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Icosahedral Short-Range Order in Amorphous Alloys
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We have characterized the icosahedral short-range order in amorphous solids using local environ-
ment probes. Such topological local order is pronounced even in an amorphous alloy that does not form
quasicrystalline phases upon crystallization, as demonstrated by the extended x-ray absorption fine
structure and x-ray absorption near-edge structure of a Ni-Ag amorphous alloy analyzed through
reverse Monte Carlo simulations.
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It is, therefore, of interest to establish if the ISRO can
be an intrinsic and prevalent feature, by quantitatively

atomic positions, through statistical matches between
theoretical and experimental spectra under constraints,
The nature of the short-range structure of metallic
liquids and glasses is of fundamental interest [1–4], but
is much less understood than the well-defined crystalline
structures. Icosahedral clusters have been proposed to be
an important building block, according to the polytetra-
hedral model of amorphous phases [2,3]. However, our
knowledge of such icosahedral short-range order (ISRO)
has relied heavily on computer simulations based on
empirical potentials [3,5–8], because it is rather difficult,
if not impossible, to directly image the short-range ar-
rangement of atoms or local fivefold symmetry [4,9].

Recently, direct experimental evidence for the pres-
ence of fivefold symmetry has been obtained in liquid
Pb [10]. There are also some very recent neutron scatter-
ing data [11] that suggest ISRO in undercooled elemental
metallic melts. For metallic amorphous solids, the study
of ISRO has normally been carried out in alloys because
amorphous pure metals are not available [12]. While the
use of alloys naturally brings in chemical ordering that
may enhance or disfavor ISRO, the latter has been be-
lieved to be present. However, direct experimental evi-
dence has not been forthcoming. For some quasicrystal
forming systems such as those based on Al or Zr [13–20],
x-ray, neutron, or electron scattering data and the pair
distribution functions derived therefrom, or other spec-
troscopy and kinetics data, have been compared between
the icosahedrally coordinated quasicrystalline phase and
the parent amorphous alloy (or undercooled liquid). The
common features observed are taken as the proof, albeit
indirect, that the fivefold symmetry also exists over short
to medium range in the amorphous phases. Recently,
ordered regions in amorphous alloys were found using
transmission electron microscopy (TEM) [9,20]. But all
this evidence indicating ISRO may well be attributable to
the embryos of the quasicystalline phases. This is espe-
cially true for the relatively large (>� 2 nm) icosahedral
regions observed under TEM [20], which almost cer-
tainly are the (quenched-in) nuclei of the quasicrystals.
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examining the degree of its development in an amorphous
alloy from which no quasicrystalline phase evolves. In
this study, we examine a Ni-Ag amorphous alloy [21,22],
which is interesting because it directly crystallizes into a
mixture of fcc Ni and Ag with no (intermediate) quasi-
crystals. In fact, there is no known equilibrium or meta-
stable compound in this system at all and hence no
competing crystallinelike local environment other than
the close-packed fcc order. Complications from complex
chemical order that often dominate in glass-forming sys-
tems with a large negative heat of mixing [23] are there-
fore avoided. Also, our recent molecular dynamics (MD)
simulations predicted that amorphous Ni-Ag would de-
velop strong ISRO, increasing with undercooling, even at
very high effective quench rates [22]. We report in this
Letter the determination of the ISRO using local environ-
ment probes, extended x-ray absorption fine structure
(EXAFS) and x-ray absorption near-edge structure
(XANES), through an analysis employing the reverse
Monte Carlo (RMC) method.

Ni60Ag40 foils with thickness up to 5 �m were pre-
pared using dc sputter deposition of a composite target
onto liquid nitrogen cooled Si substrates [21]. TEM, dif-
ferential scanning calorimetry (DSC), and magnetic
property measurements all confirmed that an amorphous
alloy was obtained [21,24]. Transmission Ni K-edge and
Ag K-edge EXAFS data, and x-ray diffraction (XRD)
data, were collected at beam line X23A2 and X14A,
respectively, of NSLS at BNL. The EXAFS spectra were
Fourier transformed (FT) shown in the upper panel of
Fig. 1, and the first peak corresponding to the first coor-
dination shell was then inverse-Fourier transformed
(IFT) to obtain the k-space spectra, shown in the lower
panel of Fig. 1.

Three-dimensional atomic configuration of the amor-
phous Ni60Ag40 is constructed using RMC [25] simula-
tions of the EXAFS, as well as the XRD spectrum in
Fig. 1. The advantage of this method is that it provides
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FIG. 1. Upper panel: Solid lines are the experimental XRD
and Fourier-transformed (FT) EXAFS data for the Ni60Ag40
amorphous alloy. The dashed line is the RMC simulated XRD.
Lower panel: the solid lines present the inverse Fourier trans-
forms (IFT) of the first peaks in the FT EXAFS spectra, in
comparison with the RMC simulation (circles).

P H Y S I C A L R E V I E W L E T T E R S week ending
9 APRIL 2004VOLUME 92, NUMBER 14
directly from experimental data without any hypothetical
structural model. As a result, it avoids the traditional
structural search by trial and error, where the features
observed in radial distribution functions (RDF) or struc-
ture factor obtained from scattering data are compared
with model predictions based on assumed packing ge-
ometries [23,26,27]. The 1D scattering data also have an
inherent limitation in their ability to discriminate among
various models, as they only provide information about
average atomic pair separations and coordination num-
bers, with no information about the bond angles and 3D
atomic positions (sometimes not even about partial pair
correlations). In comparison, EXAFS is element specific
so that we can examine the surroundings of each species
from multiple edges. With the RMC, the information
drawn from the experiments can then be boosted from
one to three dimensions [28].

Multiple spectra can be simultaneously used for RMC
to provide more constraints on the statistical sampling of
the topological arrangements.We used both the Ni K-edge
and Ag K-edge EXAFS, as well as the XRD pattern
because, while EXAFS is sensitive to the local environ-
ment, the XRD pattern adds information beyond the
nearest neighbors and about the density of the system.
A random atomic configuration in a cubic box (side length
of 38.5 nm) of 4 000 atoms was constructed for Ni60Ag40
with periodic boundary conditions. The scale of the simu-
lation box was determined by the XRD and the closest
distance between the atoms was based on the partial
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RDFs from MD simulation [22]. An atomic guess con-
figuration is generated by randomly moving or exchang-
ing atoms. The structure is improved by reducing the
normalized fit residual, �2, between the simulated
(�simul) and experimental (�exp) spectra

�2 �
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	2
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; (1)

where 	 is an error and the k weighting factor n are taken
as 2, 3, and 0 for the Ni K-edge, Ag K-edge EXAFS, and
XRD pattern, respectively. The �2s for the three spectra
are assumed to be additive, with weighting factors 0.3,
0.2, and 0.5, respectively, which, together with n, control
the relative contribution of each spectrum to the overall
RMC fitting. The choice of such weighting is based on the
quality of the EXAFS data at the two edges, as well as the
high signal-to-noise ratio of the XRD data taken with
the synchrotron light source. The RMC simulation is
implemented using the Metropolis algorithm and the
experimental spectra as the potential in lieu of a force
field. The error 	 served as ‘‘temperature’’ and was slowly
‘‘cooled’’ from 10 to 10�3 following the simulated an-
nealing scheme [29]. Using the atomic positions in the
configuration, the EXAFS was calculated in the single
scattering approximation [30], with the amplitude and
phase shift obtained from the ab initio FEFF8 code [31].
The real energy shifts for various scattering paths were
optimized in the fitting. The XRD pattern was calculated
using the Debye scattering formula [32].

The eventual matches between the RMC simulated
and the experimental spectra after �107 RMC steps are
demonstrated in Fig. 1. Although the RMC solution may
not be unique, the configuration obtained passed the
following two major checks. First, in comparison with
an MD simulation of the Ni-Ag liquid quenched to below
glass transition [22], the RMC configuration yielded not
only a similar chemical short-range order parameter
(0.27), but also similar RDFs (see the inset in Fig. 3).
The enthalpy of the simulated structure agrees with the
DSC value as well [21]. Note that the MD simulation
employed embedded atom method potentials and had no
input from the x-ray experiments.

Second, the RMC configuration was further justified by
calculating its XANES and comparing with experimental
data. While the single scattering of EXAFS is associated
with pair correlations, the multiple scattering in XANES
confers the sensitivity to higher-order correlation func-
tions and is hence capable of providing information about
the geometrical arrangement of the absorbing and neigh-
boring atoms not dominant in EXAFS or standard dif-
fraction data [33]. A precise reproduction of all XANES
features using ab initio calculations is not always at-
tainable, which, together with the extensive calcula-
tions required for multiple scattering in relatively large
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FIG. 2. Ni K-edge (a) and Ag K-edge (b) XANES spec-
tra calculated for Ni (or Ag) in the RMC-simulated amor-
phous Ni60Ag40. The calculations averaged XANES of 2400
Ni-centered clusters and 1600 Ag-centered clusters, respec-
tively, within the RMC configuration. The XANES features
are consistent with those measured of the Ni60Ag40 amorphous
alloy, but different from those of experimental or simulated fcc
bulk Ni (or Ag), and from those calculated for artificially
constructed ordered Ni-Ag fcc clusters (cluster I for L10 and
cluster II for L12).
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clusters, precludes a direct RMC simulation of XANES.
However, a FEFF8 [31] calculation of the XANES provides
a useful check of the final RMC configuration and helps
explain which bonding orbitals or structural character-
istics give rise to certain XANES features. Multiple scat-
tering path expansion was performed on each atom in
the simulation box for clusters of a radius around 10 �A
(>150 atoms). To compare with experimental XANES,
we have considered the broadening due to the core hole
lifetime, the finite mean free path of the photoelectron,
and the experimental resolution. Figure 2(a) demonstrates
that the features in the calculated spectrum match those
in the measured Ni K-edge XANES. These XANES fea-
tures are also obviously different from the double-peak
feature of both the fcc Ni and hypothetical fcc Ni-Ag
clusters. A match was achieved as well between the
Ag-edge XANES measured for the alloy and that calcu-
lated for the RMC configuration, Fig. 2(b). Therefore, the
RMC amorphous configuration produces not only the cor-
rect EXAFS and XRD, but also the right XANES, and fcc
clusters can be ruled out as the dominant building blocks.

The RMC configuration shows a coordination number
distribution from 9 to 16, with an average of 12.6. The
topological SRO is analyzed using the common-neighbor
(CN) analysis [6] that decomposes the first RDF peak
according to the different local environment of the
bonded nearest neighbor (N-N) pairs (i.e., those within
a cutoff distance corresponding to the first minimum of
the total RDF shown in the inset of Fig. 3). Each bonded
pair of atoms is classified according to its surroundings
using a set of three indices, jkl. The first index j is the
number of N-N’s common to both atoms. The second
index k specifies the number of N-N bonds between the
j CN atoms themselves. The third index l is the number of
bonds in the longest continuous chain formed by the k CN
bonds. The CN analysis can distinguish between the fcc
[34], hcp, and icosahedral packing and is more sensitive
to local order than the bond spherical harmonics method
[35]. Specifically, all bonded pairs in an icosahedron of
13 atoms are of type 555, e.g., the central atom forms a
555 pair with each of its 12 neighbors. If one bond is
broken between a pair of outer atoms in an icosahedron,
two of the 555 pairs are transformed into 544 and two
into 433 pairs [5,6]. In contrast, the fcc packing has the
421 type only, while the hcp has equal numbers of 421 and
422 [6]. The relative fractions of the major pairs types
(others negligible) in the RMC configuration are shown in
the histogram of Fig. 3. The most abundant pairs are 555,
433, and 544, indicating the dominance of icosahedral
packing. The high fractions of distorted icosahedral order
(544 and 433) are not surprising for the highly nonequi-
librium deposition conditions where kinetics are severely
limited for organizing the five-member rings. Only small
percentages of 422 and 421 pairs are found, indicating
insignificant hcp and fcc local orders. The middle inset
in Fig. 3 shows the 48 perfect icosahedra in the RMC
145502-3
box. The centers of the icosahedral cages are almost al-
ways the smaller Ni atoms, surrounded by 12 (Ni
 Ag)
atoms [7,22].

In conclusion, systematic EXAFS, XANES, and XRD
experiments in combination with the RMC modeling
145502-3



FIG. 3. Normalized common-neighbor pairs of the Ni60Ag40
amorphous alloy. The insets show the 3D RMC configuration,
and its total (line 1) and partial RDFs (lines 2 to 4 for Ni-Ni,
Ni-Ag or Ag-Ni, and Ag-Ag, respectively, weighted by their
contributions to the total RDF), as well as the 48 perfect
icosahedra (the center atom forms twelve 555 pairs with the
neighbors), involving 13% of the atoms. The dark spheres are
Ni atoms.
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demonstrate that ISRO develops in amorphous Ni60Ag40
to a very high degree, even though the Ni-Ag system has
no tendency to form quasicrystals. Such short-range to-
pological arrangements require only limited diffusion
and hence develop despite of severe kinetic constraints,
in agreement with MD predictions [22]. At large under-
cooling to low temperatures, the increased ISRO contrib-
utes to enthalpy reduction by promoting the dense
packing that maximizes the number of bonds, as shown
in previous energy calculations [3,7]. The predominance
of the ISRO over the close-packed character [3] can be
viewed as a proof for the metastable and amorphous
nature of the alloy: in transforming to crystals, atoms
have to break their local symmetry and reorganize at the
amorphous-crystal interface to produce the translation-
ally invariant network compatible with crystals. This
renders crystallization a first-order transition, as seen in
the isothermal DSC experiment [21,36].

This work is supported by DoE under DE-FG02-
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