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It is shown that it is possible to set up a structural model for the amorphous Fe90Zr10-aIloy which
is in agreement both with diffraction and XANES data, the latter being sensitive to higher than
binary correlations.
1. Introduction
Up to now, two investigations on the structure of
amorphous Fe90Zr10-alloys were published. In [1] con
ventional X-ray diffraction and in [2] the method of
anomalous dispersion of X-rays was applied. This way
the total pair correlation function and the partial
Fe-Fe- and Fe-Zr-correlation functions were deter
mined.
Further insight into the structure is expected from
higher than binary correlation functions [3]. One
method, which is sensitive to higher order correla
tions, is the investigation of the X-ray absorption near
edge structure, XANES. Because of electron multiple
scattering processes, taking place in this energy range,
XANES depends to some extent on the correlation of
three or more atoms [4],
In the present work, modelling was done and
XANES-predictions for different models were ob
tained. The comparison with experimental XANESdata is used as a criterion for the reliability of the
models.
Compared to [5], where for the first time a XANES
calculation for amorphous Fe80B20 was presented, an
essential advantage of the present study is the pres
ence of two absorption edges, namely the Fe-K - and
the Zr-K-edge, which could be compared with calcu
lations based on the same model.

2. Modelling
The fundamental for any XANES-calculation is the
short range order around the X-ray-absorbing atoms.
Reprint requests to Prof. Dr. S. Steeb, Max-Planck-Institut
für Metallforschung, Institut für Werkstoffwissenschaften,
Seestraße 92. D-7000 Stuttgart 1.

The strategy of the XANES calculation is described in
detail in [5]. In the following, four models of amor
phous Fe90Zr10 were used as a base for XANEScalculations.
2.1 Brandt-Kizler- Models
Three models were generated with the computer
code developed by Brandt and Kronmüller [6]. The
first step of the code consists in setting up a random
arrangement of 140 Zr- and 1260Fe-atoms within a
periodic cube. The second step consists in the applica
tion of a relaxation procedure to this arrangement
under influence of repulsive potentials between the
atoms. In a third step attractive pair potentials are
introduced, and a consecutive relaxation procedure
leads to the final static model structure. The potentials
are higher degree parabola, similar to Morse poten
tials. Their depths and widths are different for the
Fe-Fe-, Fe-Zr- and Zr-Zr-pairs. Note that, equiva
lent to full or simplified molecular dynamics calcula
tions, during the construction no rule at all is intro
duced to guide the developing structure in a certain
manner.
From the final arrangement the partial pair correla
tion functions can be calculated as well as the X-ray
weighted total pair correlation function and be com
pared with experimental data. The results are present
ed in Figs. 1 to 4. Since experimental data for the
partial Zr-Zr-correlation function are not available,
the parameters of the potentials had to be proved for
a related amorphous system which permitted verifi
cation of all resulting partial pair correlation func
tions. For this purpose the partial pair correlation
functions for the amorphous alloy Ni64Zr36 could be
used [7]. Based on these data, the parameters of the
potentials in the program were adjusted until the
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Fig. 1. Amorphous Fe90Zr10; Fe-Fe partial pair correla
tion functions.

models' pair correlation functions agreed well with the
experimental ones for Ni64Zr36. After this adjust
ment, the construction of the model BK1 for the
Fe90Zr10-alloy in agreement with the experimental
data was possible without difficulties. Finally the in
teratomic pair potentials were changed to some extent
in an arbitrary way in order to obtain slightly different
models. The present models "Brandt-Kizler 2 and 3"
arose from this variation and are abbreviated as BK2
and BK3 in the following.
The scaling of the potentials is arbitrary without
reference to experimental pair potentials. The attrac
tive Fe-Fe-pair potential for model 1 was three times
as deep as for the models 2 and 3. For the attractive
Fe-Zr-potential the relative depths for the models 1,
2, and 3 amounted to 5:3:2 and were much weaker
than the Fe-Fe potentials. The Zr-Zr-pair potentials

0
Fig. 2. Amorphous Fe90Zr10; Fe-Zr partial pair correla
tion functions.

for all three models were very weakly attractive. A
more detailed discussion of the potentials will not be
given here because conclusions on the atomic struc
ture of the models cannot be drawn from them.
2.2 Zweck-Krauss- ModeI
For the construction of this model 1800 Fe- and
200 Zr-atoms are distributed on the vertices of a b.c.c.
lattice [8. 9]. Afterwards they are shifted from this
position in a random direction by a certain distance.
Finally a relaxation procedure is performed, too, un
der the influence of Lenard Jones potentials and with
periodic boundary conditions. The parameters for the
potentials in this case were chosen according to data
from literature (for details see [9]). This model will be
abbreviated as ZK in the following.
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Fig. 3. Amorphous Fe90Zr10; Zr-Zr partial pair correlation
functions.
3. Structural Properties of the Models
for Amorphous Fe90Z rj0
3.1 Pair Correlation Functions from Models
and Comparison with Experiments
In this chapter the partial and total pair corre
lation functions obtained from the models and the
experiments are compared. In Fig. 1 the partial GFeFe
functions from the models are shown together with
the experimental result as obtained by anomalous
X-ray diffraction [2], A total G(R)-curve obtained by
energy dispersive X-ray diffraction (EDXD) [10] is
also included, the first peak of which is attributed to
the Fe-Fe-distance. It must be noted that in reference
[2] a sample has been investigated which was prepared
by vapour quenching, whereas all other experimental
data were obtained with liquid-quenched samples.
Possible small structural differences between samples
obtained by vapour- and liquid-quenching, respec
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Fig. 4. Amorphous Fe9oZr10; total pair correlation func
tions

tively, cannot be considered here because no compa
rative investigation with the same method has been
performed up to now.
Figure 2 shows the partial GFeZr-curves. In the
total G(R)-curve from [10] the Fe-Zr-distance ap
pears as a shoulder at the right hand side of the main
peak.
For the partial GZrZr-curves shown in Fig. 3, no
experimental data are available. The arrows indicate
the Zr-Zr-distance determined for the amorphous
Ni64Zr36-alloy [7]. The calculated curves in Fig. 3 are
more noisy due to the small number of Zr-atoms in the
models.
Figure 4 shows the total pair correlation functions
for the models, which were calculated as sum of the
partial ones after multiplication with the proper X-ray
weighting factors. Experimental total pair correlation
functions again serve for comparison. Note that scaling
in Fig. 4 is different from that in Figs. 1 to 3 because
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Table 1. Total and partial distances, coordination numbers and densities. (* = obtained from fitting algorithms.)
Ref.

1) Experiment
Fe90Zr10
fe90Zr10
Fe83Zr 17
Fe 7 r
Ni64Zr36
Fe907r 10
sc-Fe
2) Models
Brandt-Kizler
(BK1, BK2, BK3)
Zweck-Krauss
(ZK)

Distances [nm]

Coordination numbers

Density
[g/cm3]

^FeFe

^FeZr

RZrZr

^tolal

IVFeFe

[2]
[1]
[1]
[10]
[7]
this work
[11] [12]

0.252
0.263 *
0.250*
0.252

0.283
0.269 *
0.285 *
0.267

0.315*
0.328

—
0.263
0.263
0.250
-

10.2
1.6
11.6* 1.3*
8.2* 1.6
not meaningful

14.5
8.4* 16.1 * here

7.71
7.69
7.78
7.87

this work

0.252

0.282

0.252

12.3

1.6

13.6

1.3

7.91

[9]

0.246

0.277

0.28-0.31
noisy
0.302

0.247

12.8

1.6

14.2

1.5

7.79

^FeZr

^ZrFe

NzrZr

0.247

0.04r

0.03-

The partial Fe Fe coordination numbers as ob
tained from the models are higher than the experimen
tal ones, whereas within the experimental uncertain
ties for the other pair coordination numbers no signif
icant differences can be stated. The densities of the
models agree quite well with the experimental den
sities.

0.02
3.2 Angular- and Coordination Number-Distribution
Functions of the Models
0.01 -

100
a [°]
Fig. 5. Amorphous Fe90Zr10. Brandt-Kizler model BK3.
Bond angle distribution.
it is adjusted to the curve copied from the publica
tion [1],
Concerning the partial and total pair correlation
functions of the ZK model, some differences within the
range of the second peak compared to the experimental
function have been noted already in [9]. The main pur
pose for the construction of this model was to obtain a
data set for the calculation of electronic and magnetic
properties.
In Table 1 the atomic distances and coordination
numbers obtained from the curves in Figs. 1 to 4 are
compiled together with the densities.

From Figs. 1 to 4 it can be seen that among the
models' pair correlation functions there are certain
differences, which for the Brandt-Kizler models are
small and not systematic. Concerning the differences
between the GZrZr-curves we note the uncertainties due
to the statistical noise. We will show later on that the
model structures produce differences in the XANES
calculations which in contrast to those in G(R)-func
tions are systematic. Therefore in the following further
comparisons between the models are performed:
Several bond angle distributions were calculated
from the different models. In [13] this has already been
reported for amorphous Fe80B20. Figure 5 shows
as an example the bond angle distribution for
Fe Fe Fe-triplets for model BK3. The bond angle
distributions for the other models are almost identical
to that in Figure 5.
Another interesting feature of the short range order
is the distribution of the partial coordination number
around its average value. Figure 6 shows the prob
ability to meet certain coordination numbers iVFeFe
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furnace under high vacuum. This alloy is very brittle
and cannot be rolled to a foil as specimen for the
X-ray absorption measurements. Therefore for this
purpose the alloy was filed to powder and mounted on
several layers of adhesive tape above each other in
order to ensure sufficient homogeneity over the area
of the sample. The powder was also checked by X-ray
diffraction and found to be free of oxides.

0.30;
0.25Ü5 0.20
o
O
a- 0.15
0.10r
0.05-

20
15
N,'Fe Fe
Fig. 6. Amorphous Fe90Zr10. Brandt-Kizler model BK3.
Abundance of coordination numbers NFeFc.
10

within the first coordination sphere in model BK 3. It
can be seen that the coordination number varies by a
large amount from atom to atom. The existence of a
distribution of coordination numbers also has been
concluded from Moessbauer spectroscopy with amor
phous Fe90Zr10 [14, 15, 16], Also the coordination
numbers NFeZr, NZrFe and ArZrZr showed a rather
broad distribution.
Concerning the comparison between the different
structural models is should be noted that these distri
butions of the coordination numbers did not exhibit
any significant differences. Therefore we conclude that
the systematic differences between the structural mod
els, as shown later by XANES, have to be associated
with rather hidden aspects, which cannot be investi
gated with the relatively simple distributions in Figs. 5
and 6.
4. Experiments
4.1 Preparation of Samples
Ribbons of amorphous Fe90Zr10 were prepared by
melt spinning [17, 18] as 10 mm wide ribbons 25 (im
thick. By X-ray diffraction and by transmission elec
tron microscopy they were proved to be amorphous.
Samples for the XANES measurements at the Fe-K edge where thinned to their optimum thickness of
7 |im with a sputtering device in the etching mode.
Crystalline Fe2Zr for a reference measurement was
melted from the pure elements in an electron beam

4.2 XANES Measurements
The XAS measurements at the Fe-K-edge were
performed in transmission mode at a laboratory
XAS set up [19], which uses the bremsstrahlung of a
RIGAKU rotating anode generator as radiation
source. Monochromatization is done with a LiF(220)
crystal monochromator. In the XANES energy range
the primary beam is free of emission lines. The energy
resolution was determined from the spectroscopy of a
Tungsten emission line nearby the XANES energy
range and was found to be AE = 7 eV, which is a little
narrower than the expected width of the structural
features in the XANES curve. Due to the poor energy
resolution the curve is slightly depressed close to the
Fe edge.
The measurements at the Zr-K-edge were per
formed also in transmission at the working stations
ROEMO and ROEMO II at the synchrotron radia
tion laboratory of Deutsches Elektronensynchrotron,
DESY. The double monochromators were equipped
with Si (220) crystals and have an energy resolution of
AE = 6 eV. The spectra could be recorded with very
good signal to noise ratio and a measuring time of a
few seconds per energy step.
Besides the as-quenched state of the Fe90Zr10 alloy
also heat treated and hydrogen doped material was
investigated by XANES in the present study.
The structural relaxation process of this material
has also been investigated by the highly sensitive trac
er diffusion method [17, 20], It was found that a heat
treatment of 10 ksec at 673 K leads to a fully relaxed
state of the system. A heat treatment for longer time
or at higher temperature would initiate crystalliza
tion.
A further interesting state of this alloy is achieved
by charging the material with hydrogen. The hydrogenization leads to a dramatic change in the magnetic
properties of this alloy [21, 22],
However, it turned out that both the relaxed and
the hydrogen charged samples yielded exactly the
same XANES-result as the as-quenched sample.
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5. XANES Calculations and Comparisons
with the Experiment
The XANES calculations were performed with the
updated version [23] of the XANES computer code,
published some years ago by Durham et al. [24], The
atomic phaseshifts, required for the calculation, were
set up with the program MUFPOT, which was devel
oped by Pendry and co-workers [25, 26],
Before performing the XANES calculations for the
structural models, the phaseshifts were checked for a
case with well known structure, namely the crystalline
Fe2Zr-alloy [27], In Fig. 7 we present the calculated
XANES-curve for the Zr-K-edge in Fe2Zr together
with the experimental curve. The agreement of the
structural features in the experimental and in the theo
retical curve is very good. The remaining discrepancy
in the overall slopes of the two curves results from the
free-atom-like transition matrix element, which is in
volved in the XANES calculation. The available data
for these factors had been calculated for pure iron and
were provided by P.J. Durham. It was not possible
during the present work to calculate the transition
matrix element for the case of Fe2Zr. However, since
the essential features of a XANES curve are their
humps and bends, not the slope, this is not a severe
problem.

Fig. 7. Crystalline Fe2Zr; Zr-K-edge; XANES results.
Comparison between model calculation and experiment.
Z r-K -e d g e

model:

5.1 XANES Results at the Zr-K-edge
In Fig. 8 the calculated results for the four models
are presented together with the experimental data. It
can be seen that the overall shape of the curve is quite
good for each of these models. However, when going
from model ZK to model BK 3 we observe that the
small peak "A" is showing continuously better. Never
theless, a better coincidence in detail would be desir
able.
For the purpose of a better understanding of the
result, the calculations were repeated under special
conditions. The computer code [23] allows certain
multiple scattering paths to be switched off, thereby
their individual impacts can be studied in detail.
Curves "SINGLE" and "INTER" in Fig. 9 were
obtained only with single scattering calculation
(SINGLE) or only with single scattering plus intershell multiple scattering, but without intrashell multi
ple scattering (INTER). For a definition of inter- and
intrashell-multiple scattering see [23, 28], For the
"SINGLE" and "INTER" case all four models yielded

E [keV]
Fig. 8. Amorphous Fe90Zr10; Zr-K-edge; XANES results.
Comparison between calculations for structural models and
experiment.
the same curve. This means that the multiple scatter
ing events, which take place in all directions, play a
very important role and are essential for the under
standing of the shape of the curves in Figure 8.
As was pointed out in detail in [5], the XANES
result for a structural model can be calculated as the
average of approximately 40 individual XANES re-
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Fig. 10. Amorphous Fe90Zr10; Fe-K-edge; XANES results.
Comparison between calculations for structural models and
experiment.
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Fig. 9.
Amorphous Fe90Zr10; Zr-K-edge; XANES results. Com
parison between calculations for special cases and experi
ment.
suits for 40 individual short range orders, centered
around 40 atomic sites.
The fourty single XANES curves which contribute
to the result for model BK 3, were studied in detail. It
was found that roughly 80% of the individual curves
have a shape like curve "B", and 20% a shape like
curve "C" with a pronounced peak "D". The peak "A",
therefore, seems to be caused only by a minority of
certain short range orders. This observation gives rise
to the question whether this peculiar curvature is
caused by a special kind of short range order, i.e., by
the existence of special structural units in the amor
phous alloy. One might also think of separation into
two different amorphous phases involving different
kinds of short range order. However, a detailed analy
sis of the atomic arrangements giving rise to curves of
type B or C did not support any of these two sugges
tions. In some cases the existence of peak "D" depend
ed on the existence of direct Z r-Z r neighbourhood,
in other cases it did not. In some cases it depended on

i
7.13

i
7.14

multiple scattering, in other cases it appeared already
for single scattering calculation. So we have an exam
ple that a certain feature in a XANES curve may have
very different structural reasons and must not be
treated as a fingerprint of only one kind of short range
order.
5.2 XANES Results at the Fe-K-edge
The results for the four models are presented to
gether with an experimental curve in Figure 10. Like
in Fig. 8 we observe a systematic change from model
ZK to model BK 3, model BK 3 agreeing best, though
the agreement still is not perfect.
In order to find out the reason for the differences
among the curves, a calculation with single scattering
this time resulted in curves which were very similar to
those for full multiple scattering. This means that for
the Fe-K-edge and for these models the multiple scat
tering processes contribute less to the differences than
for the Zr-K-edge. From this follows that the details
of the Fe-K-edge XANES are ruled more by the radial
arrangement of the atoms.
In the case of the Fe-K-edge the 40 individual
XANES curves could be sorted roughly into five cate
gories characterized by their special features. However,
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like for the case of the Zr-K-edge, a detailed analysis
of the neighbourhood of the 40 central Fe-atoms did
not reveal any unique relation between the XANES
features and the individual short range orders.
6. Conclusion
For the Fe90Zr10 glass the applicability of the
XANES method to check structural models could be
shown. In addition it was shown that XANES is able
to detect differences among structures which reside in
higher than binary correlations.
One structural model out of four was found to agree
well both with the pair correlation functions and with
the XANES-curves for the Fe- and Zr-K-absorption
edges.
The search for specific types of short range order as
source of specific features in the XANES curves point
ed to a variety of possible reasons for the individual
contributing curves. This shows that treating a XANES
curve as a fingerprint of a specific short range order in
metallic glasses seems not to be allowed.
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