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Using the pair density function analysis of pulsed neutron diffraction data, the local topology of Fe-based
metallic glasses with good glass forming ability was investigated upon alloying with transition metal ions of Y,
Zr, or Mo. Distinct short and medium range atomic order with common characteristics in all the glasses is
observed. The local order is well described by a geometrical model constructed from superposition of “crys-
talline approximant” phases which is different from Frank-Kasper polyhedra clustering or dense random
packing models. The mechanism responsible for the structure in the glass phase might involve a frustration-
induced structural disorder of the crystalline approximant phases as they are driven away from stable stoichio-
metric compositions.
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The mechanism that leads to glass formation or vitrifica-
tion is still not well understood even for ordinary silicate
glasses. This is even more so in metallic glass systems due to
the complex nature of the metallic bonding where it is nec-
essary to account for the interatomic interactions by consid-
ering strong electron correlation effects. Recent advances in
metallic glass preparation have renewed the interest in this
class of materials because they can be prepared in bulk form
�several millimeters in diameter�, with yield strengths higher
than stainless steel, high elastic moduli, and without using
expensive noble metals.1,2 Several empirical rules have been
implemented over the years as guidelines for glass prepara-
tion with some success particularly in the Zr �i.e.,
ZruAl-�Ni or Cu�� and Al �i.e., AluFe-�Si or Ge�� based
alloys. These include a large negative heat of mixing of the
constituent elements, and mixing of at least three chemically
different species with a greater than 10% difference in their
atomic radii.3 Although concepts for the driving mechanism
such as the atomic size factor have been proposed,4,5 theo-
retical predictions of glasses have not caught up with the
discovery of systems in the laboratory. A better understand-
ing of the glassy phase may be achieved if the true nature of
one of the factors believed to be important in the glass form-
ing ability, the amorphous atomic structure, is resolved. The
approach used in the present study is distinctly different from
other attempts to describe the structure of amorphous alloys
as we consider the amorphous state to result from competing
interactions among nearby equilibrium crystalline phases
present in the phase diagram.

Whether or not a liquid can be stabilized to form a glass
against the precipitation of crystalline phases depends on
three factors that include thermodynamic, kinetic, and struc-
tural considerations.6 The balance among these three factors
is especially important in metallic glasses because atoms in-
teract via nearly isotropic potentials that can easily drive the
system to solidify to a crystalline ground state.7 In this paper,
we focus on the structural aspects by presenting neutron scat-
tering results on alloys with varying ion size and composi-
tion and with varying magnitude of the diameter of the glass
forming alloys, i.e., ribbons versus rods. Glasses with strong
glass forming ability exhibit well-defined short and medium-

range order �SMRO� in their atomic topology as shown in
several systems.8 Glass stability appears to be in part deter-
mined by the presence of SMRO which becomes an impor-
tant criterion for glass formation.9 It has also been suggested
that signatures of glass fragility can be frozen into the glass
structure and can be represented by features such as the
sharpness of structural peaks10 or the presence or absence of
the first diffraction peak. For this reason, the origin of the
resulting SMRO needs to be understood.

An approach to modeling the SMRO involves the close
packing of Frank-Kasper coordination polyhedra with 12 co-
ordinated environments.11,12 Icosahedral packing is favored
in metallic glasses both from the energetics and packing
point of view. Their presence is considered to stabilize a
glass against crystallization7 and has recently been alluded in
undercooled melts of Ti39.5Zr39.5Ni21.

13 Existence of icosahe-
dral packing has also been suggested in FeuB metal-
metalloid alloys,14 the metallic glasses of interested in this
work. Another approach to modeling the atomic structure
involves the construction of simple geometrical models com-
posed of dense random packing of hard spheres �DRP�,15

subsequently leading to the development of more physically
well-founded molecular dynamics and first principles �ab ini-
tio� calculations.16 More recently it was suggested that in-
stead of hard spheres, the use of ellipsoids would lead to
more stable and efficient packing.17 A third approach pro-
posed theoretically for binary models but never tested on
metallic glasses with three components involves the destabi-
lization of crystalline phases where the glass phase evolves
through frustration of local shear deformations within com-
peting crystalline states.18 In this scenario, common features
in the glass and crystalline structures might be observed in a
manner very similar to martensitic transformations. In gen-
eral, strong glass formers have often been associated with a
strong tendency for SMRO formation19 and its characteriza-
tion can be a first step to understanding stability in metallic
alloys.

Pulsed neutron scattering was used to investigate three
alloys at optimal concentrations, Fe75Y5B20 �FuYuB�,
Fe64Mo14�CB�22 �FuMouCuB�, and Fe68Zr10B22
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�FuZuB�, either in bulk metallic glass form or precursors
to forming bulk metallic glasses.20 The selected alloys ex-
hibit high yield strengths, with sometimes plastic behavior
and magnetic transitions well below room temperature.20,21

Using the pair density function �PDF� analysis to determine
their local atomic topology, we found that alloying with Mo,
Zr, or Y yields three different FeuB structural glasses2 with
similar atomic characteristics that can be described well us-
ing a simple model. Differences in their local structures can
be understood in terms of their different ionic sizes and local
volumes that modify the interactions between the ions. It is
shown that their local amorphous structures closely re-
sembles that of neighboring crystalline phases. Their local
environment is best represented by hybrid models built from

a combination of crystalline approximants of Fe23B6 �Fm3̄m,
Cr23C6 structure�, Fe14TM2B �P42/mmm�, and Fe62TM3B14

�Im3̄m� �TM—transition metal�. The transition to the glass
structure occurs through local frustration as the competing
crystalline phases are destabilized when they are driven out
of their stoichiometric range.

Alloys were synthesized following the procedures de-
scribed elsewhere.20 Amorphous ribbons of FuYuB and
FuZuB were fabricated using the melt spinning tech-
nique. Amorphous rods of FuMouCuB were fabricated
in argon atmosphere by the copper mold casting technique.
The neutron diffraction data for FuMouCuB,
FuZuB were collected at room temperature using the spe-
cial environment powder diffractometer of the Intense Pulsed
Neutron Source �IPNS� and data for FuYuB were col-
lected at the neutron powder diffractometer at the Los Ala-
mos Neutron Science Center �LANSCE�. Data were col-
lected over long periods of time �about 15 h/sample� to
ensure good counting statistics and to compensate for the
high neutron absorption cross section of boron. The total
S�Q�, corrected for instrumental background, absorption, in-
coherent, multiple, and inelastic scattering, was Fourier
transformed to obtain the PDF. The PDF provides a real-
space representation of atomic pair correlations and it is ideal
for the analysis of amorphous systems. Details of this tech-
nique can be found in Refs. 22 and 23.

The PDFs deduced from the diffraction data of the three
alloys are shown in Fig. 1. The data are plotted up to 7 Å for
clarity. In FuMouCuB �dotted line�, the first peak cor-
responds to the shortest bond length in the structure and is
due to FeuB/C and MouB/C pair correlations. Following
is the strongest peak in the PDF corresponding to predomi-
nantly FeuFe correlations because the concentration of Fe
is the highest, and Fe has the largest neutron cross section of
all the constituent elements. The mean FeuFe bond length
obtained at the full width half maximum �FWHM� of the
peak is �2.52 Å and is slightly longer than the nominal
FeuFe bond length of 2.48 Å assuming metallic bonding as
in pure Fe metal. To the right of this peak, FeuMo and
MouMo pairs contribute to the intensity of the peak. Be-
yond this coordination sphere, second and third order corre-
lations between pairs become less well defined because of
the increasing structural randomness and bond length distri-
bution from different kinds of atom pairs. This is typical of
amorphous alloys where long-range order is absent. The lo-

cal structure features observed in this metallic glass alloy are
characteristic of the other two metallic glasses studied,
FuYuB and FuZuB, and are shown in the figure as
well. However, the different bonding schemes between Y, Zr,
and Mo and the corresponding variations in their properties
�i.e., Y and Zr are in ribbon form while Mo can be prepared
in rod form� manifest in important subtle ways that can be
seen in the structural details. In particular, in the case of the
Mo alloy, a small first diffraction peak which serves as a
signature of medium range ordering24,25 is observed in the
structure function �see inset in Fig. 1� but not in the Zr and Y
alloys. The presence of this diffraction peak is important as it
provides a connection to the structure in the liquid state.26 In
real space, the position and shape of several PDF peaks are
different from alloy to alloy because the TM ion size changes
from one alloy to the other and this has important conse-
quences on the local volume. As the nominal atomic radius
increases from Mo �1.36 Å� to Zr �1.59 Å� to Y �1.78 Å�
�Ref. 27� noticeable differences are observed in the first peak
and in the structure beyond 2.8 Å. As the Mo ion is nomi-
nally the smallest of the three, the first peak shifts to the left
while with the larger Y ion, the peaks shift to the right. Zr
peaks are intermediate to those of Y and Mo. Thus the shift
of the PDF peaks to higher r values can be explained in
terms of the increasing TM size which changes the local
volume and local interactions among the ions.28 This could
directly affect the magnetic exchange interactions and the
ferromagnetic transition temperature. Note that with Y, the
largest ion, the amount necessary to achieve glass formation
is a third of that needed with the smallest ion, Mo. This
might be because the large size of Y creates a nucleation
source for distortion that propagates over longer distances.

To determine the local ordering that reproduces the
SMRO observed in the three alloys, crystalline approximants
were used to construct a three-dimensional atomistic model.
One of these compounds is the metastable Fe23B6 that
forms upon devitrification of FuMouCuB �See Ref. 2�
and F-Y-B.29 In Fig. 2 �top�, a model for the local
structure for Fe23B6 is shown, calculated from ��r�
= �1/4�Nr2��i,j�bibj / �b�2���r−rij� �See Ref. 30� assuming as
input the atomic coordinates and unit cell dimensions from

FIG. 1. �Color online� A plot of the experimentally determined
PDFs corresponding to the local atomic structures for
Fe64Mo14�CB�22, Fe68Zr10B22 and Fe75Y5B20 alloys.
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Ref. 31. Also shown are partial functions of correlations with
significant contributions. To a first approximation, its local
symmetry resembles that of the Fe amorphous alloys and
provides an adequate description of the SRO up to �3 Å as
seen by comparing this model to the PDFs of Fig. 1. In
particular, the short-range correlations of FeuB and
FeuFe are directly reproduced by this model but it cannot
account for the TM correlations.

The model is further improved by adding a second crys-
talline approximant phase that can be one of two compounds,
Fe62TM3B14 and Fe14TM2B �also shown in Fig. 2�, with co-
ordinates obtained from Refs. 32–34. Differences in the local
topology between these two crystalline compounds lie in the
TM and FeuB contribution as seen from the partial func-
tions. In the case of the former compound, the FeuB con-
tribution �blue color� is spread throughout space and the
Fe-TM contribution �green color� is visible mostly around
3 Å, while in the latter compound, the FeuB contribution is

weak �due to small concentration of B in this compound�
while the Fe-TM contribution is strong. The addition of one
of these phases is necessary because Fe23B6 alone cannot
provide an adequate representation of the TM correlations,
and combined, they form possible crystalline precursor struc-
tures to the glass phase as seen below. Other compounds
such as Fe2B and Fe3B binary alloys were used in the mod-
eling but the agreement with the experimental data was poor.

The local atomic hybrid model resulting from the super-
position of Fe23B6 with one of the two phases provides a
very good representation of the atomic correlations observed
experimentally for the three alloys. The short and medium
range order of the FeuB glasses is described quite well by
such geometrical model as seen by directly comparing the
hybrid structures to the experimentally determined PDFs
�Fig. 3�. In �a�, the SMRO in FuMouCuB alloy is best
described by a hybrid structure made of Fe23B6

FIG. 2. �Color online� Plots of the calculated PDFs of the crys-
talline approximant phases used in the modeling: �a� Fe23B6, �b�
Fe14TM2B, and �c� Fe62TM3B14. Also shown are partial functions
of pairs of atoms with significant contributions.

FIG. 3. �Color online� Comparison of the experimentally deter-
mined PDFs of the three alloys to the corresponding hybrid models
provides strong evidence for topological SRO in Fe metallic glasses
that closely resembles the metastable phases. Also shown are partial
functions for selected pairs of atoms to indicate their contributions
in real space. The agreement factors and packing fractions are listed
in Table I.
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+Fe62Mo3B14. In �b�, the SMRO in FeuZruB is compared
to a model that consists of Fe23B6+Fe14Zr2B phases. In �c�,
F-Y-B is best described by a combination of Fe23B6
+Fe14Y2B phases. The agreement factor calculated for all
three models is quite good as shown in Table I. The percent
of each phase for each model is also given in Table I along
with the packing fractions. It can also be seen that both
F-Y-B and F-Z-B are best fit using the Fe23B6+Fe14TM2B
combination. This is because of the larger size of Y and Zr
that require distinctly separate contributions from Fe and
these are possible using the Fe14TM2B compound. On the
other hand, Mo is small and its contributions are not well
separated from that of Fe and for this reason Fe62TM3B14
works well. The partial functions of FeuFe, FeuB and
Fe-TM are also shown in all the panels of Fig. 3. One can
clearly see the effects of the ionic size with regard to the
position of the different correlation peaks. These have an
effect on the FeuFe correlations and subsequently on their
magnetic interactions. The representation of the SMRO with
these structures is distinctly different from the Frank-Kasper
polyhedra packing.35,36 This approach suggests that the de-
stabilization of the crystalline phases through local frustra-
tion as they are driven away from stoichiometry leads to the
glass transition. The two phases are necessary as they give
rise to two different local environments and the resulting
structure is not a nanocrystalline phase.

The competition between vitrification and crystallization
renders a very complex phase diagram with several compet-
ing phases usually appearing with cooling. Different phases
can also appear depending on the cooling rate. The close
proximity of glassy to crystalline regimes in the phase dia-
gram implies that if a quasicontinuous transformation from
one to the other takes place, the two regimes might exhibit
similarities in their equilibrium structures. The glass struc-
ture might resemble the local topology of nearby stable or
metastable crystalline phases but without the periodic con-
straints of the crystals due to frustration of the local interac-
tions.

The atomic volume obtained from these models can
be directly compared to the results reported by Wang
et al.,37 from models of the electronic and magnetic
structure of Fe-based amorphous alloys �FeuMnuZruB,
FeuMnuMouCuB�. From simulations of the
atomic structure of these compounds based on an ab initio
Monte-Carlo technique, they obtained atomic volumes
of 11.56 and 11.2 Å3 for FeuMnuZruB and
FeuMnuMouCuB, respectively. These values are
comparable to 12.06 and 11.24 Å3 for FeuZruB and
FeuMouCuB, respectively, obtained from our models.

Considering the differences in the chemical compositions be-
tween the compounds we can conclude that our results are
close to the results of the ab initio calculations. This means
that the tendency of changing atomic volumes with chemical
composition was described correctly by our models.

The formulation of the local order in amorphous glasses
from neighboring crystalline phases is consistent with the
crystal to glass transition in binary models proposed in Ref.
18. From these results we can deduce that although locally
differences are expected when different size and concentra-
tion of the solute ions are introduced in the FeuB substruc-
ture, a very similar equilibrium state ensues because the
mechanism for glass formation must be the same in the three
different glasses under investigation. This mechanism might
be applicable to all good glass formers and it might be be-
cause these glasses are close to eutectics as suggested in Ref.
38. While icosahedral packing has been used so far to de-
scribe the SMRO, this appears adequate for metal-metal al-
loys although very few direct comparisons with experiments
exist in the literature. On the other hand, the crystalline ap-
proximant method appears to provide a physical description
of the nature of the atomic ordering in metal-metalloid al-
loys. At the same time, it is understood that such a model
provides insufficient understanding of the energetics of the
interactions and the dynamics of the transition. Nevertheless,
the approach used in the present work may be useful as these
models can serve as a starting point to molecular dynamics
and ab initio methods. Also, these models present a physical
advantage compared to the DRP approach. The main prin-
ciple of DRP is geometrical packing and it takes into account
no real interatomic interactions. In contrast to DRP, the use
of real crystalline compounds makes a good starting point
and, consequently, the structure based on our model is more
realistic than the abstract geometrical structures based on
DRP.
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TABLE I. A list of model parameters for Fe64Mo14�CB�22, Fe68Zr10B22, and Fe75Y5B20. The agreement
factor is calculated using A2=	��exp�r�−�mod�r��2dr /	�0

2dr �See Ref. 23� and provides a measure of the
goodness of fit.

Glass Hybrid model �% phase� Packing fraction Agreement

Fe64Mo14�CB�22 0.2�Fe,B�23B6+0.8�Fe,Mo�62Mo3B14 0.63 0.138

Fe68Zr10B22 0.55�Fe,B�23B6+0.45�Fe,Zr�14Zr2B 0.61 0.079

Fe75Y5B20 0.4�Fe,B�23B6+0.6Fe14Y2B 0.67 0.152
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