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A B S T R A C T 

Added to the structural tool-box of materi
als scientists, chemists, biologists, physicists 
and other scientists alike is an X-ray absorp
tion technique, better known by its modern 
name as extended X-ray absorption fine struc
ture (EXAFS). This technique has now been 
established to be a very powerful and some
times unique way of probing the local atomic 
structure of all forms of matter, particularly 
since the availability of highly intense syn
chrotron radiation in the X-ray region. The 
unique features of EXAFS are (a) that it is 
element selective, (b) that it has a high sensiti
vity to short-range order in furnishing bond 
distance, coordination number and chemical 
identity of nearest neighbors and (c) that it is 
applicable to all states of matter in bulk and 
dilute forms, the latter including surfaces and 
adsorbates. The nature of the bonding about 
the X-ray absorbing atom may also be deter
mined from the so-called near-edge structure 
within about 30 eVof the corresponding X-
ray absorption edge. In this review the physi
cal mechanism associated with the EXAFS 
phenomenon is presented in the light of the 
single-scattering formalism. The use of syn
chrotron radiation as a light source for EXAFS 
experiments and the use of data analysis to 
extract quantitative structural information are 
discussed by way of examples. A number of 
authoritative reviews are selected and outlined 
to illustrate the applications of EXAFS in 
various physicochemical and biological disci
plines. The prime objective of the present re
view is to describe the various capabilities of 
EXAFS as a structural tool and to arouse the 
interested reader to consider, and perhaps to 
design, his or her structural investigation with 
this novel tool. 

1. I N T R O D U C T I O N 

E X A F S is an abbreviat ion f o r extended X -
ray absorpt ion f ine s tructure coined by L y t l e 
[ 1 ] . E x p e r i m e n t a l l y i t is associated w i t h the 
osc i l latory m o d u l a t i o n o f the absorpt ion coef
f i c ient o n the h igh energy side o f and X-ray 
absorpt ion edge o f a given const i tuent a t o m 
i n a mater ia l . I n Fig . 1 an example is given o f 
the E X A F S o f n i c k e l meta l above its K ab
sorpt ion edge at 8332 .8 eV. When an X-ray 
beam passes t h r o u g h a m e d i u m , i ts in tens i ty is 
at tenuated exponent ia l ly according t o the 
classical absorpt ion equat ion 

I = lo exp{-iix) (1) 
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Fig. 1. Experimental E X A F S scan of nickel metal 
taken with synchrotron radiation above the K absorp
tion edge of nickel at 8332.8 eV. The energy is la
beled with reference to the K edge of nickel taken as 
zero. 
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where / and /q are the t r a n s m i t t e d and inc i 
dent intensities respectively, n is the l inear ab
sorp t i on coef f ic ient and x is the sample t h i c k 
ness. I n general, ju is a f u n c t i o n o f the p h o t o n 
energy. When t h e X-ray energy hu becomes 
equal t o or greater t h a n the b i n d i n g energy 
o f a core electron, the lat ter is e m i t t e d b y a 
photoe lectr ic process f r o m the a t o m w i t h a 
k inet i c energy E, conserving energy i n t h e 
process: 

E = hv—Ey, (2) 

I n pure n i cke l , w h e n hv = 8332.8 eV ( the 
b i n d i n g energy o f the innermost K e lectron i n 
n i cke l ) , a sharp increase i n ju occurs, g iv ing 
rise t o the characteristic K absorpt ion edge 
shown i n Fig. 1 . O n t h e high energy side o f 
the absorpt ion edge, nx exhib i ts f luc tuat ions 
w i t h increasing p h o t o n energy extending t o a 
few h u n d r e d electronvolts beyond t h e edge. 
These oscil lations are n o w theoret i ca l ly u n 
derstood t o be a f ina l state e lectron effect 
arising f r o m t h e interference between the o u t 
going photoe jected e lectron and t h a t f r a c t i o n 
o f i tsel f t h a t is backscattered f r o m t h e neigh
bor ing atoms. The interference d i r e c t l y re
flects the net phase sh i f t o f the backscattered 
e lectron i n the v i c i n i t y o f the central excited 
a t o m , w h i c h is largely p r o p o r t i o n a l t o t h e 
p r o d u c t o f the e lectron m o m e n t u m k and the 
distance traversed b y the e lectron. B o t h the 
t y p e o f central absorbing a t o m and t h e back-
scattering ne ighbor ing atoms {i.e. the i r posi
t i ons i n the per iodic table) also play a s igni f i 
cant ro le i n t h e interference event. As a result , 
E X A F S has n o w been realized and proven to 
be a p o w e r f u l s t ruc tura l t o o l f o r p rob ing the 
atomic env i ronment o f m a t t e r , par t i cu lar ly 
since the advent o f intense cont inuous syn
c h r o t r o n rad ia t i on i n the X-ray region. 

His tor i ca l ly , the f ine s tructure above X-ray 
absorpt ion edges had been reported as early as 
1920 b y Fr icke [ 2 ] and H e r t z [ 3 ] w h o w o r k e d 
w i t h the K edges o f magnesium-, i r o n - and 
c h r o m i u m - c o n t a i n i n g compounds and w i t h 
the L edges o f cesium t o n e o d y m i u m . Pro
gress was slow p r i o r t o 1970 , p r i m a r i l y be
cause the physical processes associated w i t h 
E X A F S were n o t w e l l understood (and hence 
no adequate t h e o r y was p u t f o r w a r d t o ac
c o u n t for t h e observed spectra) and because 
the experiments were tedious t o p e r f o r m p r i o r 
t o the avai lab i l i ty o f s y n c h r o t r o n r a d i a t i o n 
(this p o i n t is discussed la ter ) . 

Various early theories had been proposed 
t o explain the E X A F S and these can be 
broadly classified i n t o t w o categories: long-
range order and short-range order. The long-
range order theories [ 4 , 5 ] require the exis
tence o f la t t i ce per i od i c i ty characteristic o f 
crystal l ine solids and assume t rans i t i on t o 
quasi-stationary states t o expla in the f ine 
structure . However , as po in ted ou t by A z a r o f f 
[ 6 ] and Stern [ 7 ] , the long-range order theo
ries do n o t adequately predict the shape o f 
the exper imenta l absorpt ion curve, since the 
d o m i n a n t m a t r i x element effects are ne
glected. The early long-range order theory o f 
K r o n i g [ 4 ] also fa i led t o expla in E X A F S i n 
gases and amorphous materials. 

However , there is ample exper imenta l evi
dence support ing t h e short-range order [ 7 ] 
approach. E X A F S has been observed i n simple 
gaseous molecular systems such as GeCl4 [ 8 ] 
and, more recent ly , Brg [ 9 ] . The germanium 
E X A F S above i ts K edge i n G e C ^ taken w i t h 
s y n c h r o t r o n r a d i a t i o n [ 1 0 ] is shown i n Fig . 2. 
The f ine structure arises f r o m backscattering 
o f the K photoe lec t ron o f germanium by the 
f our ch lor ine atoms bonded t o germanium i n 
the te trahedral molecule . I n another early 
s tudy . V a n N o r d s t r a n d [ 1 1 ] observed a close 
s imi la r i ty i n the E X A F S spectra o f a series o f 
c h r o m i u m , manganese and cobalt crystal l ine 
compounds t o those o f the i r aqueous solu-
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Fig. 2. Experimental E X A F S scan of germanium in a 
GeCl4 molecule taken with synchrotron radiation 
above the K absorption edge of germanium at 11 103.3 
eV. (After Kincaid [10].) The fine structure arises 
from backscattering of the K photoelectron of germa
nium by the chlorine atoms bonded to the germanium 
atom in the molecule. 
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t ions and concluded t h a t the region o f i n f l u 
ence i n an E X A F S event extended o n l y 4 - 5 A 
f r o m the center o f the a t o m being excited. I n 
solids, perhaps the f i rs t convincing experi 
ments t o demonstrate t h e short-range order 
effects associated w i t h E X A F S were per formed 
b y Nelson et al. [ 1 2 ] i n 1962 . They measured 
the E X A F S above the K edge o f germanium 
i n glassy GeOg o u t t o 350 eV and compared i t 
w i t h those o f t h e hexagonal and tetragonal 
crystal l ine p o l y m o r p h s shown i n Fig . 3. The 
E X A F s o f glassy and hexagonal GeOg ( i n 
w h i c h germanium is f o u r f o l d coord inated by 
oxygen atoms) were very similar b u t d i f f ered 
n o t a b l y f r o m t h a t o f tetragonal GeOg ( i n 
w h i c h germanium is s i x f o ld coord inated b y 
oxygen atoms) . These observations were later 
recon f i rmed b y L y t l e [1 ] i n 1965 , w h o ex
tended the measurement t o 1100 eV b e y o n d 
the K absorpt ion edge o f germanium. Since 
no long-range order (i.e. lat t i ce p e r i o d i c i t y ) 
exists i n the amorphous phase, i t is necessary 
t o conclude t h a t the f ine structure is mos t 
strongly in f luenced by the arrangement o f 
ne ighbor ing atoms about the germanium. 
A detai led account o f the h i s t o r y and m o d e m 
practice o f E X A F S since 1970 has been given 
b y L y t l e ef a/. [ 1 3 ] . 

I n th is section the physical mechanism as
sociated w i t h E X A F S i n terms o f t h e single-
scattering a p p r o x i m a t i o n is f i rs t discussed. 
This is f o l l o w e d b y i n s t r u m e n t a t i o n f o r 
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Fig. 3. Experimental K edge E X A F S spectra of GeOa 
(glass) (spectrum (a)), Ge02 (hexagonal) (spectrum 
(b)) and GeOa (tetragonal) (spectrum (c)) taken by 
Nelson et al. [12] . The energy is labeled with refer
ence to the K edge of germanium at 11103 eV taken 
as zero. 

E X A F S experiments , data acquis i t ion using 
s y n c h r o t r o n r a d i a t i o n as a l i ght source, and 
data analysis t o extract s t ruc tura l i n f o r m a t i o n 
about the central X -ray absorbing a t o m . T h e 
unique features o f E X A F S as a s t ruc tura l t o o l 
f o r mater ia l characterizat ion w i l l be o u t l i n e d 
and f u r t h e r exempl i f i ed by a variety o f app l i 
cations i n disordered solids such as glasses, 
catalysts, solut ions, b io logical molecules, de
fects and impur i t i es i n condensed matter . 
Bond ing and chemical i n f o r m a t i o n derived 
f r o m near-edge absorpt ion features w i t h i n 30 
eV o f an absorpt ion edge are discussed. F ina l 
l y , o ther detec t ion schemes f o r E X A F S and 
the i r apphcations are also disclosed. 

2, F U N D A M E N T A L S O F E X T E N D E D X - R A Y 
A B S O R P T I O N F I N E S T R U C T U R E 

As n o t e d above, the observation o f X -ray 
absorpt ion f ine structure has been k n o w n f o r 
over ha l f a century . Recent revival o f interest 
i n E X A F S began w i t h the w o r k o f Sayers et 
al. [ 1 4 ] i n 1970. They showed t h a t using a 
single-scattering a p p r o x i m a t i o n the observed 
f ine s tructure oscil lations may be understood 
i n terms o f interference between the outgo ing 
photoe lec t ron wave i n the v i c i n i t y o f the cen
t r a l a t o m and that p o r t i o n o f i t backscattered 
f r o m neighboring atoms. F u r t h e r m o r e , the 
p rob l em m a y be inverted t o o b t a i n distances 
rj f r o m a Four ier analysis o f E X A F S data. I n 
part icular , they per formed a Four ier trans
f o r m o f E X A F S data i n k space f o r crystal l ine 
and amorphous germanium and showed t h a t 
peaks i n the transforms correspond t o various 
atomic shells [ 1 5 ] . I t is n o w recognized t h a t 
analysis o f t h e E X A F S can y i e l d n o t o n l y the 
distance b u t also the number and t y p e o f 
nearest-neighbor atoms about the central 
a t o m . 

A n o t h e r milestone i n the development at 
Stanford Univers i ty i n 1974 [ 6 ] o f E X A F S 
was the avai labi l i ty o f s y n c h r o t r o n rad ia t i on 
i n the X-ray region. The 10*-10^ increase i n 
in tens i ty i n tunable X-rays over a broad spec
t r a l region enables E X A F S spectra w i t h an 
excellent signal-to-noise rat io t o be obta ined 
i n a mat te r o f minutes . I n the past decade or 
so, there has been growing apprec iat ion o f 
E X A F S as a new s t ruc tura l t o o l f o r s tudy ing 
a w i d e var iety o f materials f o r w h i c h conven
t i o n a l techniques such as X-ray d i f f r a c t i o n 
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and convent ional e lectron microscopy are less 
useful or impossible. 

2.1. The physical mechanism 
The a t tenuat i on o f X-rays traversing t h r o u g h 

a m e d i u m occurs b y three pr inc ipa l modes: 
scattering, pair p r o d u c t i o n and photoe lectr ic 
absorpt ion . I n the E X A F S regime, photoelec
t r i c absorpt ion dominates t h e a t t e n u a t i o n 
process, result ing i n t h e t o t a l absorpt ion o f a 
p h o t o n w h i c h i n t u r n gives i ts f u l l energy t o 
electrons according t o eqn. (2 ) . T o under
stand the mechanism t h a t gives rise t o the 
E X A F S oscOlations, we consider the K edge 
f ine s tructure . I n the d ipo le a p p r o x i m a t i o n 
[ 1 6 ] the p r o b a b i l i t y o f X-ray absorpt ion is 
given by 

p = 27rV(a ;c2m)-MiW£sPp(££) (3) 

where M^j = ( f |e-p|s>, |s) is the K shell s state, 
( f I is the f ina l unoccupied state o f p sym
m e t r y , p(-Ef) is the density o f states per u n i t 
energy at the energy Ef o f the f ina l state, 2nu> 
is the frequency o f the X - ray , p is t h e m o m e n 
t u m operator and e is the electric f i e ld vector 
o f the X-ray. F o r X-ray energies w e l l above 
t h e edge, p (£ { ) gives a m o n o t o n i c c o n t r i b u 

t i o n and can be a p p r o x i m a t e d b y t h a t o f a 
free e lectron o f energy E = h^k^(2m)~^ + E Q . 
Here EQ is the energy o f free electrons w i t h 
k = 0 and is the effective mean po tent ia l ex
perienced b y an exc i ted e lectron. I t is o f t e n 
called the thresho ld energy. W i t h th is assump
t i o n f o r p(Ef), t h e o n l y remaining factor t h a t 
can c o n t r i b u t e t o t h e E X A F S signal is Mf^. 
N o w , t h e i n i t i a l state |s) is f i x e d and does n o t 
vary w i t h co. The f i n a l state ( f |, however, 
varies w i t h oj and produces the f ine s tructure . 

F u r t h e r , the wave f u n c t i o n o f ( f | is a sum 
o f t w o c o n t r i b u t i o n s . I f the a t o m is isolated, 
the exc i ted photoe lec t ron w o u l d be i n a sole
l y outgo ing state f r o m the central a t o m as 
shown schematical ly i n F ig . 4 b y the outgo ing 
solid rings. I n th is case, exhib i ts no f ine 
s tructure and t h e X-ray absorpt ion coef f ic ient 
w o u l d vary m o n o t o n i c a l l y w i t h co. This is the 
case f o r a m o n a t o m i c gas such as k r y p t o n , the 
spectrum [ 1 0 ] o f w h i c h beyond the K edge at 
14 326 eV fo l l ows a decay predicted b y the 
photoelectr ic effect and reveals no f ine struc
ture ( F i g . 5 ) . 

I f n o w t h e X-ray absorbing a tom is sur
rounded b y other atoms, as i n a molecule 
such as GeCl4 (F ig . 2) or i n the condensed 

E , > E, 

A atoms 

Fig. 4. Schematic representation of an E X A F S event. T h e excited electronic state is centered about the A atom. 
The full circles represent the crests of the outgoing part of the electronic state. The surrounding B atoms back-
scatter the outgoing part as shown by the broken circles. Constructive interference is represented in (a) and de
structive interference in (b). 
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Fig. 5. K edge absorption spectrum of krypton gas. 
(After Kincaid [10].) 

phase, whether Uquid , glassy or crystal l ine , 
the outgo ing e lectron is scattered b y the sur
round ing atoms t o produce i n c o m i n g waves as 
depicted by t h e broken lines i n Fig . 4. These 
i n c o m i n g or backscattered waves can con
struct ive ly or destruct ively inter fere w i t h the 
outgo ing wave near the o r ig in where |s) exists. 
I n F ig . 4(a) the ampl i tudes o f the outgo ing 
and backscattered waves add at the central A 
a t o m site, leading t o a m a x i m u m i n the X-ray 
absorpt ion p r o b a b i l i t y . I n Fig . 4 (b) the X-ray 
energy has been increased t o £2 , leading t o a 
shorter photoe lec t ron wavelength f o r w h i c h 
the outgo ing and backscattered waves in ter 
fere destruct ively at the absorbing A a t o m site 
w i t h a result ing m i n i m u m i n t h e absorpt ion. 
This interference gives rise t o an osc i l latory 
var ia t i on i n as co is varied, changing the 
electron wavelength and thus t h e phase be
tween the outgo ing and backscattered waves. 
Construct ive interference increases M j ^ whi l e 
destructive interference decreases Mjs f r o m 
the isolated a t o m value. 

The t o t a l absorpt ion ju(fe) above the absorp
t i o n edge is t h e n given b y 

nik) = no{k){i + x m (4) 

where Poik) is the s m o o t h vary ing p o r t i o n o f 
ix(k) and physical ly corresponds t o the ab
sorpt ion coef f ic ient o f the isolated a t o m [ 1 7 ] . 
The f ine s tructure x(fe) = {nik) -tioik)}/iioW 
is, therefore , due t o interference between 
backscattered and outgo ing photoe le c t ron 
waves i n the photoabsorpt i on m a t r i x element. 

2.2. The single-scattering approximation 
O n the basis o f the physical ideas discussed 

i n Section 2 . 1 , Sayers et al. [ 1 4 ] derived t h e 

f i rs t successful w o r k i n g theory o f E X A F S . 
This was subsequently m o d i f i e d by Stern [ 7 ] 
t o a more general f o r m and f u r t h e r ref ined b y 
others [ 1 8 , 1 9 ] . F o r an unor iented specimen 
the f ine structure above the K or L j edge can 
be described by 

X(k) = - J E ^ exp { - ^ ) e x p ( - 2c;/fe2) x 

X fj(Tr, k) sin{2feo + 6,.(fe)} (5 ) 

where k = {2m{E - Eo)/h^}^'^ is the wave-
vector o f t h e ejected photoe le c t ron o f energy 
E and EQ is the inner p o t e n t i a l or thresho ld 
energy caused by the a tomic potentials and 
represents the threshold above w h i c h the 
k i n e t i c energy must be added t o determine 
the t o t a l energy E. The s u m m a t i o n is over 
shells o f atoms w h i c h are at a distance ry f r o m 
the absorbing a t o m and conta in Nj atoms ( the 
c o o r d i n a t i o n n u m b e r ) . X is the mean free pa th 
o f the photoe lec t ron . The second exponent ia l 
conta in ing Oj^ is a Debye -Wal ler t y p e o f t e r m 
where a / is n o t the usual mean square vibra
t i o n a l a m p l i t u d e o f an a t o m b u t is the mean 
square relative pos i t i ona l f l u c t u a t i o n o f t h e 
central and backscattering atoms. The f luc tua 
t ions may be static ( s t ructura l disorder) or 
dynamic ( thermal ) i n or ig in . I n this f o r m the 
resultant E X A F S is a sum o f sine waves w i t h 
periods 2fery f r o m e a c h j t h shell w i t h an a m p l i 
tude w h i c h represents t h e number o f neigh
bors m o d i f i e d by an envelope due t o the scat
ter ing a m p l i t u d e , the Debye -Wal ler damping 
and the mean free pa th damping . Besides t h e 
usual 2krj w h i c h accounts f o r the phase d i f 
ference o f a free e lectron m a k i n g the r e t u r n 
t r i p to the neighbor, add i t i ona l phase shifts 
8j{k) are needed t o account f o r the potentials 
due t o b o t h t h e central a t o m and t h e back-
scatterers. The factor rj'^ arises f r o m the 
produc t o f the ampl i tudes o f t h e outgo ing 
and backscattered waves, b o t h o f w h i c h decay 
as rj~^ because o f t h e i r spherical nature . For a 
single-crystal specimen t h e factor 3 cos^dj has 
t o be inc luded i n the s u m m a t i o n , where 9j is 
the angle t h a t the y th neighbor makes w i t h the 
po lar i za t i on vector o f the X-ray . This factor 
averages t o u n i t y f o r po lycrysta l l ine or amor
phous materials. Conceptual ly , E X A F S m a y 
be considered t o be a mode o f e lectron d i f 
f r a c t i o n where n o w the source o f electrons is 
generated f r o m w i t h i n a part icular atomic 
species par t i c ipat ing i n the absorpt ion event. 
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The der ivat ion o f eqn. (5 ) is based on the 
f o l l o w i n g assumptions. 

( i ) The atomic radius is small enough f o r 
the curvature o f the inc ident wave on the 
ne ighbor ing atoms t o be neglected so t h a t t h e 
inc ident wave may be approx imated by a 
plane wave. This is achieved mathemat i ca l ly b y 
replacing the Hanke l f u n c t i o n by its asymp
t o t i c f o r m [ 1 9 , 2 0 ] w h i c h i n t u r n yields the 
factor fe"^ i n eqn. (5 ) . 

( i i ) O n l y single scattering by the neighbor
ing atoms is inc luded . 

These assumptions have been examined i n 
some detai l f or f.c.c. copper b y Lee and 
Pendry [ 1 9 ] . They f i r s t treated the e lectron 
scattering using a spherical wave expansion 
t o take account o f the f i n i t e size o f the atoms. 
The effects are qui te large b u t appear t o make 
quant i tat ive b u t n o t qual i tat ive changes to the 
single-scattering descr ipt ion . As the size o f the 
scattering a t o m increases, s ignif icant devia
t ions i n b o t h the phase and the ampl i tude are 
noted between the spherical wave calculat ion 
and the asymptot i c plane wave a p p r o x i m a t i o n 
[ 2 1 ] . 

2.3. Multiple-scattering effects 
We have seen that the E X A F S phenomenon 

has been reduced t o the prob lem o f t h e scat
ter ing o f photoelectrons by atoms analogous 
t o l o w energy e lectron d i f f r a c t i o n ( L E E D ) , i n 
w h i c h an electron beam several h u n d r e d elec
t ronvo l t s i n energy is scattered by a crystal . 
Since i t is w e l l k n o w n t h a t m u l t i p l e scattering 
is very i m p o r t a n t i n the i n t e r p r e t a t i o n o f 
L E E D data [ 2 2 ] , this immediate ly raises the 
question o f t h e adequacy of the single-scatter
ing descr ipt ion f o r E X A F S . The s i tuat i on has 
also been addressed by Lee and Pendry [ 1 9 ] 
w h o showed t h a t each mult ip le -scat ter ing 
process can be described by an effective in ter 
ference pa th length equal t o the sum o f the 
scattering paths. I n k space they give rise t o 
rap id ly osci l lat ing terms w h i c h t e n d t o average 
out . I t is o n l y very near the absorpt ion ec^e 
w i t h i n about 30 eV (the so-called X-ray ab
sorp t i on near-edge structure ( X A N E S ) [ 2 3 ] ) 
t h a t m u l t i p l e scattering (band structure and 
chemical bond ing effects) becomes i m p o r t a n t . 
This is because at l o w energy the scattering 
becomes more isotropic and the electron 
mean free pa th becomes very l ong . A l t e r n a 
t ive ly , i f we Four ier t rans fo rm the data, the 
mult ip le -scat ter ing c o n t r i b u t i o n w i l l show up 

farther o u t i n the t rans formed spectrum (see 
Section 2.5) . I n part i cu lar , since the pa th 
length f o r m u l t i p l e scattering must be larger 
t h a n t h a t f o r the d o m i n a n t f irst-shell inter 
ac t ion , its c o n t r i b u t i o n w i l l have no inf luence 
on t h e nearest-neighbor distance w h i c h is a 
p r e d o m i n a n t feature i n the rad ia l s tructure 
f u n c t i o n o f disordered systems such as glasses 
and isolated impur i t i e s . 

However , m u l t i p l e scattering i n E X A F S is 
i m p o r t a n t w h e n an inner shell a t o m shadows 
an outer shell a t o m as was f i rs t realized i n the 
f o u r t h shell i n the copper E X A F S w h i c h has 
an anomalously large ampl i tude and phase 
shift . The reason f o r this observation is t h a t i n 
an f.c.c. lat t i ce a nearest-neighbor a t o m is d i 
rec t ly i n the l ine o f sight o f the f ourth -she l l 
a tom. The outgo ing electron is strongly for 
w a r d scattered, thereby enhancing the elec
t r o n ampl i tude i n the f o u r t h shell [ 1 9 ] . This 
gives rises t o the so-called " f o c u s i n g " effect 
analogous t o a m p l i f y i n g a relay system. This 
focusing effect has been used to advantage by 
Teo [ 2 4 ] w h o developed a f ormal i sm t o deter
mine the b o n d angle o f nearly coUinear 
systems such as those o f M—C—O i n m e t a l -
c a r b o n y l complexes. 

3. S Y N C H R O T R O N R A D I A T I O N A S A L I G H T 
S O U R C E F O R E X T E N D E D X - R A Y A B S O R P T I O N 
F I N E S T R U C T U R E E X P E R I M E N T S 

The t w o sources o f cont inuous X - rad ia t i on 
used f o r E X A F S experiments are the brems-
strahlung o u t p u t f r o m a r o t a t i n g anode X-ray 
tube and t h e s y n c h r o t r o n r a d i a t i o n produced 
f r o m electron storage rings or synchrotrons . 
We have seen t h a t E X A F S deals w i t h the f ine 
a t t e n u a t i o n , 5 % - 1 0 % i n relative magnitude , 
o n the h igh energy side o f a steeply rising ab
sorp t i on edge. T o ensure t h a t we are measur
ing an E X A F S signal, good signal-counting 
statistics must be obta ined t o y i e ld a high 
signal-to-noise ra t io (greater t h a n 300 t o 1 ) . 
T o achieve th is w i t h a convent ional X-ray 
tube and a f l a t dispersing crystal , an experi 
menta l scan such as one o f those shown i n 
Fig . 3 f o r the GeOg p o l y m o r p h s t y p i c a l l y takes 
a week or more . T h e procedure is tedious and 
t i m e consuming. Source ins tab i l i t y over such 
an extended per iod o f operat ion adds t o the 
prob lem. W i t h the advent o f s y n c h r o t r o n radi
a t i o n sources i n the X-ray region, par t i cu lar ly 
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t h a t at the Stanford S y n c h r o t r o n Rad ia t i on 
L a b o r a t o r y [ 2 5 , 2 6 ] , a second i m p o r t a n t 
milestone was reached i n the development o f 
m o d e r n E X A F S . 

S y n c h r o t r o n r a d i a t i o n is e m i t t e d as the 
major loss mechanism f r o m charged particles 
such as electrons and positrons i n a c ircular 
m o t i o n at relativist ic energies. The properties 
o f s y n c h r o t r o n l i g h t e m i t t e d f r o m electrons 
w i t h velocities near t h a t o f the l i ght are drast i 
cal ly d i f f e rent f r o m the classical d ipo le radia
t i o n [ 2 7 ] and demonstrate the importance o f 
s y n c h r o t r o n rad ia t i on as a new and p o w e r f u l 
l i g h t source [ 2 8 ] . The properties have been 
measured b y Elder et al. [ 2 9 ] and studied 
theoret i ca l ly b y Schwinger [ 2 7 ] and may be 
summarized [ 2 5 , 2 6 ] as f o l l ows ; ( i ) cont inous 
spectral d i s t r i b u t i o n f r o m the I R to the X-ray 
region w h i c h is ideal as a l i g h t source f o r U V 
and X-ray spectroscopies; ( i i ) higher in tens i ty , 
p e r m i t t i n g the use o f monochromators w i t h a 
narrow band pass; ( i i i ) plane po lar i za t i on , 
w i t h the electric vector i n the o r b i t a l plane o f 
the c i rcu lat ing particles; ( iv) extremely high 
c o l l i m a t i o n w h i c h is i m p o r t a n t t o the l i t h o 
graphy o f submicron structures ; (v) sharply 
pulsed t i m e s tructure . S y n c h r o t r o n rad ia t i on 
was exper imenta l ly discovered using the Gen
eral Electr ic 70 M e V be ta t ron i n 1947 [ 2 9 ] . A 
detai led histor ical account o f the discovery o f 
s y n c h r o t r o n r a d i a t i o n has recent ly been re
vealed by Pol lock [ 3 0 ] . 

The spectral d i s t r i b u t i o n o f s y n c h r o t r o n 
rad ia t i on f r o m the Stanford Posi t ion E le c t ron 
Accelerator R i n g (SPEAR) [ 2 6 ] is shown i n 
Fig . 6 w i t h t h e electron beam energy f r o m 
1.5 t o 4.5 GeV as the parameter. As can be 
seen, i t is an intense cont inuous d i s t r i b u t i o n 
extending f r o m the I R and i n t o t h e X - ray re
gion. W i t h th is spectral d i s t r i b u t i o n and the 
transmission characteristic o f the b e r y l l i u m 
w i n d o w assembly, useful X - ray f luxes i n t h e 
range f r o m 3.5 k e V t o approx imate ly 30 k e V 
f o r a 3.5 GeV electron beam are available i n 
SPEAR. This permits the K edge E X A F S o f 
potassium ( K edge energy, 3.60 k e V ) t o ca-
d i u m ( K edge, 2 6 . 7 1 k e V ) and the L edge 
E X A F S o f i n d i u m (Lg edge, 3.70 k e V ) t o 
u r a n i u m (Lg edge, 17.17 k e V ) t o be measured 
r o u t i n e l y . 

Compared w i t h the bremsstrahlung o u t p u t 
o f a 12 kW standard X-ray tube , s y n c h r o t r o n 
r a d i a t i o n is higher i n in tens i ty by a factor o f 
a b o u t 10^. This reduces the measurement t i m e 

Fig. 6. Spectral distribution of synchrotron radiation 
from S P E A R having a radius of curvature of 12.7 m. 
(After Doniach et al. [26] . ) 

Curve ec (keV) E^(GeV) 

(a) 0.58 1.5 
(b) 1.4 2.0 
(c) 2.7 2.5 
(d) 4.7 3.0 
(e) 7.4 3.5 
(f) 11 4.0 
(g) 15.7 4.5 

f o r a t y p i c a l E X A F S exper iment f r o m a week 
or more t o an h o u r or less. I n Fig . 7, we c om
pare the K edge E X A F S spectrum o f arsenic 
i n glassy AsgTcg taken by Pett i fer [ 3 1 ] w i t h 
t h a t o f a convent ional X-ray tube and syn
c h r o t r o n r a d i a t i o n . The spectrum shown i n 
Fig . 7(a) is the s u m m a t i o n o f seven i n d i v i d u a l 
scans, each o f w h i c h t o o k 3 days o f cont inuous 
scanning.The synchro t ron spectrum shown i n 
Fig . 7 (b) was taken i n 1.3 h . T h e p r o d u c t o f 
the increase i n reso lut i on m u l t i p l i e d by the 
measurement t i m e m u l t i p l i e d by the signal-to-
noise rat io o f t h e t w o spectra shows an i m 
provement o f about 3 X 10* o f the synchro
t r o n data over t h a t obta ined using a conven
t i o n a l s o u r c e [ 3 1 ] . 

I n F ig . 8(a) the apparatus used f o r trans
mission E X A F S measurements at Stanford 
S y n c h r o t r o n Rad ia t i on L a b o r a t o r y is shown 
schematical ly [ 3 2 ] . The X - r a y beam f r o m the 
SPEAR vacuum chamber passes successively 
t h r o u g h a h e l i u m chamber, a b e r y l l i u m w i n 
d o w , a sht , a channel-cut crystal m o n o c h r o -
m a t o r , a mask, i o n chamber 1 w h i c h measures 
/ Q , a sample and i o n chamber 2 w h i c h mea
sures / . The exper iment is c o n t r o l l e d by a 
PDP-11/34 m i n i c o m p u t e r w i t h interfaces t o 
c o n t r o l the angle o f the crystal m o n o c h r o -
m a t o r , t o d ig i t ize the i o n chamber currents 
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MONOCHROMATOR 

0 2 0 0 4 0 0 6 0 0 8 0 0 
Energy above as K-edge (eV) 

1000 

2 .0 I— 

1.2 

1.0 

(b) 

1000 I 2 0 0 0 
Photon energy (eV) 

1 3 0 0 0 

Fig. 7. K edge E X A F S spectra of arsenic in AsgTeg 
glass taken with (a) a conventional X-ray tube and 
(b) synchrotron radiation. The spectrum in (a) is a 
summation of seven scans, each of which took 3 days 
of continuous scanning. The spectrum in (b) was 
taken in 1.3 h. The sharp white line in the synchro
tron radiation spectrum is due to higher resolution 
(about 2 eV) compared with about 8 eV for the data 
taken with the X-ray tube. (After Pettifer [31] . ) 

and t o store and p l o t the r a t i o / Q / / . F o r d i l u t e 
systems a fluorescence technique [ 3 3 ] has 
been devised t o enhance exper imenta l ly the 
relat ively weak E X A F S signal f r o m the b u l k 
absorpt ion background o f the host m a t r i x . 
This detect ion scheme uti l izes the fact t h a t an 
inner shell vacancy may relax by undergo ing 
a radiative t rans i t i on f r o m a higher energy 
occupied shell . The fluorescence y i e l d is a 
m o n o t o n i c a l l y increasing f u n c t i o n o f atomic 
n u m b e r and is expected to be independent o f 
exc i ta t i on energy above the thresho ld b u t 
m a y vary s l ight ly near the thresho ld . Thus the 

SOURCE 
POINT OF 

SYNCHROTRON 
R A 0 I 4 T I 0 N 

FROM S P E I R 

Be WINDOW 

\ 

(a) 

MONOCHROMATOR 
Be WINDOW 

SOURCE 
POINT OF 
SYNCHROTRON 
RADIATION VACUUM 
FROM SPEAR 

SAMPLE 

Fig. 8. Schematic diagram of the E X A F S experimen
tal apparatus at Stanford Synchrotron Radiation 
Laboratory: (a) transmission mode and (b) fluores
cence mode of detection. 

fluorescence in tens i ty is a direct measure o f 
the absorpt ion p r o b a b i l i t y , w h i c h is the 
mechanism o f interest i n E X A F S . I n F ig . 
8 (b) a t y p i c a l fluorescence E X A F S set-up is 
shown schematically. The or ig inal scheme 
[ 3 3 ] has been f u r t h e r m o d i f i e d f o r improved 
sol id angle co l lec t ion , f i l t e r i n g o f C o m p t o n 
and elastic scattering o f the inc ident beam b y 
the specimen [ 3 4 ] and discr iminat ive energy 
detect ion [ 3 5 , 3 6 ] . 

F u r t h e r exper imenta l details associated 
w i t h E X A F S measurements have been given 
b y L y t l e et al. [ 3 7 ] and i n a number o f au
t h o r i t a t i v e review articles [ 3 8 - 4 3 ] . Since its 
opening i n 1974 , t h e request f o r beam t i m e 
f o r X-ray experiments at S tan ford Synchro
t r o n Rad ia t i on L a b o r a t o r y has been doubled 
every year, as judged f r o m the n u m b e r o f 
w o r k proposals submi t ted t o Stanford f o r 
beam t i m e . This has led t o a recent ly revived 
interest [ 4 4 ] i n in-house labora tory E X A F S 
apparatus constructed using more p o w e r f u l 
r o t a t i n g anode sources f o r X-ray generation 
i n c o n j u n c t i o n w i t h curved-crystal optics [ 4 5 -
4 8 ] . A lso , as a consequence o f the demand o f 
t h e scienti f ic c o m m u n i t y , various synchro
trons all over the w o r l d are n o w being up-
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T A B L E 1 

Synchrotron radiation sources 

Machine Location Energy 
( G e V ) 

Current 
(mA) 

Bending 
radius 
(m) 

Critical 
energy 
( K e V ) 

Remarks 

P E T R A Hamburg, Germany 15 50 192 39.0 Possible future use for 
synchrotron radiation 
research 

P E P Stanford, C A , U.S.A. 15 

12 

50 

45 

165.5 

(23.6) 

45.2 

(163) 

Synchrotron radiation 
facility planned 
(From 17 k G wiggler) 

C E S R ( Cornell) Ithaca, NY, U.S .A . 8 50 32.5 35.0 Used parasitically 

V E P P - 4 Novosibirsk, U . S . S . R . 7 

4.5 

10 16.5 

(18.6) 

46.1 

(10.9) 

Initial operation at 
4.5 G e V 
(From 8 kG wiggler) 

D O R I S Hamburg, F . R . G . 5 
2.5 

50 
300 

12.1 22.9 
2.9 

Partly dedicated 

S P E A R Stanford, C A , U.S .A . 4.0 
3.0 
3.0 

50 
100 

12.7 

(5.5) 

11.1 
4.7 

(10.8) 

50% dedicated 

(From 18 k G wiggler) 

S R S Daresbury, Gt . Britain 2.0 500 5.55 
(1.33) 

3.2 
(13.3) 

Dedicated 
(For 50 k G wiggler) 

V E P P - 3 Novosibirsk, U .S .S .R . 2.25 100 6.15 
(2.14) 

4.2 
(11.8) 

Partly dedicated 
(From 35 k G wiggler) 

D C I Orsay, France 1.8 500 4.0 3.63 Partly dedicated 

A D O N E Frascati, Italy 1.5 60 5.0 
(2.8) 

1.5 
(2.7) 

Partly dedicated 
( F r o m 18 k G wiggler) 

V E P P - 2 M Novosibirsk, U .S .S .R . 0.67 100 1.22 0.54 Partly dedicated 

A C O Orsay, France 0.54 100 1.1 0.32 Dedicated 

S O R Ring Tokyo , Japan 0.40 250 1.1 0.13 Dedicated 

S U R F I I Washington, D C , U.S.A. 0.25 25 0.84 0.041 Dedicated 

T A N T A L U S I Stoughton, WI, U .S .A . 0.24 200 0.64 0.048 Dedicated 

P T B Braunschweig, F . R . G . 0.14 150 0.46 0.013 Dedicated 

N-lOO Kharkov, U . S . S . R . 0.10 25 0.50 0.004 

Photon factory Tsukuba, Japan 2.5 500 8.33 
(1.67) 

4.16 
(20.5) 

Dedicated 
(For 50 k G wiggler) 

N S L S Brookhaven National 
Laboratory, N Y , U.S.A. 

2.5 600 6.88 
(1.67) 

5.01 
(20.5) 

Dedicated 
(For 50 k G wiggler) 

B E S S Y West Berlin, F . R . G . 0.80 500 1.83 0.62 Dedicated; industrial 
use planned 

N S L S Brookhaven National 
Laboratory, N Y , U.S.A. 

0.70 500 1.90 0.40 Dedicated 

E T L Electrotechnical 
Laboratory, Tsukuba, 
Japan 

0.66 100 2 0.32 Dedicated 

U V S O R Institute of Molecular 
Science, Okatabi, Japan 

0.60 500 2.2 0.22 Dedicated 

M A X L u n d , Sweden 0.50 100 1.2 0.23 Dedicated 

K U R C H A T O V Moscow, U . S . S . R . 0.45 1.0 0.21 Dedicated 
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dated and new faci l i t ies b u i l t as a dedicated 
source f o r s y n c h r o t r o n rad ia t i on research 
[ 4 9 ] (Table 1) . 

4. D A T A A N A L Y S I S 

4.1. General consideration 
E x p e r i m e n t a l l y t h e E X A F S spectrum 

shown i n Fig . 1 appears as l o w in tens i ty oscil
lat ions (relative t o t h e j u m p at the absorpt ion 
edge) superimposing o n the s m o o t h atomic 
absorpt ion background w h i c h decays w i t h i n 
creasing energy above t h e absorpt ion edge. 
The f ine structure according t o eqn. (4) is 
therefore given by x(fe) = — Mo(^)} / 
Mo(fe) where ii{k) is the t o t a l absorpt ion mea
sured above the edge and tioik) is the smooth 
atomic c o n t r i b u t i o n . To extract t h e E X A F S 
signal x{k) f r o m the exper imental X-ray ab
s o r p t i o n spectrum, a f a i r l y standardized pro 
cedure has been established [37 , 40 , 50, 5 1 ] . 
This consists o f correct ing f o r spectrometer 
sh i f t , degl i tching, pre-edge and post-edge 
background removal , edge n o r m a h z a t i o n , ex
t r a c t i o n o f the E X A F S signal x{k), Four ier 
t rans fo rm o f x(k) and inverse t rans fo rm t o 
isolate the E X A F S c o n t r i b u t i o n f r o m a se
lected region i n real space. 

4.2. Background removal 
Since t h e s m o o t h absorpt ion iio{k) o f an 

isolated a t o m is n o t generally available experi 
menta l l y and since present theoret ica l calcula
t ions o f jUo(fe) are n o t su f f i c ient ly accurate f o r 
most E X A F S w o r k (about 0.1%), i t is as
sumed t h a t the s m o o t h part o f ii{k) represents 
t h e desired Ho{k). W i t h th is assumption, the 
remaining osc i l latory part o f /x(fe) is taken as 
A m = M(fe) - Mo(fe) t o y i e l d x(fe) = ^p{k)l 
Hoik). The post-edge background above 30 eV 
i n t h e E X A F S region m a y then be generated 
analyt i ca l ly by f i t t i n g fz(fe) ( inc lud ing the 
E X A F S ) t o a series o f cubic splines [ 5 2 ] o f 
equal segments. The ends o f each segment are 
so connected t h a t the derivatives are c o n t i n u 
ous across the ends. Three t o f ive such splines 
are f o u n d adequate f o r data extending 1000 
eV above the absorpt ion edge. When the n u m 
ber o f segments is t oo small , the background 
is n o t separated w e l l enough; w h e n the n u m 
ber is t o o large, the background fo l l ows the 
E X A F S oscil lations, especially at l o w energies, 
and " r o b s " its in tens i ty [ 5 1 ] . A least-squares 

f i t w i t h such a spUne f u n c t i o n readi ly enables 
the removal o f l o w frequency background 
components f r o m /.i(fe) w i t h o u t af fect ing the 
higher frequency E X A F S osci l lations. I t is 
no ted t h a t spline f i t t i n g is essentially a local 
f i t t i n g procedure i n t h a t the p o l y n o m i a l func
t i o n w i t h i n each interva l is m a i n l y determined 
b y the local q u a l i t y o f the f i t . The pre-edge 
background i n t h e range f r o m — 200 t o — 20 
eV is obta ined s i m p l y by a l inear regression 
analysis o f the f i r s t t e n raw data po ints . 

The result is shown graphical ly i n F ig . 9 for 
n i cke l . The f u l l l ine i n F ig . 9(a) is the raw ex
per imental K edge E X A F S scan o f a n i cke l 
f o i l 5 jum t h i c k taken at 90 K. The spectrum 
was recorded at Stanford S y n c h r o t r o n Radia
t i o n L a b o r a t o r y w i t h SPEAR r u n n i n g at an 
electron energy o f 2.6 GeV and a beam cur
rent o f about 30 m A . The b r o k e n l ine i n Fig . 
9(a) is the s m o o t h post-edge background de
r ived f r o m a cubic spline f i t t i n g w i t h f ive seg
ments i n the range 3 0 - 1 2 0 0 eV. 

Other background removal methods such as 
a single p o l y n o m i a l f i t over the whole range 
o f the data , the s l id ing box-car w i n d o w f i t t i n g 
[ 4 1 ] and others have been t r i e d . A l l these 
procedures suffer, however, i n t h a t a single 
poor data p o i n t or noise or end p o i n t effects 
can in t roduce systematic errors. 

4.3. Extraction of extended X-ray absorption 
fine structure 

The energy scale is converted t o the k scale 
using k = { 0 . 2 6 3 ( £ - £o) }^ '^ where is the 
energy threshold o f the absorpt ion edge and is 
exper imenta l ly located b y the f i r s t m a x i m u m 
i n the derivative spectrum o f the absorpt ion 
curve. The E X A F S x(fe) energies above 
about 30 eV is n o w obta ined b y subtract ing 
the s m o o t h post-edge background iUo(fe) f r o m 
the measured absorpt ion p{k) and d i v i d i n g by 
the step j u m p S at the absorpt ion edge using 
the correc t ion M{k) o f McMaster et al. [ 1 7 ] as 
a f u n c t i o n o f energy: 

X{k) = 
M(fe) -Mo(fe) 

SM{k) 
(6) 

This procedure yields the normal ized x(^) 
w h i c h is t h e n weighted by k t o y i e l d the fa
mi l iar xk versus k p l o t given i n F ig . 9 (b ) . The 
k we ight ing o r more generally t h e k" we ight 
ing w i l l be discussed below i n c o n j u n c t i o n 
w i t h Four ier analysis. 
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Fig. 9. Graphical representation of a typical E X A F S data analysis: (a) experimental scan of the K edge E X A F S of 
nickel in pure nickel at 90 K ( , a spline fit of the smooth post-edge background absorption above the absorp
tion edge); (b) normalized E X A F S plotted as X's vs. k vfith a Hanning window applied to the first and last 5% of 
the k space data; (c) Fourier transform of (b) according to eqn. (8 ) ; (d) inverse transform of the first shell in (c) 
in the region 1-2.8 A. 

4.4. Fourier transform to r space 
I f we r e t u r n t o eqn. (5 ) , t h e expression f o r 

X(fe) can be Four ie r t rans formed t o y i e l d a 
radial s tructure f u n c t i o n ^{r) w h i c h contains 
s t ruc tura l i n f o r m a t i o n about the absorbing 
a t o m . The Four ier inversion [ 1 6 ] represents a 
signif icant step i n the development o f m o d e m 
E X A F S and converts i t f r o m a qual i tat ive ef
fect t o a quant i ta t ive effect [ 3 7 ] : 

0(r) - (271)-^'^ Xik) exp(2ife) dfe = S 

As seen f r o m eqn. (7 ) , the Four ie r t r a n s f o r m 
0(r) o f t h e E X A F S consists o f a sum o f radial 
peaks located at rj and determines the spatial 
var ia t i on o f t h e scattering m a t r i x . Since i n 
actual practice an E X A F S spectrum is taken 
over a f i n i t e energy range (and hence fe space), 
the Four ier t rans form t h a t is actual ly taken is 

dr ' 

r^T{r-r) ^ } (7) 
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m = (27r Wik)k"x(k) exp(2ifer) dk 

(8) 
where femax ^min the m a x i m u m and 
m i n i m u m fe values o f the usable exper imenta l 
data, fe" is a we ight ing f u n c t i o n used to com
pensate f o r ampl i tude reduc t i on as a f u n c t i o n 
o f fe [ 3 7 ] , especially f o r l o w Z scatterers. n 
values o f 1 , 2 and 3 have been suggested b y 
Teo and Lee [ 5 2 ] f o r backscatterers w i t h Z > 
57, 36 < Z < 57 and Z < 36 respectively. A l 
so, as no ted by S t e m et al. [ 5 0 ] , t h e trans
f o r m is rather sensitive t o kj^in i n the region 
between the or ig in and r^, the f i rs t peak i n 
0(r). The x'̂ ^ t rans fo rm may be a p p r o x i m a t e d 
t o a pseudo-charge density w h i c h is rather i n 
sensitive t o femiti arid E Q . The fe^ t rans fo rm 
weights less at l o w k and more at h igh fe, 
where the E X A F S effect is better a p p r o x i 
mated by the single-scattering expression 
given i n eqn. (5) b u t is exper imenta l ly o f 
poorer q u a l i t y because o f a poorer signal-to-
noise r a t i o . 

The factor W{k) on the r ight -hand side o f 
eqn. (8) is a w i n d o w f u n c t i o n w h i c h , w h e n 
m u l t i p l i e d b y the integrand , converts our f i 
n i te data set t o an i n f i n i t e set t h a t is necessary 
f o r Four ier t r a n s f o r m . This is done by choos
i n g funct ions w h i c h s m o o t h l y set the raw data 
po ints t o zero at fe^^ and femax- A n example 
o f W{k) is a Hanning f u n c t i o n [ 5 3 ] def ined i n 
terms o f k as f o l l ows : 

iy(fe) = | j l - c o s 2 7 r ( - ^ 
mxn 

(9) 

I t is easily seen t h a t H (̂fe) = 0 at fe = fe^jn and 
fe = femax- This w i n d o w f u n c t i o n is appl ied t o 
t h e f i rst and last 5% o f t h e normal ized n i cke l 
data discussed above and p l o t t e d as xfe versus 
k i n Fig . 9 (b ) . The Four ier t rans form so ob
ta ined is shown i n Fig. 9(c ) . Here we note 
t h a t the t r a n s f o r m is made w i t h respect t o 
exp(2ifer) w i t h o u t i n c l u d i n g the phase shi f t 
6j(fe). This has the effect o f sh i f t ing a l l the 
peaks i n <t>{r) closer t o t h e or ig in t o rj — 8' 
where 6' is some average o f the f i rs t derivative 
o f 8j{k) w i t h respect t o fe. I n F ig . 9(c) the 
f i r s t peak is t h e nearest-neighbor p o s i t i o n i n 
f.c.c. n i cke l shi f ted t o 2,24 A . The crystal lo-
graphic value f r o m d i f f r a c t i o n is 2.492 A , so 
t h a t 8' f o r / = 1 is 0.25 A . 

I n general the effect o f 5;(fe) o n the trans
f o r m may empir i ca l ly be corrected f o r b y 
measuring the E X A F S spectrum o f a standard 
or m o d e l c o m p o u n d o f k n o w n structure . I n 
deed, as i n complex biomolecules, a number 
o f such m o d e l compounds are used o n a t r i a l -
and-error basis t o deduce a m o d e l o f the u n 
k n o w n structure . A l t e r n a t i v e l y , theoret i ca l 
values o f 6^(fe) such as those o f Teo and Lee 
[ 5 2 ] can be used i n the Four ie r t rans fo rm and 
rj can be obta ined d i r e c t l y . 

Figure 9 (d ) is an inverse t rans fo rm o f the 
f i r s t shell i n Fig . 9(c) i n the region 1-2.8 A . 
This essentially isolates the E X A F S c o n t r i b u 
t i o n due t o the 12 nearest neighbors. The i n 
verse signal i n fe space can t h e n be used to de
rive s t ruc tura l parameters by the s i m u l a t i o n 
t o be discussed i n Sect ion 4.5. 

To i l lustrate the use o f E X A F S as a phase 
i d e n t i f i c a t i o n t o o l ( l ike powder X-ray di f f rac -
t o m e t r y ) , an example is given here for the 
characterizat ion o f m e t a l impur i t i es incorpo 
rated i n synthet i c d i a m o n d crystals [ 5 4 ] dur 
ing g r o w t h at a h igh temperature and a h igh 
pressure. I n Fig . 10(a) the r o o m temperature 
K edge E X A F S o f n i cke l f r o m the n i cke l i m 
p u r i t y i n synthet ic d i a m o n d is p l o t t e d as xfe 
versus fe. T h e corresponding Four ier trans
f o r m is shown o n the right-hand side and is 
p l o t t e d as <I>(r) versus r where r is the radia l 
distance f r o m t h e central a t o m . T h e corre
sponding results f o r n i cke l meta l and N i g B 
are shown i n Fig . 10(b) and F ig . 10(c) respec
t i v e l y . The spectrum o f n i cke l i n the synthet ic 
d i a m o n d is d i re c t l y ident i f iab le w i t h t h a t o f 
pure n i cke l , w h i c h yields a radia l s t ructure 
f u n c t i o n ( r ight -hand side o f F ig . 10 (b ) ) w h i c h 
is characteristic o f the f.c.c. s t ructure and 
consists o f f our resolved peaks associated w i t h 
the f i rs t f o u r c o o r d i n a t i o n shells about t h e 
central a t o m {cf. F ig . 9 f o r n i cke l at 90 K ) . 
N i g B , l i k e NigC, has a cementi te s t m c t u r e : 
Vfti^ (Pbnm) and Z = 4 [ 5 5 ] . There are t w o 
non-equivalent n i cke l sites: N i ( I ) has 1 1 n i cke l 
neighbors at distances ranging f r o m 2.43 t o 
2.74 A , t w o b o r o n atoms at about 2.0 A and 
one b o r o n a t o m at 2.30 A ; N i ( I I ) has 12 n i c k e l 
atoms at distances ranging f r o m 2.50 t o 2.79 
A , t w o b o r o n atoms at 2.05 A and one b o r o n 
a t o m at 2.60 A . The n i cke l E X A F S i n NigB 
shown i n Fig . 10(c) is qu i te d i f f e rent f r o m 
t h a t f o u n d i n the synthet ic d i a m o n d . T h e 
Four ier t rans fo rm shown o n the r ight -hand 
side o f Fig . 10(c) consists basically o f a radia l 
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Fig. 10. Normalized K edge E X A F S of nickel plotted as vs. k and the corresponding Fourier transform for (a) 
nickel impurity in synthetic diamond, (b) f.c.c. nickel metal and (c) NigB. R is the radial distance (phase shift not 
included) from a central X-ray absorbing nickel atom. 

peak centered at about 2 A , w h i c h is rather 
broad, re f lect ing the d i s t r i b u t i o n o f N i - N i 
distances i n the s tructure . N o d o m i n a n t fea
tures are evident beyond 3 A in the radia l 
s t ructure f u n c t i o n . Thus , E X A F S can be used 
t o " f i n g e r p r i n t " an u n k n o w n phase conta in 
ing a selectively k n o w n const i tuent element. 

4.5. Structural information in k space 
Besides i n t e r a t o m i c distances rj, E X A F S 

contains other s t ruc tura l i n f o r m a t i o n such as 

the c o o r d i n a t i o n n u m b e r Nj, the t y p e o f ; t h 
a t o m i n the shell at rj and the i r relative mean 
square disorder a / about the average distance 
rj. These s t ruc tura l parameters m a y be ob
ta ined by measuring the E X A F S o f m o d e l com
pounds under ident i ca l cond i t i ons and using 
" t r a n s f e r a b i l i t y " o f phase shifts [ 5 6 ] . The 
structure o f the u n k n o w n is t h e n modeled b y 
curve - f i t t ing procedures so as t o arrive at a 
calculated E X A F S t h a t best f i t s the exper i 
menta l values. A useful way t o p e r f o r m m o d -
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eling is i n c o m b i n a t i o n w i t h back Four ier 
t r a n s f o r m a t i o n , especially i n systems where 
the c o o r d i n a t i o n shells are w e l l separated i n r 
space or whose 0(r) is d o m i n a t e d by the near
est-neighbor shell as i n amorphous materials . 
The shell-by-shell back Four ier t r a n s f o r m en
ables a self-consistent phase shi f t and experi 
menta l envelope f u n c t i o n t o be determined 
f o r e a c h j t h shell. Various curve - f i t t ing r o u 
tines f o r ex trac t ing s t ruc tura l i n f o r m a t i o n 
f r o m E X A F S data have been prescribed [ 2 0 , 
42 , 50 , 5 7 - 5 9 ] . A more w i d e l y used proce
dure [ 5 9 ] is described be low. 

I f we recall the single-scattering expression 
given i n eqn. (5 ) , the observed E X A F S x(fe) 
may be described by 

X(fe) = - J Z A ; s i n { 2 r , f e + 6^(fe)} (10 ) 

having osc i l latory terms w i t h frequencies 
2rjfe -t- i>j{k) and amphtude terms Aj given by 

A = ; : i f j ( ' r , f e ) e x p ^ - ^ ^ e x p ( - 2 a / f e 2 ) i ( l l ) 

The parameters o n the r ight -hand side o f eqns. 
(10) and (11) m a y be classified as (a) scatter
i n g parameters (the phase sh i f t hj (fe), the 
backscattering ampl i tude //(tt, fe) and t h e 
mean free pa th X) and (b ) s t ruc tura l param
eters ( the c o o r d i n a t i o n n u m b e r iV,-, the b o n d 
distance Tj and the Debye -Wal ler fac tor Oj). 
The s u m m a t i o n is over a l l c o o r d i n a t i o n shells 
; par t i c ipat ing i n the E X A F S event. I n a m o d 
el system fo r w h i c h Nj and Tj are k n o w n crys-
ta l lographica l ly , E X A F S m a y be used t o gen
erate a set o f self-consistent scattering param
eters; this i n f o r m a t i o n can then be appl ied t o 
an u n k n o w n system o f s imi lar chemical na
ture {e.g. a glass o f the same compos i t i on ) t o 
determine s t ruc tura l parameters. 

A least-squares procedure [ 5 9 ] is set u p t o 
m i n i m i z e the variance S where 

(12) 

Here x,"^ are the Four ie r - f i l t e red exper imenta l 
data and Xi is the analyt i ca l expression given 
i n eqn. (10) w h i c h describes x^' f o r n data 
po ints . Since x(fe) is n o t a l inear f u n c t i o n o f 
the various parameters, a T a y l o r series expan
sion is used w h i c h expresses x(fe) i n terms o f 
approx imate parameter values Pj and param

eter adjustments AP^ = Py — P / . When t h e 
least-squares c o n d i t i o n is appl ied , a set o f 
simultaneous equations is obta ined i n terms 
o f AP; rather t h a n P,. The equations are 
solved f o r the adjustment AP;-, and the param
eters were adjusted b y AP^ t o give a new set o f 
estimates. The procedi ire was then re i terated 
w i t h t h e new estimates P / and so o n u n t i l t h e 
new s o l u t i o n d i f fered f r o m the last b y less 
t h a n a desired value, w h i c h is usually 1 % . 

O u t l i n e d be low is an example o f generating 
the phase and envelope f u n c t i o n f o r the N i - N i 
pair [ 6 0 ] . This is achieved by p e r f o r m i n g a 
se l f - f i t t ing o f the f i l t e red E X A F S (F ig . 9 (d ) ) 
o f t h e f i rs t shell o f 12 nearest neighbors i n 
f.c.c. n i cke l meta l w i t h t h e f o l l o w i n g f i x e d 
i n p u t s : AT^ = 12 , = 2.492 A , A^JQ = 0 and 
Ox — 0. The f i t t i n g was per f o rmed i n x^^ 
space t o weigh t h e c o n t r i b u t i o n o f n i cke l at 
h igh fe. The results are shown i n F ig . 1 1 , where 
the f u l l curve denotes the f i l t e red exper imen
t a l E X A F S and t h e crosses denote the s imu
lated spectrum. This s imula t i on has a standard 
deviat ion o f 5% o f the m a x i m u m ampl i tude 
o f t h e exper imenta l x ' '^^ spectrum. The N i -
N i phase parameters so obta ined can t h e n be 
used as i n i t i a l i n p u t s t o s imulate the f i l t e red 
t rans form arising f r o m the N i - N i subshells i n 
crystal l ine N i 2 B . I n t u r n , the N i - N i phase 
shifts as derived f r o m crystal l ine N i a B have 

41.0 

28 .0 

Fig. 11. Experimental ( ) and simulated ( X ) 
E X A F S of the first shell of 12 neighbors in the region 
1-2.8 A about a nickel atom in f.c.c. nickel metal at 
90 K . 
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been transferred d i rec t ly t o determine N i - N i 
b o n d distances and c o o r d i n a t i o n numbers o f 
the various subshells i n amorphous N i j E . De
tails o f such systematic s imulations have been 
described i n a n u m b e r o f studies [ 6 0 - 6 2 ] . 

5. N E A R - E D G E S T R U C T U R E 

I n E X A F S analysis f o r s t ruc tura l de te rmi 
n a t i o n , the data w i t h i n about 30 eV o f the 
edge are generally ignored because the i r in ter 
p re ta t i on is comphcated by mult ip le -scatter 
ing and chemical bond ing effects. Phenome-
nolog ica l ly , as the region near an X-ray ab
sorpt ion edge is scanned i n energy, the ejected 
photoe lec t ron sequential ly probes the e m p t y 
electronic levels o f the mater ia l . The result ing 
X A N E S [ 2 3 ] spectrum w i t h i n 30 eV o f the 
thresho ld has n o w been realized t o be r i c h i n 
chemical i n f o r m a t i o n and is receiving increas
ing a t t e n t i o n . While the s tudy o f X A N E S i n 
general has a l ong h i s tory [ 6 3 ] , w i t h the avail
a b i l i t y o f intense and we l l - co l l imated synchro
t r o n X - rad ia t i on sources and t h e improved ex
per imenta t i on discussed i n Section 2.4, these 
spectra can n o w be measured more q u i c k l y 
s imply , and w i t h greater reso lut ion t h a n ever 
before. 

V a n a d i u m forms a series o f oxides over a 
range o f f o r m a l o x i d a t i o n states. The crystal 
structures o f V O , V 2 O 3 , V 4 O 7 , V 2 O 4 and 
V 2 O 5 are k n o w n . These oxides provide a use
f u l series o f materials f o r systematic s tudy o f 
the effects o f valence site s y m m e t r y and co
o r d i n a t i o n geometry o n the X A N E S spectrum 
o f the central meta l a t o m coord inated by the 
same l igand [ 6 4 ] . V O has an NaCl s t ructure 
w i t h regular octahedral VOe uni ts . V 2 O 3 has a 
c o r u n d u m structure i n w h i c h V^"^ ions are six
f o l d coord inated by oxygen ions at t w o dis
t i n c t distances o f 1.96 and 2.06 A . V 4 O 7 is a 
m i x e d valence ox ide consisting o f b o t h V^"^ 
and V*"^ ions. The structure consists o f a dis
t o r t e d h.c.p. oxygen array w i t h vanadium 
atoms occupying the octahedral sites (dis
t o r t e d ) so as t o f o r m r u t i l e b locks w h i c h ex
t e n d i n d e f i n i t e l y i n the t r i c l i n i c ab plane. The 
r u t i l e b locks are fovir octahedra t h i c k along 
the perpendicular t o this plane. There are f o u r 
crystal lographic non-equivalent vanad ium sites 
w i t h V - O distances ranging f r o m 1.883 t o 
2 .101 A . The crystal s t ructure o f V 2 O 4 is 
monoc l in i c and is a d i s tor ted f o r m o f r u t i l e . 

The vanadium atoms are again s i x f o l d coord i 
nated b y oxygen atoms b u t are m u c h dis
placed f r o m t h e center o f the oc tahedron , re
sult ing i n a short V—O b o n d o f 1.76 A . I n 
V2O5 the vanadium a t o m is f i ve fo ld coord i 
nated i n a d i s t o r ted tetragonal p y r a m i d o f 
oxygen atoms. The apex oxygen distance is 
on ly 1.585 A whereas the basal V - O distances 
vary f r o m 1.78 t o 2.02 A . The site s y m m e t r y 
o f the vanad ium a t o m decreases f r o m i n 
V O t o C3 i n V2O3, t o C i i n b o t h V4O7 and 
V2O4, and t o Cs i n V2O5. 

I n Fig. 12 the K edge X A N E S spectra o f 
vanadium i n these oxides e x h i b i t a pre-edge 
absorpt ion feature w h i c h grows i n in tens i ty 
on going f r o m V2O3 t o V2O5, f o l l o w e d by a 
weak shoulder o n a r is ing absorpt ion curve 
( the absorpt ion edge) w h i c h culminates i n a 
strong peak i n the v i c i n i t y o f about 20 eV. 
This strong peak has been assigned as the al
l owed t r a n s i t i o n I s ^ 4p [ 6 5 ] , the lower ener
gy shoulder as the I s ^ 4p shake-down transi 
t i o n and the pre-edge feature at threshold as 
the f o rb idden t r a n s i t i o n I s ^ 3d [ 6 5 ] . A t 
energies equal t o and above the l s ^ 4 p trans i 
t i o n , absorpt ion features may arise f r o m t r a n 
s i t i o n t o higher np states, shape resonances 
[ 6 6 ] and /or m u l t i p l e scattering [ 6 7 ] . The l a t 
ter t w o effects are m u c h more compl i cated t o 
analyze. 

Since t h e i n i t i a l I s state is a gerade state, 
the I s 3d t r a n s i t i o n is s t r i c t l y d ipo le for 
b idden as i t is i n V O w h i c h contains regular 
octahedral VOg units having a center o f inver
sion. When the s y m m e t r y o f the ligands is 
lowered f r o m O^, t h e inversion center is bro 
ken as i n V2O3, V4O7 and V2O4 w i t h dis
t o r t e d octahedral VOg groups, and i n VgOg 
w i t h d i s tor ted square p y r a m i d a l V O 5 groups. 
The pre-edge absorpt ion becomes dipole al 
l owed as a result o f a c o m b i n a t i o n o f stronger 
3 d - 4 p m i x i n g and overlap o f the metal 3d or-
bitals w i t h t h e 2p orbitals o f the l igand [ 6 5 ] . 

The in tens i ty var ia t i on o f the pre-edge peak 
across the ox ide series is n o t e w o r t h y . As seen 
i n F ig . 12 , the osci l lator strength increases 
w i t h progressive re laxat ion f r o m perfect octa
hedral s y m m e t r y (as i n V O ) t o d i s t o r ted octa
hedral VOe groups (as i n V2O3, V4O7 and 
V2O4) and to a l ower c o o r d i n a t i o n w i t h a 
short V—O b o n d i n a square p y r a m i d a l sym
m e t r y (as i n V2O5). The " m o l e c u l a r cage" ef
fect o n the osci l lator strength o f th is transi 
t i o n t o the 3d orbitals i n K edge spectra as 
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noted by K u t z l e r et al. [ 6 8 ] appears t o be 
operative here. 

Closer e x a m i n a t i o n o f t h e spectrum o f 
V2O3 shows t h a t there is a m u l t i p l e t s tructure 
i n t h e pre-edge peak region. T h e m u l t i p l e t 
s tructure shows s p l i t t i n g o f about 1.3 eV and 
about 2.0 eV. The spl i tt ings i n t h e I s 3d 
t r a n s i t i o n are caused b y crystal f i e ld sp l i t t ing 
o f the ground state [ 6 5 ] , and i n V2O3 the d 
levels o f V^* ions i n the site w i t h C3 sym
m e t r y are spUt i n t o A plus 2E states. 

The energy posit ions o f various absorpt ion 
features are f o u n d t o be correlated w i t h the 
o x i d a t i o n state ( f o r m a l valency) o f vanadium 

i n t h e oxides. W i t h increase i n o x i d a t i o n state, 
(a) t h e absorpt ion threshold as def ined b y the 
pos i t i on o f the f i r s t peak i n the derivative 
spectrum, (b) the absorpt ion edge as def ined 
by the second peak i n the derivative curve, (c) 
t h e energy o f the pre-edge peak and (d) the 
I s 4p t r a n s i t i o n above t h e absorpt ion edge 
al l sh i f t t o higher energies. The energy shifts , 
the so-called chemical shifts, are f o u n d t o 
f o l l o w Kunz l ' s law [ 6 9 ] and vary l inear ly w i t h 
the valence o f the absorbing vanad ium a t o m 
as shown i n F ig . 13. The positive shi f t i n the 
thresho ld energy w i t h valence increase can be 
understood conceptual ly t o be due t o an i n -
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Vanadium Oxidation State 
Fig. 13. Oxidation state vs. energy positions of various 
absorption features in the K-edge X A N E S spectra of 
vanadium in the various vanadium oxides shown in 
Fig. 12. 

crease i n the attract ive p o t e n t i a l o f the n u 
cleus o n the I s e lectron and a reduc t i on i n the 
repulsive core C o u l o m b in terac t i on w i t h a l l 
the o ther electrons i n the c o m p o u n d . The f u l l 
lines i n F ig . 13 are least-squares f i t t e d lines 
w i t h slopes o f 1.4 eV, 1.1 eV, 2.5 eV and 3.2 
eV per valence increase f o r the thresho ld , the 
pre-edge peak, t h e absorpt ion edge and the 
I s -> 4p t rans i t i on respectively. The increase 
i n slope merely reflects t ighter b ind ing o f the 
inner 3d and 4s levels w i t h respect t o the 
outermost 4p levels w h i c h are more easily per
t u r b e d b y valence change. 

6. U N I Q U E F E A T U R E S O F E X T E N D E D X - R A Y 
A B S O R P T I O N F I N E S T R U C T U R E 

I n this section we i l lustrate the unique fea
tures o f E X A F S as a s t ruc tura l probe by way 

o f an example. I n Fig . 14(a) the E X A F S 
above the K edges o f b o t h i r o n and n i cke l i n 
a b.c.c. F e - N i a l loy conta in ing 80 a t . % Fe are 
shown. These were obta ined i n one experi 
menta l scan b y f i r s t t u n i n g the s y n c h r o t r o n 
rad ia t i on near the K absorpt ion edge o f i r o n 
at 7 .11 k e V , scanning the i r o n E X A F S over a 
1000 eV range and cont inu ing t o scan another 
1000 eV beyond t h e K edge o f n i cke l t o ob
t a i n i t s E X A F S . I t should be no ted t h a t i r o n 
and n i cke l are separated by 2 units i n a tomic 
number , and yet the i r K absorpt ion edges are 
far apart i n energy so t h a t the E X A F S o f i r o n 
is n o t overlapped b y t h e onset o f t h e K ab
sorp t i on o f n i cke l . This i n t u r n means t h a t 
s t ruc tura l i n f o r m a t i o n extracted f r o m analyz
ing each E X A F S spectrum is a t o m specific 
i n the sense t h a t the central a t o m is de f ined ; 
hence, the or ig in o f each o f the 0(r) is k n o w n . 
This clearly demonstrates atomic selectivity 
o f the E X A F S technique f o r s tudy ing m u l t i -
a tomic systems. 

Using t h e data r e d u c t i o n procedure de
scribed i n Section 4, the normal ized E X A F S 
f o r n i cke l is obta ined and p l o t t e d as xk versus 
k i n Fig . 14 (b ) . This is t h e n Four ier trans
f o r m e d w i t h respect t o exp(2i/er) t o o b t a i n 
0(r) w h i c h is shown i n F ig . 14(c) . T h e Four ier 
t rans form is d o m i n a t e d essentially b y a strong 
radial s tructure peak above 2 A , b u t higher 
c o o r d i n a t i o n shells are also visible t o 5 - 6 A . 
The oscil lations o n the l o w r side o f t h e f i rs t 
peak are due t o t e r m i n a t i o n errors o f the 
t rans form and are n o t s t ruc tura l i n o r ig in . 
Compared w i t h the t rans fo rm shown i n F ig . 
9(c) f o r pure n i cke l w h i c h is f.c.c. and has 12 
nearest neighbors, t h e t rans fo rm pat te rn shown 
i n Fig . 14(c) f o r n i cke l i n the b.c.c. F e - N i 
al loy is qu i te d i f f erent . The la t te r i n fact is 
characteristic o f a b.c.c. s t ructure such as i r o n 
w h i c h has eight nearest neighbors [ 4 1 ] . This 
can also be seen d i re c t l y i n the raw spectra i n 
Fig . 14(a) i n t h a t the N i - F e E X A F S pat te rn 
is i somorphic w i t h t h a t o f i r o n and is a direct 
consequence o f the a l l oy ing effect w h i c h re
sults i n s t ruc tur ing the n i cke l atoms i n a b.c.c. 
latt ice . 

F i n a l l y , i t is o f interest t o have a compar i 
son o f the E X A F S technique w i t h conven
t i o n a l X -ray d i f f r a c t i o n i n order t o select an 
appropriate t o o l f o r the part icular need i n ma
ter ia l character izat ion. The comparison is 
given i n Table 2. I n summary , the i m i q u e fea
tures o f E X A F S as a s t ruc tura l t o o l are (1) 
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X 

OJ—/ , , ; u_i , , 

- 2 0 0 0 2 0 0 6 0 0 1000 1400 1800 2 2 0 0 
Energy (eV) 

k ( A - i ) r ( A ) 

Fig, 14. B.c .c . F e - N i alloy containing 80 at .% F e : (a) experimental E X A F S spectra above the K edges of iron and 
nickel; (b) normalized E X A F S plotted as Xk vs. k in the nickel E X A F S ; (c) Fourier transform of (b). The peaks 
on the low r side of the first main peak at 2.2 A are spurious effects of the transform and are therefore non-
physical. It should be noted that this radial structure function for nickel in a b.c.c. environment is quite different 
from that for pure f.c.c. nickel shown in Fig. 9(c). 

t h a t i t is element selective, (2 ) t h a t i t has a 
h igh sensit ivity t o short-range order, (3) t h a t 
i t is applicable t o al l states o f m a t t e r i n a d i 
l u t e or b u l k f o r m and (4 ) t h a t , w h e n i t is 
combined w i t h X A N E S , i t yields b o t h elec
t r o n i c (chemical bonding) as w e l l as a tomic 
structure . 

7. A P P L I C A T I O N S 

The appl i cat ion o f E X A F S t o a var iety o f 
mater ia l characterizat ion problems is r a p i d l y 

evolving. T o date , the most f u l l y developed 
applications are t o w a r d the f i e ld o f disordered 
systems, catalysis and b io logy . As the tech
n ique is being extended t o o ther materials 
whether i n d i f f e rent states or d i f f e rent con
f igurat ions , new detec t ion schemes are also 
developed t o enable e x t r a c t i o n o f the E X A F S 
signal i n a possible and more e f f i c ient way i n 
terms o f the signal-to-noise r a t i o . I n th is re
v iew, we shall n o t a t t e m p t t o compi le a c om
prehensive l i s t o f E X A F S experiments . I n 
stead, we have abstracted a number o f author -
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T A B L E 2 

Extended X-ray absorption fine structure versus X-ray diffraction 

EXAFS X-ray diffraction 

r space range Short, since xW " l / r ^ and X < 10 A Long 

k space range 0 A " ^ < f e < 5 0 A " ^ 0 A-1 < g < 25 A-1 

Selectivity Atom specific A l l atoms diffract 

Nj +10% ± 1 % or better 

± 0.02 A for first shell; ± 0,1 A for second shell 0.001 A 

Two-body average One-body average 

Contains phase information No phase 

Material systems Al l states of matter, bulk and dilute Crystalline soUds, bulk 

i ta t ive reviews, b o t h general and w i t h special 
emphasis i n various disciplines covering con
densed matters , amorphous solids i n c l u d i n g 
metal l i c glasses, catalysts, biomolecules, 
chemistry , s o l u t i o n and geology. Also , newly 
developed detec t ion schemes w i l l be discussed 
so t h a t the interested reader may be able t o 
design t h e appropr iate exper imenta t i on f o r 
his or her mater ia l systems o f invest igat ion. 

7.1. General reviews 
Reference 40 is an author i ta t ive review o n 

t h e basic principles and exper imentat i on o f 
E X A F S . Various applications are reviewed i n 
decreasing length f o r disordered systems, b io 
l ogy , catalysis, m e t a l - m e t a l bonds i n inorganic 
chemistry , in terca la t i on systems, defects and 
i m p u r i t i e s ( m a i n l y i n metal lurgica l systems) 
and solutions. Surface E X A F S is also dis
cussed. 

The development o f the E X A F S formal i sm 
i n ref. 42 is rather mathemat i ca l and is d i f f i 
c u l t f o r the non-mathemat i ca l ly or iented 
reader t o f o l l o w . I n decreasing l ength , descrip
t i ons o f t h e f o l l o w i n g appl icat ions are given: 
crystal l ine solids i n c l u d i n g elemental and sim
ple b inary compounds , superionic conductors , 
m i x e d valence materials , spin glasses, sol id 
solut ions (alloys) and A 1 5 compounds ; dis
ordered solids; surface and absorbates o n sur
faces; l i qu ids ; catalysts. Bio logical materials 
are jus t b r i e f l y ment i oned . 

7.2. Biology 
Reference 38 is devoted t o a review o f 

E X A F S and near-edge investigations o f b io 

molecules studied u p t o 1978. These inc luded 
r u b r e d o x i n , hemog lob in , cy to chrome P-450 
and chloroperoxidase, azur in , nitrogenase, 
cy to chrome oxidase, hemocyan in , carbonic 
anhydrase and p l a t i n u m complexes b o u n d t o 
deoxyr ibonuc le i c acid. The review was up
dated i n 1 9 8 1 [ 7 0 ] t o inc lude t h e blue copper 
proteins (stel lacyanin and plastocyanin) , 
xanth ine oxidase and sul f i te oxidase, f e r r i t i n 
and ca lc ium b ind ing prote ins . 

7.3. Catalysts 
Reference 7 1 reviews the exper imenta l 

technique o f measuring E X A F S spectra o f 
catalysts in situ. Systems discussed inc lude 
dispersed meta l catalysts, meta l ox ide cata
lysts and homogeneous catalysts o f the W i l k 
inson t y p e . Chemical i n f o r m a t i o n about the 
catalyt ic center as derived f r o m the near-edge 
structure is also discussed. 

7.4. Amorphous materials 
Reference 4 1 is a review o n the m e t a l -

m e t a l l o i d t y p e o f glasses t h a t were studied up 
t o the end o f 1979. The review has been ex
panded and updated tw i ce by G u r m a n [ 7 2 , 
7 3 ] t o inc lude m e t a l - m e t a l t y p e o f glasses, 
chalcogenide glasses, ox ide glasses, melts and 
solutions. 

7.5. Geology 
F i n a l l y t h e app l i ca t i on o f E X A F S t o geology 

f o r character iz ing the bond ing and local a t o m 
ic s tructure o f specific a tomic sites i n minerals 
o f geological impor tance is n o w emerging. 
This is evident i n a sympos ium devoted t o the 
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appl i cat ion o f E X A F S and near-edge spectros
copy t o geology and geochemistry he ld at the 
1984 I n t e r n a t i o n a l Conference o n E X A F S at 
Stanford [ 7 4 ] . 

8. O T H E R D E T E C T I O N S C H E M E S 

I t can be said t h a t the m o d e r n E X A F S 
technique has been b u i l t o n t w o major mi le 
stones i n the early 1970s: ( i ) the e luc idat ion 
o f the basic physics o f the phenomenon i n 
terms o f the single-scattering f o rmal i sm and 
Four ie r t rans fo rm o f the exper imenta l signal 
t o y i e l d quant i ta t ive s t ruc tura l i n f o r m a t i o n 
[ 1 5 ] and ( i i ) the avai labi l i ty o f intense w e l l -
c o l l imated s y n c h r o t r o n rad ia t i on i n the X-ray 
region [ 2 5 , 2 6 ] as a l i g h t source f o r h igh qual 
i t y and fast acquis i t ion o f exper imenta l spec
t r a . Since t h e n , a number o f de tec t ion schemes 
have been developed i n order t o explore the 
app l i cat ion o f E X A F S t o other materials i n 
various states and conf igurat ions t h a t are n o t 
amenable t o convent ional transmission mea
surement. These schemes inc lude e lectron de
t e c t i o n i n u l t r a h i g h vacuum for surface struc
t u r e studies ( o f adsorbates) [ 7 5 ] , fluorescence 

T A B L E 3 

Other extended X-ray absorption fine structure de
tection schemes 

Scheme Year Remarks 

Fluorescence 1977 Uses fluorescent X-
ray photons to 
monitor pix of dilute 
species 

Surface E X A F S 1978 Uses Auger electrons 
to monitor jjx of 
surface atoms 

Dispersive 1982 Rapid scan for 
kinetic studies 

Double fluorescence 1983 F o r heavy impurities 
in slightly lower Z 
matrix 

Reflection E X A F S 1984 Probes for buried 
interfaces 

Electron detection 1984 Applicable for use at 
atmospheric pressure, 
thus avoiding ultra
high vacuum condi
tions 

f or d i l u t e systems (biomolecules) and trace 
impur i t i e s [ 3 3 ] , dispersive E X A F S for k ine t i c 
studies at a t i m e scale o f under a m i n u t e [ 7 6 , 
7 7 ] , double fluorescence f o r d i s c r iminat ing 
between d i l u t e impur i t i e s i n a s l ight ly l ower Z 
m a t r i x [ 7 8 ] , re f l ec t ion E X A F S for subsurface 
(bur ied interface) character izat ion [ 7 9 ] and 
electron detec t ion i n non-vacuum condit ions 
[ 8 0 ] . Table 3 summarizes each scheme and 
out l ines the i r appl i cat ion . 

9. C O N C L U D I N G R E M A R K S 

I t is clear t h a t , b y v i r t u e o f the fact t h a t 
E X A F S is an atom-specific and local s t ructur 
al t o o l , i t provides the chemist, the physic ist , 
the b io logist , the materials scientist, t h e geo
logist and the metal lurg ist w i t h an o p t i o n a l 
and o f tent imes unique t o o l f o r characterizing 
materials. I n c o m b i n a t i o n w i t h t h e near-edge 
structure , th is mode o f X -ray absorpt ion spec
troscopy is a very p o w e r f u l t o o l f o r e lucidat
ing b o t h t h e atomic and t h e electronic struc
t u r e o f mat ter . However, the pract i t i oner o f 
th is technique must bear i n m i n d t h a t con
siderable care has t o be taken t o in terpre t data 
o f an elemental species exist ing i n more t h a n 
one s t ruc tura l and /or chemical env i ronment , 
since the E X A F S signal f r o m each site w i l l be 
col lected over the same energy range o f the 
measured spectrum. 

R E F E R E N C E S 

1 F . W. Lytle , in J . A. Prins (ed.). Physics of Non
crystalline SoUds, North-Holland, Amsterdam, 
1965, pp. 12 -25 . 

2 H. Fricke, Phys. Rev., 16 (1920) 202. 
3 G. Hertz, Phys. Z., 21 (1920) 6 3 0 ; Z . Phys., 3 

(1920) 19. 
4 R. De L . Kronig, Z. Phys., 70 (1921) 317; 75 

(1932) 191. 
5 T . Hayashi, Sci . Rep. Tohoku Univ., 33 (1949) 

123, 183. 
6 L . V . Azaroff, Rev. Mod. Phys., 35 (1963) 1012. 
7 E . A. Stern, Phys. Rev. B, 10 (1974) 3027. 
8 J . D. Hanawalt, P/iys. Rev., 37 (1931) 715. 
9 B. M. Kincaid and P. Eisenberger, Phys. Rev. 

Lett, 34 (1975) 1361. 
10 B. M, Kincaid, Ph.D. Thesis, Stanford University, 

1975. 
11 R. A. Van Nordstrand, in V . D. Frechette (ed.), 

Non-crystalline Solids, Wiley, New York, 1960, p. 
108. 

12 W. F . Nelson, I . Siegel and R. W. Wagner, Phys. 
Rev., 7 2 7 ( 1 9 6 2 ) 2025. 



127 

13 F . W. Lytle , D. E . Sayers and E . A. Stern, The 
history and modern practice of E X A F S spectros
copy. I n C. Bonnelle and C. Mande (eds.), Ad
vances in X-ray Spectroscopy, Pergamon, Oxford, 
1982, Chapter 16, p. 267. 

14 D. E . Sayers, F . W. Lytle and E . A. Stern, Adv. 
X-ray Anal.. 13 (1970) 248. 

15 D. E . Sayers, E . A. Stern and F . W. Lyt le , Phys. 
Rev. Lett., 27 (1971) 1204. 

16 H. Bethe and E . Salpeter, Quantum Mechanics of 
One- and Two-electron Systems, Springer, Berlin, 
1959, Sections 59, 69. 

17 W. H. McMaster, N. Nerr del Grande, J . H. MaUett 
and J . H. Hubbell, Compilation of X-ray cross sec
tions, Rep. UCRL-50/74, Section 2, Rev. 1, 
1969 (Lawrence Radiation Laboratory, Universi
ty of California). 

18 C. A . Ashley and S. Doniach, Phys. Rev. B, 11 
(1975)1279 . 

19 P. A. Lee and J . B. Pendry, Phys. Rev. B, 11 
(1975) 2795. 

20 P. A. Lee and G. Beni, Phys. Rev. B, 15 (1977) 
2862. 

21 R. F . Pettifer and P. W. McMillan, i'fti7os. Mag., 
35 (1977) 871. 

22 F . Jona, Surf Sci., 68 (1977) 204. 
23 A. Bianconi, Appl. Surf. Sci., 6 (1980) 392. 
24 B. K. Teo, J. Am. Chem. Soc, 103 (1981) 3990. 
25 A. D. Baer, R. Gaxiola, A. Golde, F . Johnson, B. 

Salsburg, H. Winick, M. Baldwin, N. Dean, J . 
Harris, E . Hoyt, B. Humphrey, J . Jurow, R. 
Melen, J . Milj'an and G. Warren, I E E E Trans. 
Nucl. Sci., 22 (1975) 1794. 

26 S. Doniach, I . Lindau, W. R. Spicer and H. Winick, 
J. Vac. Sci. Technol, 12 (1975) 1123. 

27 J . Schwinger, Phys. Rev., 75 (1949) 1912. 
28 H. Winick, in H. Winick and S. Doniach (eds.), 

Synchrotron Radiation Research, Plenum, New 
York, 1980, Chapter 2, p. 11. 

29 F . R. Elder, R. V. Langmuir and H. D. Pollock, 
Phys. Rev., 74 (1948) 52. 

30 H. C. Pollock, Am. J. Phys., 51 (3) (1983) 278. 
31 R. F . Pettifer, Ph.D. Thesis, University of 

Warwick, 1978. 
32 S. H. Hunter, Ph.D. Thesis, Stanford University, 

1977. 
33 J . Jaklevic, J . A. Kirby, M, P. Klein, A. S. Robert

son, G. S. Brown and P. Eisenberger, Solid State 
Commun., 23 (1977) 679. 

34 E . A. Stern and S. M. Heald, Rev. Sci. Instrum., 
50 (12) (1979) 1579. 

35 J . B. Hasting, P, Eisenberger, B. Lengeler and 
M. C. Perlman, Phys. Rev. Lett, 43 (1979) 1807. 

36 M. Marcus, L . S. Powers, A . R. Storm, B. M. 
Kincaid and B. Chance, Rev. Sci. Instrum., 51 
(1980) 1023. 

37 F . W. Lytle , D. E . Sayers and E . A. Stern, Phys. 
Rev. B, 11 (1975) 4825. 

38 S. P. Cramer and K. O. Hodgson, Prog. Inorg. 
Chem., 25 (1979) 1. 

39 G. S. Brown, in H. Winick and S. Doniach (eds.), 
Synchrotron Radiation Research, Plenum, New 
York , 1980, Chapters 10, 11. 

40 P. A. Lee, P. H. Citrin, P. Eisenberger and B. M. 
Kincaid, Rev. Mod. Phys., 53 (4) (1981) 769. 

41 J . Wong, Top. Appl. Phys., 46 (1981), Chapter 4. 
42 T. M. Hayes and J . B. Boyce, Solid State Phys., 

5 7 ( 1 9 8 2 ) 173. 
43 E . A. Stern and S, M. Heald, in E . E . Koch (ed.), 

Handbook on Synchrotron Radiation, Vol . 1, 
North-Holland, Amsterdam, 1983, Chapter 10. 

44 A. L . Robinson, Science, 205 (1979) 1367, 
45 G. S. Knapp, H. Chen and T. E . Klippert, Rev. 

Sci. Instrum., 49 (1978) 1658. 
46 G. G. Cohen, D. A . Fischer, J . Colbert and N. J . 

Shevchik, Rev. Sci. Instrum., 51 (3) (1980) 273. 
47 A . Williams, Rev. Sci. Instrum., 54 (2) (1983) 193. 
48 W. Thulke, R. Haensel and P. Rabe, Rev. Sci. 

Instrum., 54 (3) (1983) 277. 
49 H. Winick, in H. Winick and S. Doniach (eds.). 

Synchrotron Radiation Research, Plenum, New 
York, 1980, Chapter 3. 

50 E . A. Stern, D. E . Sayers and F . W. Lytle , Phys. 
Rev. B, 11 (1975) 4836. 

51 B. Lengeler and P. Eisenberger, Phys. Rev. B, 21 
(1980) 4507. 

52 B. K. Teo and P. A. Lee, J. Am. Chem. Soc, 101 
(1979) 2815. 

53 C. Bingham, M. D. Godfrey and J . W. Turkey, ' 
I E E E Trans. Audio and Electroacoust, 15 (2) 
(1967) 58. 

54 J . Wong, E . F . Koch, C. I . Hejna and M. F . 
Garbauskas, J. Appl. Phys., 58 (9) (1985) 3388. 

55 S. Rundquist, Acta Chem. Scand., 12 (1958) 658. 
56 P. H. Citrin, P. Eisenberger and B. M. Kincaid, 

Phys. Rev. Lett, 36 (1976) 1346. 
57 B. K. Teo, P. Eisenberger, J . Reed, J . K . Barton 

and S. J . Lippard, J. Am. Chem. Soc, 100 (1978) 
3225. 

58 S. P. Cramer, K. O. Hodgson, E . I. Stiefel and 
W. R. Newton, Am. Chem. Soc, 100 (1978) 
2748. 

59 G . H. Via, J . H. Sinfelt and F . W. Lytle , J. Chem. 
Phys., 71 (1979) 690. 

60 J . Wong and H, H. Lieberman, Phys. Rev. B, 29 
(1984) 651. 

61 K. J . Rao, J . Wong and M. J , Weber, J. Chem. 
Phys., 78 (1983) 6228. 

62 J . H. Sinfelt, G . H. V ia and F . W. Lytle , J. Chem. 
Phys., 72 (1980) 4832. 

63 M. C. Srivastava and H. L . Nigam, Coord. Chem. 
Rev., 9 (1972) 275. 

64 J . Wong, F . W. Lytle, R. P. Messmer and D. H. 
Maylotte, Phys. Rev. B, 30 (1984) 5596. 

65 R. G. Shulman, Y . Yafet, P. Eisenberger and 
W. E . Blumberg, Proc Natl. Acad. Sci. U.S.A., 73 
(1976) 1384. 

66 J . L . Dehmer, J. Chem. Phys., 56 (1972) 4496. 
67 P. J . Durham, J . B. Pendry and C. H. Hodges, 

Solid State Commun., 38 (1981) 159. 
68 F . W. Kutzler, C. R. Natoli, D. K . Misemer, S. 

Doniad and K . O. Hodgson, J. Chem. Phys., 73 
(1980) 3274. 

69 V. Kunzl , Collect Trav. Cjim. Techecolovaquie, 4 
(1932) 213. 

70 S. Doniach, P. Eisenberger and K. O. Hodgson, in 
H. Winick and S. Doniach (eds.). Synchrotron 
Radiation Research, Plenum, New York , 1980, 
Chapter 13, pp. 425-458 . 

71 F . W. Lyt le , G. H. V i a and J . H. Sinfelt in H. 



128 

Winick and S. Doniach (eds.), Synchrotron Radi
ation Research, Plenum, New York, 1981, Chap
ter 12, pp. 401-424 . 

72 S . J . Gurman, J. Mater. Sci., i 7 (1982) 1541. 
73 S. J . Gurman, E X A F S studies of amorphous ma

terials, in R. W. Joyner (ed.), Extended X-ray 
Absorption Fine Structure, Plenum, London, 
1985, Chapter 6. 

74 K . O. Hodgson, B. Hedman and J . E . Penner-
Hahn (eds.), Proc. Int. Conf. on Extended X-ray 
Absorption Fine Structure, Part V I I , Geology and 
Geochemistry of EXAFS and Near-edge Structure 
III, Springer, Berlin, 1984, pp. 336-390. 

75 P. H. Citrin, P. Eisenberger and R. C. Hewitt, 

Phys. Rev. Lett, 41 (1978) 309. 
76 A. M. Flank, A . Fontain, A. Jucha, M. Lommnier 

and C. Williams, J. Phys. (Paris), Lett, 43 (1982) 
L315 . 

77 R. P. Phizackerley, Z. U. Rek, G. B. Stephenson, 
S. D. Conradson, K . O. Hodgson, T . Matsushita 
and H. Oyanagi, J. Appl. Crystallogr., 16 (1983) 
220. 

78 J . Wong and K. J . Rao, Solid State Commun., 45 
(9) (1983) 853. 

79 S. M. Heald, E . Keller and E . A . Stern, Phys. 
Lett A, 103 (1984) 155. 

80 M. E . Kordeseh and R. W. Hoffman, Phys. Rev. 
B, 29 (1984) 491. 


