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X-ray-absorption fine-structure data of the metal-absorption edges in the amorphous Fe,oNi,P,,Bg
and Co,0(Si,B),3sMn;(Fe,Mo), alloys suggest segregation into microphases with different stoichiometric
compositions; in the first case the material contains microphases consisting mainly of Ni and P and oth-
ers of mainly Fe and B. The second material contains microphases with mainly Co-Si stoichiometry and
a Mn-Fe-Mo-B mixture in the remaining part of the sample.

I. INTRODUCTION

The most intensively investigated amorphous alloys are
of the type T _goM _,o with T being transition metals
such as Mn, Fe, Co, or Ni and M metalloids like B, C, P,
or Si. During the past years structural investigations
have revealed several types of ordering in those alloys.

A. Topological short-range order

The atomic short-range order in amorphous alloys of
the above type has been investigated by diffraction
methods. Extensive neutron-diffraction experiments on
amorphous Ni;sP,s,! Fe;5P,s,2 FegoByg,® NigiBjo,* and
NigoP,0, utilizing the isotopic substitution method have
provided partial pair-correlation functions G (r)
=4mr[p;;(r)—pol, where p,;(r) is the partial atomic-
density distribution function of the jth atom around the
ith atom and p, is the average atomic density.

The shapes of the partial G;_,(r) curves for the
different alloys are almost identical and there is also simi-
larity between the Gr_,(r) and G,,_,(r) functions.
Only the positions of the peak maxima of the G,;(r) func-
tions differ slightly due to the differences in the atomic
radii of the components. For the ternary Fe,,Ni ,P,,
Fe yNiyoP,4B,yy,  Fey;NisgB,;, and the quaternary
Fe,oNiyP4Bg alloys diffraction experiments show that
for the alloys with more than two constituents the (total)
pair-correlation functions are still very similar.%’ There-
fore, as far as topological short-range order is concerned,
in the TgyM,, alloys the atoms always seem to be ar-
ranged according to the same geometrical principles. For
the Co44(Si,B),;Mns(Fe,Mo), alloy, which has not yet
been investigated by diffraction methods, this is also ex-
pected to be true for the T-M and the paramount Co-Co
pair correlations.

B. Chemical short-range order
For amorphous alloys of the Ty M,, type, the partial

Gpp(r) or Ggg(r) functions given in different publica-
tions! 7> clearly demonstrate that the metalloid atoms
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avoid direct contact and are exclusively bound to metal
atoms, which is equivalent to the existence of a pro-
nounced chemical short-range order. The short-range-
order parameter defined by Cargill and Spaepen® charac-
terizes the degree of a chemical order. Even for a metal-
lic glass with a higher metalloid content, NigB;,° the
partial coordination number Ngg, although greater than
zero, was still smaller than in crystalline Ni,B.!® Once
again it is expected that also in the Fe,4Ni P 4,B¢ and in
the Co-((Si,B),3Mns(Fe,Mo), alloys direct metalloid-to-
metalloid contact is avoided.

Despite the knowledge on chemical short-range order
in the above binary amorphous alloys, little is known
about preferred bonding in amorphous alloys with more
than two constituents. Neutron-diffraction experiments
on amorphous CoMnB alloys with isomorphic substitu-
tion!! have demonstrated that B atoms are preferentially
bound to Co and that Co-Mn pairs are preferred in com-
parison to Co-Co and Mn-Mn pairs. In the case of amor-
phous (FeMn),sP,sC,,, however, no such ordering has
been observed.!? The structural relaxation resulting from
annealing of (Fe,Ni,Mn)y;BoSi;; shows that Fe atoms
may be replaced by Mn without essential structural
changes, whereas replacing Fe by Ni leads to a somewhat
different structure after relaxation.!> Therefore chemical
ordering in amorphous alloys with more than two con-
stituents is not well understood and a direct structural
probe would be very helpful, more especially since in
amorphous alloys like Fe,,NiyP,Bg the metalloids
strongly influence, for instance, the magnetic properties'*
and corrosion behavior.!> An early indication of chemi-
cal ordering in amorphous Fe,Ni P ;B¢ was derived
from an investigation of the extended x-ray-absorption
fine structure (EXAFS).!® The different temperature
dependence of the EXAFS amplitudes at the Ni- and Fe-
K edge was explained in terms of different bond strengths
between the Fe and Ni atoms and their local environ-
ment. Since a bond between Fe and Ni atoms would have
to share the same mutual correlation function Gg.n;(7),
this difference in bond strengths can only be explained by
a particular spatial segregation of Fe and Ni atoms. In a
second EXAFS study evidence was again found for a so-
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called microheterogeneous structure in the same alloy.!’
The data evaluation used in that work was based on the
assumption of Gaussian radial density functions. This as-
sumption, however, introduces problems into the data
evaluation for highly disordered systems,'® therefore,
from these results only the existence of inhomogeneities
can be derived. Any statement on their stoichiometry or
internal structure is inconclusive. Finally, indications on
the existence of two different types of Fe neighborhood in
amorphous Fe,,NiyP,;B¢ were also derived from the
alloy’s magnetic properties!’ and from a Mdssbauer
study,?® which demonstrated that besides the Fe-B neigh-
borhood also a small fraction of Fe-P bondings must ex-
ist.

C. Modeling

Based on numerical data of the partial pair-correlation
functions of binary amorphous alloys, three-dimensional
structural models for the structure of such alloys have
been generated successfully. Such models must be used,
e.g., for the simulation of x-ray-absorption near-edge
spectra (XANES).?!"?2 A survey of models for amorphous
T3,B,, alloys is given in Ref. 23; for the amorphous
Feg,P,, alloy only one model was reported in the litera-
ture.?* For NigyP,, a model was built?® in agreement with
diffraction data’ using the simplified molecular-dynamics
computer code of Brandt and Kronmiiller.?® Detailed
geometrical studies of such structural models (e.g., Refs.
23, 24, and 27) made obvious that in amorphous alloys
there is no single unique topological short-range order
but a large variety of different individual short-range
geometries, which, taken together, form an average topo-
logical short-range structure in an amorphous alloy.

D. Medium-range order

As well as short-range order, medium-range order can
also be observed in amorphous alloys. Neutron small-
angle scattering experiments have revealed the existence
of inhomogeneities with a diameter of 1-2 nm in amor-
phous FegB,,.2® For Nig,P,, (Refs. 29 and 30) and
Fe,oNiP,0, ! such inhomogeneities have been identified
as fluctuations in the stoichiometric composition by a few
atomic percent. X-ray small-angle scattering intensities
obtained from amorphous Fe,(Ni,P,,B; (Ref. 32) are un-
fortunately too low to decide clearly on the existence of
such inhomogeneities in this case, but measurements with
the Kerr effect’® and Bitter technique* performed on
Fe,oNiyP4Bg and Co,oFesSigB ¢ again demonstrate the
existence of regions with internal stress and a diameter of
approximately 3 um. The structural models mentioned
above are not able to incorporate such compositional
fluctuations because the diameters of the models are too
small. But the stoichiometrical fluctuation in the local
environment between any atom and its neighbor®® is
larger than between the inhomogeneities (e.g., Refs. 29
and 30). Therefore, the existence of a medium-range or-
der in the sense of a fluctuation in stoichiometry requires
no more than a different weighting of local structural
units in different areas of the bulk, not an essential
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difference in the topological short ranges in the different
inhomogeneities. Thus the principle of a topological net-
work of structural units in the models is still valid.

II. X-RAY ABSORPTION SPECTROSCOPY:
XANES AND EXAFS

X-ray-absorption fine structure (XAFS) is the modula-
tion of the photoabsorption cross section due to the in-
terference of the de Broglie wave of the ejected photo-
electron with that which is backscattered by the sur-
rounding atoms. The main advantage of this effect uti-
lized as a structural probe is its selectivity to the neigh-
borhood around the x-ray-absorbing atomic species.
Both the XANES spectral range, for x-ray energies up to
approximately 50 eV above the absorption edge, as well
as the EXAFS, covering energies up to several hundred
eV above the edge, are capable of revealing information
related to different aspects of the structure.

A. The EXAFS range

Quantitative EXAFS data evaluation relies essentially
on the analytical shape of the underlying radial distribu-
tion functions of the constituents.’® For crystalline cases
Gaussian radial distribution functions are a good approx-
imation, however, for systems with large disorder, this
expression as well as analytical asymmetrical radial dis-
tribution functions lead in numerous investigations to
bond length or coordination numbers inconsistent with
diffraction data.’® 3% Up to the present there is no gen-
eral rule to overcome this difﬁculty,18 nevertheless, some
information can be derived from the EXAFS spectra of
FeyoNiyoP4Bg; further details are given in Sec. V.

B. The XANES range

In the XANES region the curved nature of the electron
wave becomes important together with a small contribu-
tion from multiple scattering events. While EXAFS sim-
ply reflects the atomic distance and coordination number
around the absorbing atom, XANES is sensitive to addi-
tional structural features. In particular:

XANES is sensitive to the location of atoms in a row
between others, relative to its neighbors, in contrast to
EXAFS, which is only sensitive to the location relative to
the central atom, see, e.g., Sec. 2.4 in Ref. 39.

In the XANES region scattering angles of 0° <4 < 180°
gain importance, thereby making XANES sensitive to
bond angles.>**°

Scattering amplitudes and phase shifts depend on the
electron wave number k*! as well as on the atomic num-
ber Z of the elements involved. The dependence is
greater for low Z numbers and small k values, i.e., in the
XANES region, than for heavier elements or for the
EXAFS region.

Theoretical treatments and computer codes*>*>* per-
mit XANES spectra to be simulated from structural data,
even for amorphous alloys with a diversity of short-range
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structures.?"?? For the present work the ICXANES com-
puter code of Vvedensky, Saldin, and Pendry*’ was used.
Briefly, the electron transition rate is calculated within
the dipole approximation, using essentially an atomic
contribution modified by single and multiple scattering of
the excited electron by the surrounding atoms. The
scattering property of each atom is characterized by the
phase shifts §,; for incident spherical waves of angular
momentum /. The required phase shifts are calculated by
integration of the Schrdodinger equation using the pro-
gram MUFPOT* assuming a muffin-tin form for the atom-
ic potentials in the bulk, obtained by the superposition of
neutral atomic charge densities.*> The phase shifts as
well as structural data form the input to ICXANES, which
provides the final simulated XANES curves.

Figure 1 demonstrates the angular-dependent scatter-
ing amplitudes of B, P, and Fe in the crystalline reference
materials. They were calculated from the scattering
phase shifts with the equation,*®

@)=k 13 (21 +1)e®sind,P/(cos®) .
1=0

Scattering angles of 0° and 180° correspond to forward-
and back-scattering, which are the dominating scattering
processes in the EXAFS region. Angles between 0° and
180°, mainly around 120°, permit multiple-scattering pro-
cesses on triangular or other looped paths. The scatter-
ing behavior differs drastically among the elements. P
possesses a very strong forward scattering power and,
contrary to the other elements, its backscattering power
raises with increasing energy. Surprisingly, the scattering
power of the light B atoms competes well with the
heavier iron. For the discussions in Secs. 7-9, it is im-
portant to realize that P as a scattering atom influences
the XANES spectrum in quite a different way than a B
atom does.
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FIG. 1. Electron-scattering amplitudes f(6) for B, P, and Fe
in crystalline reference compounds, calculated for different elec-
tron energies.
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III. MATERIALS

For the present work the following materials were in-
vestigated:

Amorphous alloys: FeyzNiyoP4Bg and FegoB,y, pro-
duced by the planar flow cast method and purchased as
Metglas 2628 and 2605 from Allied Corp., Parsippany,
New Jersey. The Feg;B,, sample was thinned for the EX-
AFS measurements with a sputtering device operated in
the etching mode.

NigyB,, was sputtered onto a water-cooled Mylar foil
in a rf sputtering device; FegoP,q and NigyP,, were pro-
duced by electrodeposition*’ and made available by G.
Dietz, University of Koln.

Co4(S1,B),3Mns(Fe,Mo),, prepared by melt spinning
was produced by Vacuumschmelze Hanau (Germany)
and purchased from Goodfellow Metals, Cambridge,
(UK). A quantitative analysis was not performed by the
manufacturer. Samples were thinned for XAFS measure-
ments by mechanical polishing.

X-ray-diffraction diagrams to check for the amorphous
state have partly been printed elsewhere.*®

Crystalline reference samples: Fe,B: The sample was
prepared molten in an electron-beam furnace, from ingots
of the pure elements. A powder sample was obtained
afterwards by ball-milling. Powdered Ni,P was pur-
chased from A. D. Mackay Chemical Corp.

IV. MEASUREMENTS

The x-ray-absorption measurements (XAS) were per-
formed in transmission mode at liquid-nitrogen tempera-
ture at the stations EXAFS II (Mn edge) and ROMO II
(all other edges) at the Hamburger Synchrotron-
strahlungslabor HASYLAB at the Deutsches
Elektronen-Synchrotron DESY. The intensities before
and behind the sample were detected with nitrogen-filled
ionization chambers. EXAFS II employs a focusing
double-crystal monochromator using _Si(111)
crystals. The double-crystal monochromator ROMO II
was equipped with Si(311) crystals. A feedback control
system for detuning the monochromator®’ served for
suppression of higher harmonics in the monochromatic
beam. Both monochromators achieve an energy resolu-
tion of AE <1 eV except for the Mo-K edge where AE
was =4 eV.

V. EXAFS RESULTS

A. EXAFS data processing

From the absorption data Fourier-filtered EXAFS
spectra of the first coordination sphere were extracted us-
ing a standard EXAFS data evaluation program pack-
age.”® For the example of Nig,P,,, Figs. 2(a)-2(c) and 3
demonstrate the single steps of data processing. Figure
2(b) shows the EXAFS oscillation as extracted from the
raw data of Fig. 2(a). Figure 2(c) displays the Fourier
transform obtained from the data of Fig. 2(b), convoluted
with a Kaiser-Bessel window to minimize truncation
effects. The backtransform of the data of Fig. 2(c) from
the main peak, i.e., from the interval between r=0.9 A
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and r=3.0 A is displayed in Fig. 3, together with its en-
velope curves. As is typical for amorphous alloys with
their large static disorder, the Fourier transform consists
of a main peak related to the first coordination sphere
and of negligible contributions from more distant shells.
In Fig. 3 the EXAFS spectra for the Fe and Ni edges in
the quarternary Fe,,NisP4Bg alloy are compared to
those of the corresponding binary amorphous alloys. The
data have been obtained from the EXAFS data by a
Fourier transform of always the same k interval, followed
by a backtransform of the same r interval as mentioned
before in each case. The EXAFS data and amplitudes of

1.0 I (a) ]

-0.04 | .

0.30 . ;

0.00 :
0 2 ; (A)

FIG. 2. EXAFS data of amorphous Nig,P,, in different stages
of data processing; (a) raw absorption data; (b) EXAFS oscilla-
tion; (c) Fourier transform of EXAFS data of Fig. 2(b). Back-
transform from the main peak in Fig. 2(c): see Fig. 3.

5663

FesoBao + .4~ NigoBo -

T

FesoP0 + -\ NigoP2o -

_ FouoNiaoP1aBs + -\ FesoNisoP1sBs -

4 6 8 1012 4 6 8 10 12
k(1/8) k(1/R)
FIG. 3. Fourier-filtered (backtransformed) EXAFS curves of

several amorphous TgyM,,-type alloys. Dashed lines: En-
velopes.

the binary alloys are in very good agreement with already
published equivalent data,®*” reported by different au-
thors from different laboratories. This conformity among
different measurements together with the negligible
dependence of the structure on the method of prepara-
tion® makes the basis yet more reliable for the con-
clusions later on.

B. EXAFS results for Fe oNiyoP14B¢

As was mentioned already, EXAFS data evaluation for
amorphous materials is burdened with different
difficulties, which are mainly the necessity of knowing in
advance the shape of the radial distribution function and,
in the present case, also the lack of knowledge on the
contribution of metalloid EXAFS to the total spectrum.

Instead of dropping the less promising numerical EX-
AFS data evaluation, in the present peculiar case, new
conclusions can be drawn. Admittedly, the sequence of
arguments such as those utilized later on can only lead to
solutions for rare, selected cases, and cannot serve as a
general recipe for EXAFS studies. Briefly, some ap-
proved data shall be recalled:

(i) Theoretical calculations yielded backscattering am-
plitudes of Fe and Ni, which are almost identical;®' see
Fig. 4.

(ii) The metalloid atoms contribute only poorly to the
total EXAFS spectrum, first due to their small atomic
fraction (20%), second, due to their small backscattering
amplitude over the major k range, especially for medium
or higher k values; see Fig. 4.

(iii) Partial bond lengths and coordination numbers of
all binary amorphous alloys consisting of the Tg M,
type are almost identical®> > and therefore not responsible
for possible large differences in EXAFS amplitudes.

(iv) The same is true for the comparison between the
total coordination numbers and diffraction-peak radii of
the quaternary Fe,,Ni,P;,B¢ alloys and its binary rela-
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FIG. 4. Backscattering amplitudes as calculated by McKale
et al. (Ref. 51) for B, P, Fe, and Ni.

tives. Since the atomic scattering factors of the metalloid
atoms are smaller than those of the metals, the diffraction
results of the quaternary alloy can nicely be compared to
the metal-metal correlation data of the binary alloys and
agreement in numerical values can be stated again.
Moreover, due to the necessities of dense filling of space,
without voids, the coordination number can hardly be
different from what is known from diffraction studies.

The experimental data have to be discussed from this
background. The common observation from Fig. 3 is
that the amplitudes of all Ni spectra are considerably
larger than those of the Fe edges, as was described al-
ready for amorphous Fe,NiyB,.27 As was discussed in
(ii) above these EXAFS curves reflect dominantly the
metal-metal correlation function. The metal-metal coor-
dination numbers cannot be considered responsible for
such differences (iii), therefore the reason must result
from the differences in width of the radial distribution
functions. The data suggest that they are sharper for Ni-
Ni pairs than for Fe-Fe pairs, independent of the kind of
metalloid involved. This is in agreement with an investi-
gation of the vibrational spectra of amorphous alloys®
where a stronger interatomic force was found between Ni
atoms than between Fe atoms. EXAFS data of crystal-
lized materials, however, are severely different in ampli-
tude and frequency composition,®® and very sensibly
detect the onset of structural changes towards crystalline
order or precursors of order;’ therefore the detected
differences cannot be interpreted by crystallization phe-
nomena.

In Fig. 5, a comparison of all Ni EXAFS data demon-
strates an almost perfect coincidence. Only for small &
values does the envelope of the Nig,B,, curve differ from
the others, and this can be explained by the different
backscattering amplitudes of B and P; see Fig. 4. Since
the backscattering amplitudes of Fe and Ni are very simi-
lar similar and since a Ni-Fe bond would obviously imply
a somewhat broader radial distribution function, the
coincidence between the EXAFS curves of Ni in
Fe,oNiyP,Bg and Nig P,y suggests that Ni atoms have
almost exclusively Ni atoms as metallic neighbors. For
Fe the situation is less clear. The Fe EXAFS of
FeyoNiyP,Bg is neither identical to the results for
FegoB,, nor to those for FegoP,q, nor to a superposition
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FIG. 5. Direct comparison of the Ni EXAFS curves of Fig.
3; Continuous line: Fey Ni P 4Be; dashed line: NigoP,o; dash-
dotted line: NigoB,,.

of both. Therefore the radial distribution function
around Fe is somewhat different from that in the case the
binary alloys. But, as in the case of Ni EXAFS, the Fe
atoms seem to have an atomic neighborhood of dom-
inantly the same chemical identity.

Due to the small backscattering amplitudes of B and P
in the relevant k range conclusions on the metalloid envi-
ronment of the metal atoms cannot be made.

VI. ESTIMATION OF THE MINIMUM SIZE
OF THE MICROPHASES

Since the Fe- and Ni-EXAFS amplitudes in
Fe,oNiyP,Bg differ considerably, most Fe or Ni atoms
cannot share the same pair-correlation function Gg.y;,
which means they cannot be neighbors and must there-
fore be part of Fe-rich and Ni-rich microphases. The
term ‘“phase” in the present context is not used in the rig-
id metallurgical sense of thermodynamically stable phase
with well-defined structure. From the number of atoms
located at the interface between the two hypothetical mi-
crophases their minimum size can be estimated.

For the sake of simplicity a small cube of 27 Ni atoms
having the NaCl structure is assumed. Each face of the
cube is covered by 9 Ni “interface” atoms, a total of 54
atoms, which, together with the bulk ones, yields 81
atoms. If this microphase were embedded in Ni, all those
atoms would be able to yield 81 times a Ni-Ni EXAFS
spectrum originating from their first neighbor shell. The
estimation continues with further simplifications:

This Ni microphase is embedded in Fe of the same
NaCl structure, i.e., the second microphase. This means
that each Ni interface atom has 3.67 Ni and 2.33 Fe
neighbors on average.

The partial pair-correlation function Gg.y; between Fe
and Ni remains broadened, as in the case of the Fe-Fe
bond.

An EXAFS curve caused by backscattering Fe atoms is
roughly equivalent to a Ni spectrum reduced by 40%:; see
Fig. 3.

All Ni atoms together, bulk and interface, experience
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only 72.5 times a Ni spectrum. This is a reduction of
10% as compared to the former 81 times for Ni embed-
ded in Ni. Such a difference would be obvious in the Ni
EXAFS of Ni in Fey4NiyP,B¢ and Ni in NigyP,,. There-
fore, the minimum diameter of such Ni-rich microphases
is that of the present example, 1 nm. The present estima-
tion, however, does not distinguish between the case
where there is a coexistence of microphases of similar
shape in the bulk, or if one microphase is a host matrix
with microphases of the other kind embedded, or which
of the microphases is the host. Even for the binary amor-
phouss0 NigyP,o alloy this is still a matter of controver-

sy.2

VILI. XANES RESULTS FOR Fe ,Ni P ,,Bs:
EXPERIMENTAL DATA

Figure 6 shows experimental XANES data, together
with simulated curves, which will be discussed in Sec.
VIII. The data were obtained from the raw absorption
data after subtracting the pre-edge absorption using a
standard Victoreen fit.

Most obvious is the difference between the T'g3B,, and
the TgoP,o XANES data. Unlike the differences in the
EXAFS case, essentially the difference in amplitudes, for
the XANES parts completely different curve shapes are
observed. Such a systematic difference calls for an exact
interpretation and may be capable of bias suggestions
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Y
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FIG. 6. Experimental and simulated XANES data and
different alloys of the Ty M,, types. Curves A—F: numerical
XANES simulations. Curve A: model NigB,,, wave functions
Ni and B; Curve B: model NigP,,, wave functions Ni and B;
Curve C: model Nig,P,, wave function; Fe and P; Curve D:
model NigP,;, wave functions Ni and P; Curve E: model
NigoP,o with different interatomic potentials than model of
curve D, wave functions Fe and P; Curve F: model NigyB,g,
wave functions Fe and P. For details, see text.
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about chemical short-range order even more striking
than the EXAFS data do. In agreement with Fig. 1, B
and P atoms exhibit different scattering behavior from
electrons and a different energy dependence. The slopes
of the XANES curves beyond the first peak do not differ
for NigyB,, and Feg)B,, whereas those for NigP,, and
FegoP,, do, although maintaining their general shape.
Due to its small size and number of electrons, boron con-
tributes little to the scattering processes, as has been
demonstrated by numerical XANES calculations for
amorphous T'3,B,, (Ref. 21) and for crystalline Fe,B al-
loys.39 Phosphorus, however, is capable of inducing
stronger charge transfer and hybridization and therefore
a more pronounced change in scattering behavior. A
thorough theoretical study of charge transfers and hy-
bridization of electronic levels in —B,; and —P,, alloys
has already been performed,>* and the different electronic
behavior between crystalline Ni,P and Fe,P alloys has
also been explained by means of electronic structure cal-
culations.”®

As far as the quaternary alloys are concerned, the
striking similarity between the Ni XANES data and the
binary —P,, alloys is obvious as is the poorer correspon-
dence between the Fe edge data and the binary — B, al-
loys. As was shown in Ref. 20, a small fraction of Fe-P
bondings still has to be assumed. In both cases XANES
data in the quaternary alloys show a contraction (for Fe)
or an expansion (for Ni) of the features as a function of
energy as compared to the binary counterparts. Such dis-
tortions can be ascribed to distortions of the bond
lengths.3%36

As was mentioned in Sec. V, the EXAFS spectra relate
only to atoms in the first coordination sphere. XANES
spectra, however, incorporate scattering effects from
atoms beyond the first coordination sphere and thus the
detection of structural disortions does not contradict ear-
lier conclusions from Sec. V where the short-range order
in the first coordination sphere around Ni in the quater-
nary and binary alloys was found to be almost identical.

VIII. XANES RESULTS FOR Fe4Ni P ,4Bg:
NUMERICAL SIMULATIONS

In order to separate the dependence of the XANES
spectra from topological effects and chemical short-range
order numerical XANES simulations were performed.
Before such calculations can be performed for amorphous
materials, the calculations must be verified for crystalline
materials with a known structure. Thus XANES spectra
of the crystalline alloys Fe,B (Refs. 21 and 39) and Ni,P
(Ref. 57) were calculated with the requirement of conver-
gence in cluster size, number of phase shifts, and electron
damping. Using the verified input data, XANES calcula-
tions could be made exploiting coordinates of structural
models for amorphous alloys; for details of the procedure
see Refs. 21 and 22.

A. Calculation of XANES spectra from structural models

Curve A in Fig. 6 was calculated?!"?? for FegB,, and
NigB, alloys based on the structural model of Dubois,
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Gaskell, and LeCaér.’® Very good agreement between
simulation and experiment was found. For the Fegy P,
and NigyP,, alloys a new structural model has been gen-
erated using the computer code of Brandt.?® The partial
pair-correlation functions of this model agree very well
with the experimental data for NigyP,,.° As a result of
the experience with models for the NigB,, and FegyB,q
alloys’*?®* and the minor differences between the
diffraction results for Nig P, (Ref. 5) and FegyP,0,” this
model was treated as equivalent for Fe- and Ni-P alloys.
Curves C and D are XANES results for the Nig,P,, mod-
el; D was calculated starting from Ni and P wave func-
tions, while for curve C Fe wave functions were used.
Whereas for Feg,B,, and NigyB,, neither experiment nor
calculation yields any significant difference,?! for the
—P,, alloys the calculation correctly reproduces the
difference in the slopes for the Ni and Fe cases. Further,
the energy interval between maxima and minima in the
data is reproduced correctly with only the agreement in
the general slopes being not quite perfect. It was already
apparent, however, that in the case of the FegyB,, alloys
the XANES simulations based on the Brandt model did
not yield the best possible result,?? and there is thus an in-
herent failing in the modeling strategy. This error is,
however, not too grave in the present context. The only
published structural model for Feg P,, (Ref. 24) led to a
less satisfying result and was therefore abandoned.

Using Brandt’s computer code once more, a second
structural model was constructed, for which the intera-
tomic attractive and repulsive potentials were changed to
obtain a different equilibrium and free-energy minimiza-
tion in the structure. By this means it was possible to ob-
tain partial pair-correlation functions from the model
which were almost identical to the ones obtained previ-
ously. Curve E in Fig. 6 is the XANES result obtained
from this alternative model. Despite the good agreement
between the partial pair-correlation functions from model
and experiment, there is now a poorer agreement between
experimental and simulated data. This example demon-
strates that changes in the XANES spectrum are not
necessarily dependent on significant changes in intera-
tomic distances but may arise from small variations in
the interatomic bonds and thus from a change in the local
geometries. The discrepancy between the XANES data
for quaternary and binary alloys therefore does not sug-
gest major structural changes but only subtle differences
in short-range order.

B. Distinguishing between differences in topological
and chemical short-range order

The foregoing hypothesis of preferential bonding of Ni
to P and of Fe to B can be verified by XANES simula-
tions. For this purpose the simulations for the NigP,,
model were repeated using the phase shifts of the Fe-B
system, see curve B. Similarly, the calculations for the
Nig,B,; model were repeated using the phase shifts for
the Ni-P system, resulting in curve F. Despite the
“wrong” phase shifts for both permutations there is close
similarity between experimental and simulated curves,
which means that only the alloying metalloid atom, i.e.,
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chemical short-range order, is responsible for the
difference between the general shapes of the curves. It is
interesting to note that the shapes of the calculated
curves (A —F) are already reproduced fairly well by a
curved wave single-scattering calculation, which can be
run with the same computer code. This means that al-
ready the backscattering behavior of the metalloid atoms,
see “180° values” in Fig. 1, is most responsible for the
XANES curve shape. Such single-scattering results have
already been published for Feg,B,. 22
The conclusions can be summarized as follows:

Curve shape like 4 or B<> chemical short-range order:
B as metalloid environment;

curve shape like C, D, E, or F<>chemical short-range
order: P as metalloid environment;

difference between A4 and B<«difference of topological
short-range order due to the different size of the metal-
loid atoms;

difference between C, E, and F<»difference of topologi-
cal short-range order due to the different size of the
metalloid atoms;

difference between C and D<«>Ni instead of Fe atoms.

IX. XANES RESULTS
FOR Co,(Si,B),3Mn;(Fe,Mo),

In contrast to the case of the amorphous Ni-based al-
loys, the EXAFS amplitudes for Co-based amorphous al-
loys are quite similar to those of Fe-based alloys; see Ref.
59. Analysis of the EXAFS in this case is inconclusive
and thus will not be treated further here.

The XANES data are shown in Fig. 7, and, although
somewhat noisy, they are still sufficient for present pur-
poses. Since Si and P are neighbors in the periodic sys-
tem, their electron-scattering behavior is very similar and
the phenomena ascribed to the P environment as dis-
cussed in Sec. VIII are transferable to the Si case.

A comparison between the experimental data of Figs. 6

Mn t'adge

absorption

20.02 20.04 20,06
E (keV)

FIG. 7. Experimental XANES data of the metals in the
amorphous Co4(Si,B),;Mns(Fe,Mo), alloy.
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and 7 illustrates for the Co edge again the typical P or Si
shape and for the other metals’ edges a close similarity to
the Boron XANES curves of Fig. 6. If Co atoms have al-
most exclusively Si atoms as metalloid neighbors, thereby
effectively excluding other metal atoms, then again a mi-
crophase segregation exists consisting of Co-Si-rich re-
gions and other regions consisting of the remaining
atoms. This alloy consists of six different chemical ele-
ments as compared to four in the previous example, and
therefore the electron structure and the electron-
scattering processes are even more complex. The remain-
ing discrepancies between the XANES data of Figs. 6 and
7 are therefore not too surprising. The scattering behav-
ior of Mn, Fe, and Mo does not differ too much, and thus
the identity of the metal-metal environment does not
influence the XANES spectra to a large extent. There is
therefore a strong similarity in the XANES data for Mn,
Fe, and Mo due to the absence of Si.

In the present context a suggested microphase segrega-
tion in amorphous Cos, ;Fes,Si;;B;; alloy as derived
from the magnetic properties®® provides an interesting
analogy.

X. CONCLUSIONS

In the present paper chemical short-range order in the
amorphous FeyyNiyoP4Bg and Co4(Si,B),;Mns(Fe,Mo),
alloys has been detected utilizing x-ray-absorption spec-
troscopy. In the case of Fe,,NiyoP;4B¢ both the EXAFS
and the XANES range provided useful information.

From EXAFS data the existence of chemical short-
range order amongst the metal atoms could be derived,
with the bulk segregated into microphases of Fe-rich and
Ni-rich stoichiometry.

XANES data, on the other hand, has provided infor-
mation on chemical short-range order between metal and
metalloid atoms, and suggested that there is preferential
chemical bonding between Ni and P as well as between
Fe and B. This chemical short-range order implies the
segregation of the alloy into Fe-rich and Ni-rich micro-
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phases as already made evident from the EXAFS results.

In the case of Co4,(Si,B),;Mns(Fe,Mo), it was possible
from the XANES data to derive a microphase segrega-
tion into Co-Si-rich regions and regions consisting mainly
of the remaining atomic species.

The suggested microphases agree generally with results
on the same and related materials obtained by other ex-
perimental methods.

XANES spectra are frequently used as “fingerprints”
for the identification of phases and geometrical structures
in materials. This procedure is justified as long as the x-
ray-absorbing species and its neighbors are identical or at
least similar in both the unknown structure and the mod-
el compounds. It must be kept in mind that possibly
different geometrical structures may cause the same
XANES spectrum. The present results demonstrate,
however, that, in certain cases, rather than topological
effects, the chemical short-range order can have the ma-
jor influence on the XANES data.

Since the differences in scattering behavior are more
pronounced between lighter elements such as B and P
than between heavier elements, for example, the 3d and
4d elements, the exploitation of these differences offers in-
teresting new applications for XANES studies on com-
plex systems.
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