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ABSTRACT. Throughout this book many examples for the
close relationship between the macroscopic proper-
ties and the local structure of liculd and amorphous
metals and alloys are given. Complementing the con-
ventional X-ray, electron and neutrcn scattering tech-
nigques the analysis of the "Extended X-ray Absorption
Fine Structure" (EXAFS) has been developed to a relj-
able method for structural analysis. Althouch the phe-
nomenon 1s known since the thirties of the century,
its application for the determination of local geome-
trical parameters has only been introduced about ten
years ago, The development of the method has been
greatly stimulated by extensive theoretical work, e.g.
more refined calculations of complex scattering ampli-
tudes and by the availability of synchrotron radiation
as an intense X-ray continuum source. Two aspects are
discussed in this paper: 1) The basic principles of
EXAPS and the usual data evaluation technicues demon-
strated for crystalline Fe; ii) Applications on amor-
phous systems, the modifications of the data evalua-
tion due to nonsymmetric pair distributions and the
comparison with other methods for structure determi-
nation.

Proc. NATO Advanced Study Institute "Licuid and
Amorphous Metals", ed. E. Llischer (D. Reidel,
Dodrecht) to be published

1. INTRODUCTION

Since many decades X-~rays are used in the investiga-
tion of the geometrical and the electronic structure
of matter. Whereas diffraction studies are strongly
related to the geometrical structure, absorptiocn and
its secondary effects are normally used to probe the
electronic structure. EXAFS combines these two fields,
investigating a scattering phenomenon to deduce geome-
trical structure informations by means of absorption
measurements.

The roots of the method go back to the thirties
when Kronig (1) tried to understand the origin of the
fine structure observed in the energy range up to se-
veral hundred eV above the absorption edges. 2?3 an
example Fig.t (upper curve) shows the K-absorption
spectrum of metallic Fe.
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EXAFS can be described as an electron diffraction pro-
cess, where the electron source is the absorbing

atom The final state wave function of the excited
state ts formed from the outgoing photoelectron wave
and the parts of it, which are backscattered from the
surrounding atoms. Outgoing and backscattered waves
interfere near the excited atom. According to Fermi's
Golden Rule the photoabsorption coefficient mi(E) de-
pends on the density of final states p(E) afid transi-
tion matrix element M(E)

PE ~ o(E) L | miE)y? (1)

E is the photon energy. The term p(E)} has a monotonic
behaviour except in the region near the edge. The ma-
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trix element M(E) represents the overlap of the ini~
tial and final state wave functions at the central
atom. This overlap depends on the relative phase of
outgoing and scattered wave and can be changed by
tuning the wavelength (kinetic energy) of the photo-
electron wave.

We express the absorption coefficient/u by

— o
o= g vx) o+ g (2)

whereéu° is the monotonous absorption coefficient due
to th gxcitation of the K-electrons of an isoclated
atom and/u 4 that of the weaker bound electrons (see
Fig.1). % P&presents the modulating part of the ab-
sorption coefficient, Specific for the EXAFS modula-
tion. About ten years ago Lytle, Sayers and Stern (3}
demonstrated the usefulnes of EXMAFS to probe the local
geometrical structure in matter. By their efforts they
initiated great improvements of the theoretical back-
ground for a quantitative interpretation of the EXAFS
data (4-10). A special impetus was gilven to the method
by the availability of synchrotron radiation as an in-
tense X-ray continuum source. The brightness of a syn~
chrotron radiation source is superior to the brems-
strahlung intensity of a conventional X-ray generator
by several orders of magnitude {(11). A typical experi-
mental setup is described in ref, (12).

2, BASIC CONSIDERATIONS

As has been mentioned above EXAFS originates from a
modulation of the transition matrix element M(E) caus-
ed by the scattering of the photoelectron wave. The ki-
netic energy of the photcelectrons Ekin is

E = E = EO (3}

kin

where E is the photon energy and E_ the binding energy.
For the following it is convenient to introduce the
wave number k which is calculated from

m
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The EXAFS above K-edges for unoriented samples can be
written as (4-10)

X (k) =2} Aj(kj-sintzkgj+ a, (k)} (5a)
with
N 2.2
Ak = - & e eV Re 2 X (5b)
b] k p2 173
3
and
aj(k) = 261(k) + arg fj(n.k) (5S¢}

The summation 1s carried out over all coordination
shells j. N, is the number of identical atoms in the
scattering ghell j at the distance R.; /f.(mn , k}/ is
the backscattering amplitude charactaristic for the
scattering atom; a (k) is the scattering phase, con-
sisting of the phasa shift arg £.{n,k) due to the po-
tential of the scatterer and the”phase shift (k} of
the central atom. The first exponential in eq.(5b) de-
scribes the finite range of the photoelectron wave,
the second exponential is a Debye-Waller factor and
describes the disorder (dynamical {thermal) or static
(structural) with mean square relative displacements
0.2, The X{k) determined from the absorption spectrum
of "Fe is shown in Fig.2, The original @ata have been
reduced as discussed in detail elsewhere (13},
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In the following we will discusa in more detail the
different ingredients of the EX’FS formula in ec.(5).

a) The argument of the sine term: It contains the in-
formatlon about distances R; between the central atom
and the surrounding scatter8rs. The frequency of X(k)
in k-space is modified by the k-dependent parts of the
phase @ ;(k). Its exact knowledge therefore is obvious-
ly imporEant for the absclute determination of dis-
tances from EXAFS data. These phase shifts mainly de-
pend on the atomic number of the central and the scat-
tering atoms. The chemical bonding character only

plays a minor role {chemical transferability) (13,14).

Two ways are possible to obtain the phase shifts
a:(k). They can simply be determined by adding calcu-
laEed values of &y(k) and arg f(m,k). Examples obtain-
ed from Lee and Beni (7) are shown in Fig.3.
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Alternatively the chemical transferability can be used
to obtain the phase from EXAFS peasurements of a cry-
stallographically well known compound. Utilizing these
phase shifts in systems of unknown geometry yields
typical accuracies in the determination of bond lengtls
of + 0.02 &. Changes of interatemic distances for atom
pai;a in comparable chemical environments due to phase
transitions (e.g. amorphous-crystalline (15}} or to
applied external forces (e.g. pressure (16)) may yield
even higher accuracies. In speclal cases accuracies of
+ 0.003 ! have been obtained (17).

(Po3) (U6

b) The amplitude: The k-dependence of the backscatter—
ing amplitude [£5(n, k)| is specific for the scattering
atom. Calculatedjvalues for {£4(n,k)| are shown in
Fig.4 (10}. For light elements”like F ff5 (k) is a
monotonically decreasing function for increasing k.
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Fig.4 (left side): Scattering amplitudes obtained by
Teo and Lee (10)

Fig.5 (right side): EXAFS at the K-edges of a) !Mn in
KMnO, (18} and b) Cu in CuBr (13)

For heavier §t?ms like Br |f(n,k)[ shows a maximum
around k~8 A”'  For even heavier elements the form of
the backscattering amplitude becomes more complicated.
A rough inspection of the EXAFS spectrum immediately
can give some information about the type of the scat-
tering atom. To illustrate this we compare in Fig.5
the EXAFS spectra of KMnO, and CuBr. The envelope
functions show the expected k-dependent behaviour for.
light (O in KMnO4(a)) and heavy (Br in CuBr(b)}
scatterers respectively.

The exponential exp (-2 ozkz) describes the damping of
the EXAFS spectrum towards high k values. This simple
term is valid for the case of crystalline systems at
low temperature, where the Rj-values of the discrete
coordination shells are only smeared out by a small
Gaussian broadening. Generally ¢ depends on the tem-
perature, It increases with interatomic distances,
Consequently the contributions from the second and
higher coordination shells in the EXAFS spectrum decay
much faster at higher k values (19,20)}. For large
Gaussian broadenings or for asymmetric pair distri-
bution functions, the simple exponential has to be mo-
dified by a more complicated term (21}. This will be
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discussed in section 4, The mean free path ) of the
photoelectron wave in the second exponential of eq.
{(5b) depends on the lifetime of the core hole and the
elastic and inelastic scattering of the photoelectrons
in the environment of the central atom. Thus the range
from which informations are carried in the EXAFS is
confined to the immediate nelghbou§hcod of the central
atom, typically in the order of 6 A.

The absolute determination of the coordination
number N. requires the precise knowledge of all other
terms 1n}1uenc1ng the amplitudes of EXAFS, Even if all
these values are known, a comparison of theoretical
and experimental EXAFS spectra leads to inconsisten-
cies. A reason for this is the assumption in the eq.
(5), that all excited electrons coherently contribute
to the interference effect. Other processes such as
multielectron excitation are neglected in this model
(22,23), Using the transferability of amplitude func-
tions A4 (k) (eg.6b) between experimental spectra in
the senge as discussed for phases above typical accu-
racles of 10% can be achieved.

3. DATA EVALUATION

In simple cases with only one scattering shell the da-
ta reduction can be directly started from the EXAFS
spectra in k-space. A fit with parametrized envelope
functions 25(k} and phases ad(k) can be applied to the
experimental spectra. The increasing number of parame-
ters in systems with more than one scattering shell
limits the applicability of this technique. The most
widely used method to separate the different contribu-
tions is a Fourier transform of (k) to real space (3).
Each term in eq.{5) attributed to scatterers in a dis-
tance Rj shows up as a peak in the magnitude of the
Pourier transform F(r} (see Fig.6a). The magnitudes of
these peaks are characterized by Ay(k}. The positions
are determined by the argument of the sine function.
According to the phase shift a,(k) the positions of
the peaks in |F(r} Qdiffer frof the interatomic dis-
tances Rj by 0.2 to 0.5 A.

There are several problems connected with the
Fourier transform technique: The fact that only a 1li-
mited k-range can be used (overlap of density of
states below k ~38-1 the damping of y(k)} at higher k-
values gue to the shape of |fi{r,k) and the
exp(~20k?) term) causes a br&adening of the structu-

Pig.6:
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res in ‘F(rﬂ ; cutoff effects lead to lobes which can
interfere with the real structures. Nevertheless, the
Fourler transform yields a separation of the contribu-
tions to y(k} with different frequencies and can serve
as a starting point for a more refined data analysis.

We demonstrate this with the EXAFS spectrum of Fe
(F1g.2). The next neighbours (becec lattice) of the cen-
tral Fe atom are two close lyino Fe-shells. The first
pronounced peak in lF(r) at 2.1 K (Fig.6a) is a su-
perposition of contributions from both shells. Fig.6b
{solid curve) shows the result of an inverse Fourler
transform to k-space over the range indicated by a bar
in |F(r)| . A parameter fit (Fig.6b dotted line) for
two shells using calculated phase shifts and backscat-
tering amplitudes has been included (dots). The single
contributions of the first two shells extracted from
this fit are displayed in Fig.8c.



Table I: Structural parameters of crystalline Fe

shell | R (R} Np RC(S?.) Ne
1 2.44  8.16 | 2.4 B
2 2.84 6.61 2.87 6

E valunes: EXAFS data
D values: X-ray diffraction data (24)

The discrepancies between the absolute distances cde-
termined by EXAFS (Rp) and by X-ray diffraction (Rp)
are larger than the accuracies stated above. They are
due to the limited accuraciles of the theoretical pha-
ses. Note, however, that the differences between
these shells are in excellent agreement between both
methods. The influence of the phases is cancelled in
this case,

A speclal advantage that EXAFS has to offer is
the freedom to select the central atom by measuring
EXAFS above the absorption edge of this element. This
simplifies the structure analysis from EXAFS for mul-
ticomponent systems as compared to X-ray diffraction
studies. In the latter case in a system with N diife-
rent types of scattering atoms the structure factor
is caused by a superposition of N(N+1)/2 partial pair
distribution functions. For EXPF5S the corresponding
number reduces to N.

4. EXAFS RESULTS ON METALLIC GLASSES

Before we summarize applications of EXAFS to me-
tallic glasses we briefly discuss the consequences of
the degree of disorder on experimental spectra of
amorphous Ge. Recent measurements of the EXAFS of
a-Ge showed contributions from only the nearest neich-
bours (15,25). In contrast electron diffraction exper-
iments (26) showed evidence for the first and second
coordination shells. Although in apparent discrepancy
both results are compatible with calculations based on
the continuous random network model (27).
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A careful analysis of the EXPFS data, especially
of g® of the first two shells of c-Ge and of the first
shell of a-Ge showed, that the reason for the suppres-
sion of the second shell of a-Ge is the larger sensi-
tivity of EXAFS to static and dynamic disorder compar-
ed to other techniques (15)}. This effect leads to a
complete decﬁy of the amplitude of these contributions
beyond k ~3 X-1, Since the range below k-~ 13 -1 cannot
be used for the evaluation of the EX»FS data, the in-
formation about the second neighbour shell in a-Ge is
permanently lost. This finding clearly demonstrates
the high sensitivity of the EXAFS method to disorder.

Up to now we have described the pair distribution
by a sum of §-functions (static part p.(r)) localized
at Rs: which are convoluted by Gaussiand due to thermal
broadening., For metallic glasses the static part of
the distribution has to be replaced by a continuous

distribution, asymmetric in the range of nearest neigh-

bours.
For an arbiltrary pair distribution pj(r) the EXAFS has
to be described by (21,28)

argVv. (k}
x(k} an:Aj(k)le(k]sinPk( Rj——zﬂ—) + a0} (6)

where Vj(k) is the Fourier transform of
p.{r)
vj(r] = —l?—— exp(-2x/\) M
r

The influence of magnitude and phase of Vi(k) on the
analysis of the local order can easily be demonstrated
for an exponential @istribution

i

r-R.
vj(r) exp(T)) for 1’>Rj

and =0 for r elsevhere (8)

This form of v.{(r) serves in the following as an ap-
proximation of the pair distribution of metallic
glassed (2,28). The most severe consequence for the
determination of distances 1s the additional k-depen-
dent term (1/2k) arg V:(k)., It decreases monotonically
from a at k=0 t~ zero %or k= @ . This means that a
different weightingof EXAFS in different k-ranges pre-
tends different interatomic distances, if eq.(5) is
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Fig.7: S{Q) structure factor for Feg,B obtained

from X-ray diffraction; x(k? E S of
Feg,Bz, obtained from a two shell parame-
ter fit to experimental data (Fig.9%a) and
modified to a(k) = O

1
used, The same argument holds in a comparison of EXAPS
with X~ray diffraction. This is demonstrated in Fig.7.
It shows the diffraction structure factor S{N) (29) to-
gether with the EXAFS (28) of Feg,B,,. Whereas S(f)
has its main contribution at low (Q-values the range
where EXAFS is observed and can bei interpreted is
confined to k>3 2~1 (note that N = 2k). Therefore,
neglecting the assymmetry of p;(r) for metallic
glasses yields for EXAFS distagces which are typical-
ly 0.1 smaller than those from X~ray scattering.

The experimental wsults for Feg,B, are shown in
Fig.8 and in Table II. The Fourjier transform (Fig.8b)
is dominated by a maximum at 2 R, which is a superpo=-
gition of contributions from the nearest Fe- and B-
neighbours. All higher coordination shells are sub~-
stantially suppressed due to higher disorder through
the effect described previously for Ge. Isolating the
contributions contained in the first maximum by an in-
verse Fourler transformation of |F(r}| for the range
of 0.8 - 2,75 into k-space alléws a separation of
the partial Fe- and B-contributions with a two shell fit

12
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Fig.8: a) EXAFS of Fej.B o above the Fe K-edge;
b) Magnitude og tge Fourier transform of a.

Table II: Structural parameters for the nearest
neighbours in FeaDBZO

2 ¢ e
Shell| R,  Np  op Re Ng Ry Np

B 1.96 1.2 0.009 2.06 2.2
Fe 2.46 4.5 0.010 2.55 8.22 2.57 1.19

E values: after a parameter fit using eg. {5}

c values: after correcting for the asymmetric dis-
tribution {eq.6}

D values: X-ray diffraction data by Waseda and
Chen (29)

(see Fig.%9). The results using eq.(5) and experimental
phase shifts and backscattering amplitudes of Fe are
compiled in Table II (Pg, Ng and 0p). A comparison
with corresponding data from Wased§ and Chen (29) ob-
tained from X-ray scattering (Pp and Np in Table II)
shows deviations in R and even more dramatic in N. As
has been mentioned above this disagreement is due to
the fact that an inappropriate Gaussian pair distri-
bution has been used to analyze the data., 2ssuming an
asymmetry parameter of a = 0.17 % which is consistent
with DRP (dense random packing of hard spheres (30))
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Fig.9: a) Solid line: back transform of the first
peak in Fig.3b. Dotted line: Results of

a paramter fit with contributions from
the next Fe and B neighbours (part b)

distribution function for Feg Bag the data of P and
N, can be corrected. The new vaiues (Rg. NE in Table
IE) are much closer to those of Waseda and Chen (29).

The first EXAFS measurements on metallic glasses
have been performed by Hayes et al.({31) on Pdy, Ge
above the X-edge of the metalloid Ge. Their best %?t
of the data yields 8.6 nearest neighbours (Pd) around
Ge with a distance of 2.49 + 0.01 X, slightly smaller
than the value for crystalline PdGe (24). No evidence
for Ge in the first coordination shell has been found
in accordance with the Polk model (32) based on a
DRPHS (dense random packing of single sized hard
spheres) model. The small spread of + 0.1 in the ex-
perimental data for the next neighbours distance, how=-
ever, has been stated to be in contrast to this and to
more refined model calculations (33). The latter model
yielded a spread of 0.21 K. Thus Boudreaux (33) con-
cluded that Hayes et al.{31) used an inappropriate
pair correlation. Calculations (28) show that exerimen~
tal data in fact can be approximated with eq.(5). As
discussed above this yields N- and R-values smaller
than those derived from X-ray diffraction. Furthermore
one gets g-values, which are sraller than the true
widths of the asymmetric pair distribution. To con-
clude, differences in interatomic distances derived
from EXAFS and X-ray scattering are an essential hint
for the existence of a non-Gaussian pair distribution.
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Fig.10: a) and b) EXAFS above the K-edges of Zr and
Cu in the metallic glass Zrg5aCuyg; c) and d)
the Pourier transform of a) and g) respecti-
vely

In contrast to the previous examples the K-edges EXAFS
of both constituents have been investigated in
Zrg4Cuye (2). The EXAFS above the K-edges of Zr and Cu
are shown in Fig.10 a) and b) respectively. The parts
¢c) apd Q) of Fig.10 show F(r)|. Between 1.8 and

3.2 X, two well separated maxima show up at 2.2 % ana
2.8 2, which can be ascribed to the next Cu- and Zr-
neighbours. The broader maximum at 2.3 in 4) is
attributed to the Cu- and Zr-neichbours of the cen-
tral Cu-atom. The single Cu- and Zr-contributions in
the 2Zr K-edge EXAFS have been "isolated by inverse
FPourier transform of each peak in F(rﬂ separately.
Fits with the general form of X (k) lea.(6} with
a=0.12 8 for Cu, but a = O for Zr and experimental
phases and amplitudes using N, R and 0 as free para-
meters yielded values which are in ¢ood agreement

with X-ray diffraction data (see Table III). An in-
verse Fourier transform of the first peak in Fig¢.10 d)
ylelds the Cu- and Zr-contributions simultaneously.
This EXAFS has been fitted by eq.(5) using the R
values of 2r-Cu determined above. The significantly
larger Cu-Cu distance found in X-ray diffraction

again points to an asymmetric distribution. To summa-
rize we find coordination numbers in agreement with
the stoéchiometric composition of the alloy, but we
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Table III: Structural parameters of Zrg,Cusg

Central ] Scatterer RE ' NE RD ND
atom
2r Cu 2.74+0.02% 4.6+1°] 2,75 5.0
2r 3.14+0.02 5.141 3.15 5.0
Cu 2.47+0.03 2.53 5.8
Cu " c
Zr 2.74+0.03 2.75 5.6

E,c: see Table IV; D: X-diffraction data (34)

have different pair distribution characters, i.e.

symmetric for Zr-Ir and asymmetric for Cu~Cu and
Cu-2r.

As a multicomponent system Fey Niy By, has been
studied (2}. Similar measurements have_been perform-
ed by Wong et al.({35) on Fey Nig By -x x (with x vary-
ing from O to 20 at %), Fio.T1 shows the data for
FeyoNigoB2go (2) for both the EXAFS regions above the
Fe and Ni K-edge. Similarily as for the Fg.Bp, the
IF(rﬂ mainly gontains one pronounced peak with a ma-
ximum at 2.08 A, representing the nearest neichbour
shell for the Fe- or Ni-atoms, Ve first consider the
Fe K-edge spectrum. A comparison with the Fg,Bj. data
showed a good coincidence of the frequencies of the
fine structure and hence the positions of the maxima
in F(rﬂ . The deviation is less than 0.02 A, This
leads to the statement, that replacement of S0% of
the Fe-atoms by Ni-atoms does not alter the Fe vici-
nity significantly.

The amplitudes and phases of Fe and Ni are near-
ly identical and the Fe-Ni distances are comparable.
This has the conseguence that we cannot discriminate
between Fe and Ni scatterers within our limits of
accuracy. In the same way as previously done for
FeBoB2o we perform an inverse transform of the first
maximum back to k~space and by a parameter fit with
eq. (5} using calculated backscattering amplitudes and
phases we determine the Br and Np values for (Fe,Ni)
and B neighbours (Table IV).
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Fig.11: a) and b) EXAFS contributions of Fe  Ni40B24
above the K-edges of Fe and Ni; c¢) and d) the
structural functions IF(r) belonging to a)
and b) .

The Fe-(Fe,Ni) distances Rp and the coordination
numbers Ng are in good agreement with the correspond-
ing Fe-Fe values for Feg.Bj,. This means that the pair
correlation functions are the same in both cases., With
an agymmetry parameter of a = 0.17 A found for Feg,B2o
an Rp = 2.57 is obtained. Analyzing the Ni EXAFS
with eq. (5) the Ni-(Fe,Ni) distance Pg turns out to be
the same as the Fe-(Fe,Ni) value. However, a signifi-
cantly different coordination number Ng is observed,
resulting in Ng (Ni-EXAFS)/Ng (Fe-EXAFS) = 1.4.

There are two possible explanations for the be-
haviour: i) The number of (Fe,Ni) in the next neigh-
bour shell of Ni is really higher by a factor of 1.4
as compared to the Fe-vicinity. ii)} The coordination
numbers are the same, but the asymmetry parameters
for the distribution functions are different. The
assumed asymmetry factor a = 0.17 R for the Fe vigi-
nity already enlarges Ngp = 4.9 (from eq.(3)) to Ng =
12 (using eq.(6}). The same a-value applied to the Ni
vicinity would yield a Ng ~17 atoms, certainly an un-
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Table IV: Structural parameter of "40'140’20

c c
Central Atom | Scatterer nB(R) Ng | RE  Np
% B 1.97
(Fe,N1) |2.48 4.9 2.57 12
- B 1.95

(Fe,N1i) 2.45 6.9| 2.51 12

E values: after a parameter fit using eg.(5)

¢ values: after correcting for the asymmetric distri-
bution (eq.6)

realistic number. Therefore, the -slution 11) seems
to be more appropriate. Assuming Np = 12 for the Ni
vicinity §s well leads to an asymmetry factor
a=0.11 A,

Independent of a more detailed analysis the data
show distinct differences in the short range order
around the Fe- and Ni-atoms in Feg NigoBp,. This ne-
cessitates the inclusion of chemical bonéfnq effects
in the description of the local structure.

Similar conclusions can also be drawn from the
measurements on Fey NigoByo-xPx by Wong et al.(35),
who derived the Sracvinnal change (A0?/02 ) in disor-
der around the Fe and Ni atoms as a function of x and
of the annealing temperature from the peak heights in
|IF(r)]. For x = O, i.e. FegyoNiy,Byo the disorder around
the Fe atom is larcer than thag around the Ni atoms;
Wong et al.(35) stated that the boron preferentially
coordinates with Ni. On the other hand for Fey Nig P24
phosphorous coordinates preferentially with Fe.
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