e r  and l o w e r  S i  c o n c e n t r a t i o n  a t  t h e  a d j a c e n t  blocks.  The p o s i t i v e  
c o r r e l a t i o n  a t  k=3 means a  tendency t o  be higher  ( o r  lower) concentrat ion of S i  a t  
e v e r y  f o u r  blocks.  A s  t h e  dep th  of  a  b lock  i s  0.14 nm, t h e  d i s t a n c e  between t h e  

1 

A Fig.6 - An au tocor re la t ion  
25 0 
w ana lys i s  of amorphous 

Pdg4Fl 6 al loy,  which i s  
obtained from Fig.4. 
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higher and t h e  fol lowing higher  regions becomes about 0.4 nm. It i s  known t h a t  t h e  
f i r s t  p o s i t i o n  c r o s s i n g  t h e  k-ax is ,  i.e., t h e  f i r s t  R(k)=O i n  t h e  a u t o c o r r e l o g r a m  
corresponds t o  t h e  average p a r t i c l e  s i z e  of p r e c i p i t a t e s  i f  t h e r e  a r e  p r e c i p i t a t e s  
i n  t h e  a l l o y .  For  t h e  p r e s e n t  c a s e  R(k) c r o s s e s  a t  t h e  k v a l u e  below one. The 
s t a t e  of t h e  a l l o y  does not  have any f i n e  p r e c i p i t a t e  but  has compositional f luctua-  
t i o n  with a  smal l  wave-length. However, t h i s  compositional f l u c t u a t i o n  does n o t  
have long-range per iod ic i ty  because t h e  au tocor re la t ion  ana lys i s  of Fig.6 does n o t  
have pos i t ive  c o r r e l a t i o n  a t  k=6 which is  a t  t h e  twice  of t h e  f i r s t  p o s i t i v e  peak. 

When we consider t h i s  compositional f l u c t u a t i o n  i n  comparison with t h e  probe hole  
s i z e  used i n  t h e  p r e s e n t  s tudy ,  some more i n f o r m a t i o n  i s  o b t a i n e d  a s  d e s c r i b e d  
below. The probe h o l e  s i z e  must be l a r g e  enough t o  c o l l e c t  t h e  number of a toms  
which i s  s t a t i s t i c a l l y  r e l i a b l e  i n  one block. However, when t h e  probe hole  s i z e  i s  
t o o  l a r g e  i n  comparison w i t h  t h e  p e r i o d i c i t y  of f l u c t u a t i o n ,  t h e  d a t a  would show 
only t h e  average p i c t u r e  t o  be in tegra ted  over t h e  whole period of t h e  f luctuat ion.  
I n  t h e  p r e s e n t  r e s u l t s  shown i n  Fig.4, Fig.5 and Fig.6, t h e  number of  a toms  i n  one 
b lock  i s  25, a s  was d e s c r i b e d  i n  t h e  s e c t i o n  2.3, and i s  f a i r l y  s a t i s f i e d  t o  be 
l a r g e  a t  t h e  s t a t i s t i c a l  p o i n t  of  view. The probe h o l e  s i z e  i s  2.5 nm a s  was a l s o  
described i n  t h e  sec t ion  2.3. This s i z e  i s  r e l a t i v e l y  la rge  i n  comparison w i t h  t h e  
f l u c t u a t i o n  period of 0.42 nm. I f  t h e  f luc tua t ion  e x i s t s  i n  t h e  t h r e e  dimensional 
mode, it i s  not  detected because of averaging of f luctuat ion.  The present  de tec t ion  
of f l u c t u a t i o n  impl ies  t h a t  t h e  f l u c t u a t i o n  i s  i n  t h e  one dimensional mode along t h e  
probed direct ion.  Here we remember t h a t  when amorphous Pd-Si a l l o y  i s  annealed, it 
decomposes i n t o  Pd3Si phase and Pd r i c h  s o l i d  so lu t ion  /9 / .  The c r y s t a l  s t r u c t u r e  
of  t h i s  PdjSi  i s  a  s o r t  of t h e  l a y e r e d  s t r u c t u r e  l i k e  an o r d e r e d  a l l o y  and h a s  one 
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d i m e n s i o n a l  p e r i o d i c i t y .  Thus t h e  m i c r o c o m p o s i t i o n a l  f l u c t u a t i o n  shown i n  t h e  
p r e s e n t  work might  be a p r e c u r s o r  of phase  s e p a r a t i o n  i n t o  Pd3Si and Pd s o l i d  
solution. Most of t h e  Pd3Si embryos might be or iented t o  the longi tud ina l  d i r e c t i o n  
of t h e  a l l o y  wire  which i s  t h e  probed d i r e c t i o n  because of temperature gradient  and 
i n t e r n a l  s t r e s s  a l o n g  t h e  l o n g i t u d i n a l  d i r e c t i o n  of wi re .  I t  i s  known t h a t  phase  
s e p a r a t i o n  h a s  been observed  i n  some a l l o y  sys tems  on a n n e a l i n g  p r o c e s s  of  t h e  
amorphous a l l o y s  produced by quenching from t h e  l i q u i d  s t a t e  /15/. However, t h e  
e x i s t e n c e  of m i c r o c o m p o s i t i o n a l  f l u c t u a t i o n  i n  t h e  as-quenched s t a t e  where t h e  
quenching r a t e  of t h e  specimen i s  comparable t o  t h e  previous works /16/. 

Before it i s  concluded t h a t  t h e  above f e a t u r e s  a r e  a genuine  p r o p e r t y  of  t h e  b u l k  
mate r ia l s ,  t h e  p o s s i b i l i t y  f o r  spurious r e s u l t s  i n  t h e  present  atom-probe analyses 
must be d i scussed .  M i l l e r  and Smi th  /17/ have a n a l y s e d  Fe-3wt%Si a l l o y  by atom 
probe and found t h a t  t h e  S i  atoms were re ta ined  a t  t h e  c e n t r a l  p a r t  of (110) plane 
and t h e  o v e r a l l  a p p a r e n t  l e v e l  o f  S i  was a p p r o x i m a t e l y  t h r e e  t i m e s  h i g h e r  t h a n  
expected, although t h e  a l l o y  was homogeneous i n  the s t ructure.  Yamamoto and Seidman 
/ I%/  have a l s o  found an abnormal increase  i n  the  number of Mo atoms i n  t h e  c e n t r a l  
p o r t i o n  of t h e  f u n d a m e n t a l  (211) p l a n e  indexed on t h e  b a s i s  o f  body c e n t e r e d  
te t ragona l  s t ruc ture ,  of ordered Ni4Mo. Mi l le r  and Smith /17/ have disscussed t h a t  
these  phenomena may occur a t  the  close-packed planes and they a r e  due t o  migration 
of t h e  s o l u t e  atom on t h e  close-packed p l a n e  because t h e  a c t i v a t i o n  energy t o  
overcome f o r  migration i s  very low i n  t h e  close-packed plane. Actually (110) plane 
of body c e n t e r e d  c u b i c  s t r u c t u r e  f o r  Fe-3wt%Si a l l o y  and (211) p l a n e  of body 
c e n t e r e d  t e t r a g o n a l  s t r u c t u r e  f o r  o rdered  Ni4Mo a l l o y  a r e  close-packed p lanes .  
However, i n  a n  amorphous s t r u c t u r e  i n  t h e  p r e s e n t  s t u d y ,  r e l a t i v e l y  f l a t  p o r t i o n  
l i k e  close-packed p lane  dose  n o t  e x i s t  o r  r a r e l y  e x i s t .  Thus such  a phenomenon 
could not  occur i n  t h e  amorphous s t ructure.  

In  summary of t h e  present  analyses,  microcompositional f l u c t u a t i o n  of S i  atoms i s  
found t o  e x i s t  i n  t h e  a s - s o l i d i f i e d ,  amorphous PdghSi16 a l l o y  i n  a n  atom-probe 
study. This impl ies  t h e  exis tence of Pd3Si embryos. 
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