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ABSTRACT. Throughout this book many examples for the
close relationship between the macroscopic proper-
ties and the local structure of liouid and amorphoua
metals and alloys are given. Complementing the con-
ventional X-ray, electron and neutron scattering tech-
niques the analysis of the "Extended x-ray Absorption
Fine Structure" (EXAFS) has been developed to a reli-
able method for structural analysis. Although the phe-
nomenon is 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 stiraulated by extensive theoretical work, e.g.
more refined calculations of complex scattering ampli-
tudes and by the availability of Synchrotron radiation
äs an intense x-ray continuum source. Twö aspects are
discussed in this paper: i) The basic principles of
EXAFS and the usual data evaluation techrtiques demon-
strated for crystalline Fe; ii) Applications on amor-
phous Systems, the modifications of the data evalua-
tion due to nonsymrnetric pair distributions and the
comparison with other methods for structure determi-
nation.

Proc. NATO Advanced Study Institute "Linuid and
Amorphous Metals", ed. E. LÜscher (D. Reidel,
Dodrecht) to be oublished

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, absorption 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 tht
fine structure observed in the energy ränge up to se-
veral hundred eV above the absorption edges. fa an
example Fig.! (upper curve) shov;s the K-absorption
spectrum of metallic Fe.

Fig.1 Fe (8OK)
absorption epec-
trum before (up-
per curve) and
after (lower
curve) subtrac-
tion of A^u, (2)

E (KeV)7.6

EXAFS can be described äs an electron diffraction pro-
cess, where the electron source is the absorbing
atora The final state wave functlon of the excited
state is formed from the outgoing photoelectron wave
and the parts of it, which are backscattered from the
surrounding atotns. Outgoing and backscattered waves
interfere near the excited atom. According to Fermi's
Golden Rule the photoabsorption coefficient /u(E) de-
pends on the density of final states p(E) aftd transi-
tion matrix element H(E)

. ( E ) P(E) M(E) (D

E is the photon energy, The term p (E) has a monotonic
behaviour except in the region near the edge. The ma-



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 absorptlon coef f icient /u by

where yu° is the monotonous absorptlon coefficient due
to the excitation of the K-electrons of an isolated
atom and Ai-̂ ( that of the weaker bound electrons (see
Fig.l). '^represents the modulattng 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 EXAFS to probe tbe 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 given to the method
by the availability of Synchrotron radiation äs an in-
tense X-ray continuum source . The brightness of a syn-
chrotron radiation source is superior to the brems-
Btrahlung 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 orlginates 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 photoelectrona E. . is

Kin

kin E - E (3)

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

Jkin (4)

The EXAFS above K-edges for unoriented sanples can b«
written äs (4-10)

X(k) -V A, (k)-sin(2kR,+ a, (k))
*3* J J J

(Sa)

with

and

A.(k) - -
2 2

*

a.(k) - 26, (k) + arg f. (re,k)

(5b>

(5c)

The summation is carrled out over all coordination
Shells j. H. is the number of identical atoms in the
scattering ^hell j at the distance R.; /f. (n,k)/ is
the backscattering amplitude characterlstic for the
scattering atom; a ., (k) is the scattering phase, con-
sisting of the phase1 shift arg f, ( n. ,k) due to the po-
tential of the scatterer and the-'phase shift 6,(kJ of
the central atom. The first exponential in eq.(5b) de-
scribes the finite ränge of the photoelectron wave,
the second exponential is a Debye-Waller factor and
describes the disorder (dynamical(thermal) or static
(structuralli with mean snuare relative displacenenta
Oj2. The X<^) deterrained from the absorption spectrura

of Fe is shown in Fig.2. The original data have been
reduced äs discussed in detail elsewhere (13).

Fig. 2:
ex-

tracted front
the Fe absorp-
tion spectrrun
in Tig.1 (2)

k [A'l



In th« followlng we will discusa in nore öetail the
different ingredients of the EX/PS formula in ec.(5).

a) The argupentof the sine term; it contains the In-
formation aböut distances RJ~ be^tween the central atom
and the surrounding scatterers. The frequency of x OO
in k-space is modified by the k-dependent parts of the
phase Q ^ ( k ) . Its exact knowledge therefore is obvious-
ly important for the absolute determination of dis-
tances from EXAFS data. These phase shifts nainly de-
pend on the atomic number of the central and the scat-
tering atoms. The chercical bonding character only
playa a mlnor role {chernical transferability) (1 3,1 4}.

Two ways are possible to obtain the phase shifts
a - i ( k ) . They can simply be determined by adding calcu-
lated values of ö< | (k) and arg f{ rc ,k ) , Examples obtain-
ed from Lee and Beni (7) are shown in Fig.3.

Fig.31
Scatter-
ing pha-
sea ta-
ken from
Lee and
Beni (7)

-8
i 6 8 10 12 k{Ä) 6 8 W 12k(Ä)

Alternatively the chemical transferability can be used
to obtain the phase from EXAFS measurements of a c'ry-
stallographically well known compound. Utilizing these
phase shifts in Systems of unknown geometry yields
typical arcuracies in the determination of bond lengtbs
of + 0.02 8. Changes of interatomic distances for atom
pairs 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 special cases accuracies of
+ O.O03 X have been obtained (17).

b) The amplitude: The k-dependence of the backgcatter-
ing amplitudie~ff^(tt,kl| is specific for the scattering
atom. Calculatedjvalues for |fj(itfk)| â e shown in
Fig.4 (10). For light elements like F jfj(Tt,k)( is a
monotonically decreasing function for increasing k.

X) Q VIA1)

Fig.4 (left side): Scattering amplitudes obtained by
Teo and Lee (10)

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

|f(Hik)[ shows a maximumtoms like Br
. For even heavier elements the form of

For heavier
around k « S
the backscattering anplitude becones 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 EX£FS spectra of KMn04 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,

2 2The exponentlal exp(-2 o k ) 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 g 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 asyimetric pair distri-
bution functions, the simple exponential has to be mo-
dified by a rnore complicated term (21). This will be



discussed in section 4. The mean free path \f 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 envtronment of the central atom. Thus the ränge
from which informattons are carried in the EXAFS ia
confined to the immediate neighbourhood of the central
atom, typically in the order of 6 A.

The absolute determination of the coordin a t i on
number N^ requires the precise knowledge of all other
tenns influencing the amplitudes of EXAFS. Even if all
thege 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 äs
multielectron excitation are neglected in this model
(22,23). Using the transferability of amplitude func-
tions A-i (k) (eq.6b) between experimental spectra in
the senSe äs discussed for phases above typical accu-
racles of 10% can be achieved.

3. DATA EVALUATIOH

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 parametrlzed envelope
functions Aj (k) and phases ox-j (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 R-; shows up äs a peak in the raagnitude of the
Fourier transform F(r) (see Fig.6a). The magnitudes of
these peaks are characterized by Ai(k). The positions
are determined by the argument of the sine function.
Accor'ding to the phase shift cijtk) the positions of
the peaks in |F(r)| differ from the interatomic dis-
tances R. by 0.2 to 0.5 Ä.

There are several problems connected with the
Fourier transform technique: The fact that only a li-
mited k-range can be used (overlap of density of
states below k-3R~1 the damping of x(k> at higher k-
values due to the shape of |f^(riik)| and the
exp(-2o2k2} term) causes a broadening of the structu-

Fig.61

a) Magnitude of the
Fourier transfonn
Of EXAFS of Fe at
the K-edge (80K)

b) Solid line: back
transfom of the
first peak in a)
and dotted line
the best parameter

- fit

c) From pararoeter fit
obtained contribu-
tlon for the first
(solid line) and
the second (dashed
line) scattering
Shell

k (A1)

res in |F(r)| ? cutoff effects lead to lobes which can
interfere with the real structures. Nevertheless, the
Fourier transfonn yields a Separation of the contribu-
tions to x'k) with different frequencies and can serve
äs a starting point for a more refined data analysis.

We demonstrate this with the EXAFS soectrum of Fe
(Flg.2). The next neighbours (bcc lattice) of the cen-
tral Fe atom are two dose lying Fe-shells. The first
pronounced peak in |F(r)[ at 2.1 P (Fig.6a) 1s a su-
perposition of contributions from both Shells. Fig.6b
(solid curve) shows the result of an inverse Fourier
transform to k-space over the ränge 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 (dotsl. The single
contributions of the first two Shells extracted from
this fit are displayed in Fin.Sc.



Table I: Structural parametera of crystalline Fe

Shell

1
2

"B* NE

2 . 4 4 8 . 1 6
2.84 6 . 6 1

R c(8) Nc

2 . 4 C e
2 . 3 7 6

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

The discrepancies between the absolute distances de-
termined by EXAFS (RE) and by x-ray diffraction (RD)
are larger than the accuracies stated above. They are
due to the limited accuracies 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 special advantage that EXAFS has to offer is
the freedom to select the central atom by roeasuring
EXAFS above the absorption edge of this element. This
simplifies the structure analysis frora EXAFS for raul-
ticomponent Systems äs compared to X-ray diffraction
studies. In the latter case in a system with H diffe-
rent types of scattering atons the structure factor
is caused by a superpositton of N(N+1)/2 partial pair
distribution functions. For EXAFS the corresponding
number reduces to N.

4. EXAFS RESULTS ON HETALLIC GLASSES

Before we summarize appllcations of EXAFS to me-
tallic glasses we briefly discuss the consequences of
the degree of disorder on experimental spectra of
araorphous Ge. Recent measurements of the EXAFS of
a-Ge showed contributions frora only the nearest neigh-
bours (15,25). In contrast electron diffraction exper-
iroents (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 EXAFS data, especially
of er2 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 dynanic disorder compar-
ed to other techniques (15). This effect leads to a
complete decay of the amplltude o* these contributions
beyond k - 3 A"1. Since the ränge below k-3 K~1 cannot
be used for the evaluation of the EXAFS 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 surn of fi-functions (static part p-(r)) localized
at RJ which are convoluted by Gaussians due to thermal
broadening, For metallic glasses the static part of
the distribution has to be replaced by a continuous
distribution, asymmetric in the ränge of nearest neigh-
bours.
For an arbitrary pair distribution p^(r) the EXAFS has
to be described by (21,28)

X<M
argV (k)

(6)

where V . (k) is the Fourier transform of

P, (r)
exp(-2r/X.) (7)

The influence of magnitude and phase of V.i (k) on the
analysis of the local Order can easily be demonatrated
for an exponential distribution

v. (r) = expf *\r r > R..
J * a / j

and = O for r elsewherc (8)

This form of Vj(r) serves in the following BB an ap-
proximation of the pair distribution of metallic
glassed (2,28). The raost severe conseauence for the
determinatlon of distances is the additional k-depen-
dent term (1/2k) arg Vj(k). It decreases monotonically
from a at k=0 t̂  zero for k— <r> . This means that a
different weighttngof EXAFS in different k-ranges pre-
tends different interatomic distances, if eq.(5) is
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12 16 20 Q[Ä1
Flg. 7: S(Q) structure factor for Fe8B

from X-ray diffraction;
o2o
EXAFS of

Fe8oB2o obtained fron a two Shell parane-
ter fit to experimental data (Fig.9a) and
modified to a (k) =0

used. The same argument holds in a compariaon of EXAFS
with X-ray öiffraction. This ia demonstrated in Flg.7.
It shows the diffraction structure factor 5(0)(29) to-
gether with the EXAFS (28) of FegoB2o. Whereas S (0)
has its main contribution at low o-valuea the ränge
where EXAFS is observed and can bei interpreted is
confined to k>3 8"1 (note that 0 = 2k). Therefore,
neglecting the aasymmetry of pj(r) for metallic
glasses yields for EXAFS distances which are typical-
ly 0.1 A araaller than thoae frora X-ray scatterino.

The experimental issults for PegoB2 are ahown in
Fig.Ö and in Table II. The Fourier transform (Fig.Sb)
is dominated by a maximum at 2 K, which 1s a superpo-
sition 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-
verae Fourier Transformation of |F(r}| for the ränge
of 0.8 - 2.75 Ä into k-space allows a Separation of
the partial Fe- and B-contributiona with a two shell fit
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Fig.8: a) EXAFS of FegoB.jo above the Fe K-edge;
b) Magnitude of tne Fourier transform of a.

Table II: Structural parameters for the nearest
neighbours in

Shell

B

Fe

«E . NE °E

1.96 1.2 0.009

2.46 4.5 0.010

R? NC*£ NE

2.06 2.2

2.55 8.22

«D ND

2.57 1.19

E values: after a parameter fit using eq.(5)
c values: after correcting for the asymmetric dis-

tribution (eq.6)
D valueai 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
compile£ in Table II ("E, NE and o|). A comparison
with corresponding data from Haseda and Chen (29) ob-
tained from X-ray scatterinn (PD and ND in Table II)
showa deviationa 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. Assuming an
asymmetry parameter of a = O.17 R which is consiatent
with DRP (dense random packing of hard apheres (30))
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8 10 ktAl

a) Solid line: back transform of the first
peak in Fig.3b. Dotted line: Results of
a paramter fit with contributions frojn
the next Fe and B neighbours (part b)

distribution function for Fe8 BTQ the data of E- and
N£ can be corrected. The new values (n£, Hg in Table
II) are much closer to those of Waseda and Chen (29) .

The first EXAFS measurements on metallic Blasses
have been performed by Hayes et al.(31) on pdg Ge?-
above the K-edge of the metalloid Ge. Their best fit
of the data yields 8.6 nearest neighbours (Pd) around
Ge with a distance of 2.49 + O. 01 A, 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 randora packing of single sized hard
spheres) model. The small spread of + 0.1 A 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 roodel calculations (33) . The latter model
yielded a spread of 0.21 A. 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 snaller
than those derived from X-ray diffraction. Furthermore
one gets 0-values, which are siraller 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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kXW (A)

-.05-

8 10 i r (A)

Fig.10: a) and b) EXAFS above the K-edges of Zr and
Cu in the metallic glass Zrg^u^ß; c) and d)
the Fourier transform of a) and b) respectl-
vely

In contrast to the previous examples the K-edges EXAFS
of both constituents have been investigated in
Zr54Cu46 ( 2>- The EXAFS ab°ve the K-edges of Zr and Cu
are shown in Fig.10 a) and b) respectively. The parts
c) aod d) of Fig.10 show JF(r)| . Between 1.8 X and
3.2 8, two well separated maxiina show up at 2.2 8 and
2.8 R, which can be ascribed to the next Cu- and Zr-
neighbours. The broader maximum at 2.3 A in d) is
attributed to the Cu- and Zr-neighbours of the cen-
tral Cu-atom. The single Cu- and Zr-contributions in
the Zr K-edge EXAFS have been "isolated by inverse
Fourier transform of each peak in
Fits with the general form of X(k)
a = 0.12 8 for Cu, but a = 0 for Zr and experimental
phases and amplitudes using N/ R and o äs 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.lO d)
yields the Cu- and Zr-contributions simultaneously.
This EXAFS has been fitted by eq.(5) using the R
values of Zr-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 stoechiometric composition of the alloy, but we

F(r)| separately.
en.(6} with
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Table IIIi Structural Parameters of

Central
atom

Zr

Cu

Scatterer

Cu

Zr

Cu

Zr

«E NE

2.74+O.02c 4.6+1c

3.14+0.02 5.1+1

2.47+0.03

2.74+0.03c

*D ND

2.75 5.0

3.15 5.0

2.53 5.8

2.75 5.6

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

have different pair distribution characters, i.e.
Symmetrie for Zr-Zr and asymmetric for Cu-Cu and
Cu-Zr.

As a multicornponent system Fe4oNi^0B2O has been
studied (2), Similar measureraents have^been perform-
ed by Wong et al.(35) on Fe^ Ni4OB2o-x"x (with x vary-
ing from o to 20 at %) . Fig,11 shows the data for
Fe4oNi4oB20 (2) for both the EXAFS regions above the
Fe and Ni K-edge . Similarily äs for the FgoB20 the
|Ftr)| mainly contains one pronounced peak with a ma-
ximum at 2.O8 S, representing the nearest neighbour
shell for the Fe- or Ni-atoms. Me first consider the
Fe K-edge spectrum. A comparison with the FgQB2O data
showed a good coincidence of the frequencies of the
fine structure and hence the positions of the maxima
in JF(r)| . The deviation is less than 0. 02 K, This
leads to the Statement, that replacement of 50% of
the Fe-atoms by Hi-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 conparable.
This "has the consequence that we cannot discriminate
between Fe and Ni scatterers within our limits of
accuracy. In the same way äs previously done for
Fe8oB2o we perform an inverse transform of the first
maximum back to k-space and by a parameter fit with
eq.(5) using calculated backscattering anplitudes and
phases we determine the RE and NE values for (Fe,Ni)
and B netghbours (Table IV) .
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kXIW IFfrJI

5 r (A)
Fig.11; a) and b) EXAFS contributions of Fe4oNi4OB2o

above the K-edges of Fe and Ni; c) and d) the
structural functlons
and b)

|F(r) belonging to a)

The Fe-(Fe,Ni) distances RE and the coordination
numbers NE are in good agreement with the correspond-
ing Fe-FeValues for Fe8oB2O. This means that the pair
correlation functions are the same in both cases. With
an asynunetry Parameter of a = 0.17 R found for FegoB2o
an RE = 2.57 A is obtained. Analyzing the Ni EXAFS
with eq. (5) the Ni-(Fe,Ni) distance P.E turns out to be
the same äs the Fe-(Fe,Ni) value. However, a signifi-
cantly different coordination number NE is observed,
resultinq in NE (Ni-EXAFS}/NE (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
äs cornpared 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 8 for the Fe vlgi-
nity already enlarges NE = 4.9 (from eq.;(5)> to NE «
12 (using eq.(6J). The same a-value applied to the Ni
vicinity would yield a NE -17 atoms, certainly an un-



Tabl« IV: Structural Parameter of Fe. Ni, B
4O 4O

Zentral Atom

Fe

NI

Scatterer

B

(Fe.Ni)

B

(Fe .Nl )

Rg(8) N£

1.97

2.48 4 .9

1.95

2 .45 6 .9

BC MC"E NE

2.57 12

2.51 12

E values: after a parameter fit uslng eq.(5)

c values: after correcting for the »Symmetrie distri-
bution (eq.6)

realistic number. Therefore, the aolution ii) seems
to be more appropriate. Assuming NE • 12 for the Ni
vicinity äs well leads to an asyrametry factor
a - 0.11 A.

Independent of a more detailed analysis the data
Show dlstinct differences in the short ränge order
around the Fe- and Nl-atoms in Fe40Ni40B5O. This ne-
cessitates the inclusion of chemical bonclng effects
in the descriptlon of the local structure.

Slmilar conclusions can also be drawn from the
measurements on Fe4oNi4OB2O-xpx ŷ Hong et al.(35),
who derived the fractional change ( Ao vo 2 ) in disor-
der around the Fe and Ni atons äs a function of x and
of the annealing temperature from the peak helghts in
|F{r)|. For x = 0, i.e. Fe4ONi40B20 the disorder around
the Fe atom is larger than that around the Ni atoms;
Wong et al.(35) atated that the boron preferentially
coordinates with NI. On the other hand for
phosphorous coordinates preferentially with Fe.
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