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Abstract
The sequence of phase formations for elemental powders of stoichiometric
FeSi2 and Fe1−xPtxSi2 (0.03 � x � 0.50) mixtures prepared by mechanical
alloying at room temperature in an Ar atmosphere in a horizontal mill is
presented. Sample evolution was followed by means of Mössbauer spectro-
scopy and x-ray diffraction. After the milling, the results indicate the formation
of different disordered iron silicides, depending on milling time. The kinetics
of iron silicide formation was also studied; a diffusion-controlled process with
decreasing nucleation rate was found. In the case of Pt-doped samples, the
segregation of Pt silicides was observed even for the smallest concentration,
and no noticeable incorporation of Pt into the β-FeSi2 lattice could be inferred.
Samples were also subjected to annealing at 1123 K for 4 h to produce ordering
in the structures.

1. Introduction

The Fe–Si system is intricate because several stable and metastable phases can be produced
depending on the experimental conditions of synthesis. Non-equilibrium processing
techniques like ion beam mixing and mechanical alloying allow the formation of compounds
and metastable phases. In both cases, energy is supplied to the system under study in the form
of mechanical energy. Some portion of this energy is expended to overcome the chemical
barriers and to create defects and distortions. When starting from the elemental powder
mixture of Fe and Si for ball milling, or Si and Fe layers for ion beam mixing and laser-
induced quenching, it is possible to form different phases depending on composition, deposition
energy and temperature. For instance, ion beam mixing and laser quenching of equiatomic
Fe–Si multilayers induce the formation of a mixture of equiatomic disordered and ordered
structures [1–3]. On the other hand, the 380 keV Xe+ irradiation of a Fe layer deposited on
(100) Si leads to the formation of Fe3Si, FeSi and β-FeSi2 when the substrate temperature is
kept at T � 573 K, while for higher substrate temperatures α-FeSi2 is formed additionally
[2]. In samples prepared by mechanical alloying, a discrepancy has been reported concerning
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the sequence of phase formations. According to reference [4], α-FeSi2 was not detected,
and the formation of β-FeSi2 took place throughout a reaction between ε-FeSi and Si. In
other experiments [5], instead of β-FeSi2, the formation of α-FeSi2 together with ε-FeSi was
observed and it was postulated that α-FeSi2 reacts with ε-FeSi to give rise to β-FeSi2.

The semiconducting β-FeSi2 phase has attracted attention because its thermoelectric
properties can be changed by doping with metallic atoms. For instance, the material has
p-type properties if doped with Mn atoms and n-type properties if doped with Pt atoms [6].
The structure of β-FeSi2 is a complex one having, per unit cell, 32 silicon atoms and 16
iron atoms, the latter in two non-equivalent sites (site I and site II), equally populated [7].
The localization of impurity atoms in the lattice sites is still an open question. Recently, a
new model for the assignment of the measured hyperfine interactions to the Fe sites has been
reported [8]. This model could help us to understand the impurity localization in the lattice of
β-FeSi2.

Experiments dealing with the sequence of phase formations of FeSi2 and Fe1−xPtxSi2
(0.03 � x � 0.50) systems after mechanical alloying at room temperature in Ar atmosphere
are presented. The sample evolution with milling time and Pt concentration was followed by
means of Mössbauer spectroscopy and x-ray diffraction. The phase formation after annealing
at 1123 K for four hours is also discussed.

2. Experimental procedure

Mixtures (0.700 g) of stoichiometric amounts of elemental Fe (99.999% purity) and Si (99.99%
purity) for pure silicides and Fe, Si and Pt (99.95% purity) for Fe1−xPtxSi2, were mechanically
alloyed at room temperature in an Ar atmosphere using a Restsch MM2 horizontal mill operated
at 33 Hz. The ball-to-powder ratio was 10:1.

Samples were characterized by means of x-ray diffraction (XRD) in a Philips PW1710
diffractometer using graphite-monochromatized Cu Kα radiation. Data were recorded in the
range 10◦ � 2θ � 110◦ in steps of 0.02◦ with a counting time of 2 s per step. Phase
identification was performed using the Powder Diffraction Files [9].

Mössbauer spectra were taken in transmission geometry using a 57CoRh source of
approximately 5 mCi activity and recorded in a standard 512-channel conventional constant-
acceleration spectrometer. Two sets of spectra were taken in order to analyse in detail the
different phases present in the samples. In one case the velocity range ran between −8 and
+8 mm s−1 and in the other one it was between −2 and +2 mm s−1. Velocity calibration was
performed with a 12 µm thick α-Fe foil. All spectra were fitted to Lorentzian line shapes with
a non-linear least-squares program with constraints. The isomer shifts are referred to α-Fe at
298 K.

The annealings at 1123 K for 4 h inside quartz ampoules (p ≈ 5 × 10−6 mbar) were
carried out with a conventional electric oven.

3. Results and discussion

The kinetics of formation of iron silicides, as well as the end products, were investigated by
means of x-ray diffraction and Mössbauer spectroscopy in samples with FeSi2 composition.
The diffractograms of the as-milled samples, shown in figure 1, are characterized by broad
lines, associated with grain refinement and lattice internal strain. An admixture of phases was
identified, while amorphous phases were not observed. For milling times shorter than 4 h, the
lines belonging to Si and Fe are observed. The contribution to the diffractograms of these lines
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Figure 1. X-ray diffractograms of FeSi2 mixtures subjected to milling for different times:
(a) t = 1 h, (b) t = 4 h, (c) t = 15 h, (d) t = 28.5 h and (e) t = 28.5 h and annealed
at 1173 K for 4 h. The solid squares and triangles indicate the positions of α-Fe and Si lines,
respectively. The open circles, triangles and diamonds indicate the positions of the lines belonging
to ε-FeSi, α-FeSi2 and β-FeSi2, respectively.
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gradually decreases with milling time. After 1 h of milling, traces of ε-FeSi, as observed in
the inset of figure 1(a)), are detected, indicating that this silicide is the first product formed.
For larger milling times, other silicides are also present in the samples; the lines displayed in
the diffractograms can be ascribed to α-FeSi2, β-FeSi2 and ε-FeSi. The presence of the last
phase is more important at short times, while the contribution of β-FeSi2 reaches a maximum
after 4 h of milling and then remains constant.

For times up to 4 h of milling, Mössbauer spectra with a wide velocity range (not shown
here) are characterized by two central lines superimposed onto the α-Fe sextet (B = 331 T,
δ = 0.001 mm s−1) whose intensity decreases with milling time. The relative fraction of α-Fe
(Fα) is quoted in table 1. The central lines can be ascribed to the disordered iron silicide phases
[10]. In agreement with the XRD results, for milling times higher than 4 h the contribution of
the sextet to the spectra is null. After the completion of the reaction between Fe and Si atoms,
no changes are noticed either in the diffractograms or in the Mössbauer spectra, indicating
that once the elemental powders are completely consumed, a dynamic equilibrium between
the phases is reached, i.e. a steady state is achieved.

Table 1. Hyperfine parameters (�i = quadrupole splitting, δi = isomer shift and �i = linewidth)
and relative fractions (Fi ) for FeSi2 mixtures subjected to milling for different times.

Time �1 δ1 �1 F1 �2 δ2 �2 F2 Fα

(h) (mm s−1) (mm s−1) (mm s−1) (%) (mm s−1) (mm s−1) (mm s−1) (%) (%)

1† 0.603 0.242 0.485 111 893

1.5† 0.531 0.281 0.371 191 0.511 0.101 0.382 264 552

2† 0.531 0.221 0.411 233 0.531 0.141 0.401 354 423

2.5† 0.541 0.281 0.391 263 0.511 0.101 0.421 263 481

3 0.541 0.261 0.381 474 0.591 0.122 0.421 464 61

4 0.551 0.281 0.401 422 0.501 0.081 0.421 582

6.83 0.551 0.261 0.411 493 0.531 0.091 0.461 484

15 0.581 0.271 0.411 311 0.491 0.081 0.411 691

16 0.561 0.261 0.411 512 0.501 0.091 0.421 492

19 0.581 0.281 0.411 421 0.501 0.091 0.421 581

27.5 0.571 0.271 0.412 372 0.501 0.081 0.421 632

28.5 0.571 0.261 0.421 412 0.511 0.081 0.401 592

55 0.561 0.271 0.411 371 0.491 0.091 0.411 621

† Values averaged over experiments on several independent samples.

The evolution of the silicide relative fraction (f (t) = F1+F2 of table 1) with milling time is
displayed in figure 2. An increase of the silicide contribution is observed; it is saturated at 100%
after approximately 5 h of milling. The silicide relative fraction evolution follows a sigmoidal
behaviour, typical of a nucleation-and-growth reaction; the kinetics of the transformation was
analysed using the Avrami equation [11]:

f (t) = 1 − exp(−ktn).

The mechanism of the transformation is determined by the kinetics parameters n and k. The
time exponentn is related to the particular nucleation-and-growth conditions, while the constant
rate of the reaction k is associated with the rate of nucleation and growth of the new phase.
These kinetics parameters were determined by fitting the curve, and the resulting values are
n = 2.0 ± 0.4 and k = 0.19 ± 0.06 s−1. The n-value indicates a diffusion-controlled growth
with decreasing nucleation rate.

In the early stage of the milling process, the elemental powders welded together giving
rise to the formation of an Fe/Si interface and a decrease in the crystallite size. According
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Figure 2. Evolution with milling time of the iron
silicide relative fraction. The solid line is the
result of the fit to the data with an Avrami-type
equation.

to Umemoto et al [4], mechanical alloying is a random walk and the resulting structure is
similar to those expected from the diffusion of both species. This hypothesis is confirmed
by the present results, through the determination of the kinetics of formation of silicides. In
this framework, it could be possible to assume that the atomic transport is diffusion-like with
a diffusion coefficient enhanced by the deposited energy of the process itself and a chemical
driving force originating from the negative heat of mixing [12].

In order to investigate in detail the central part of the Mössbauer spectra, the velocity
range of the spectrometer was set at [−2, 2 mm s−1]. The spectra, characterized by broad lines
suggesting a high degree of disorder in the phases (see figure 3), were reproduced with two
interactions except for t = 1 h. For this milling time, the smallness of the contribution to the
spectrum of the quadrupole signal prevented us from identifying more than one Fe site. For
times shorter than 4 h, the two central lines of the α-Fe sextet are also observed in the spectra.
The results of the fits are reported in table 1.

Currently there is wide consensus on how the β-FeSi2 and ε-FeSi Mössbauer spectra must
be interpreted. That of β-FeSi2 consists of two unresolved, equally populated, quadrupole
interactions with similar isomer shifts and different quadrupole splittings, while that of ε-FeSi
corresponds to only one quadrupole interaction. On the other hand, though the pattern of α-
FeSi2 is well known (a rather wide asymmetric doublet with different component linewidths),
quite different approaches have been used to reproduce it (see table 2).

The fitted hyperfine parameters (table 1) and the x-ray results indicate that the first phase
produced is ε-FeSi. After that, silicides with FeSi2 stoichiometry are also formed, probably
highly disordered. Therefore, it can be assumed that the first interaction reported in table 1
mostly originates from the ε-FeSi phase. The isomer shift of the second interaction is close
to that of the average of the β-FeSi2 ones. We have thus assumed that the main contribution
to this interaction comes from the β-phase in spite of its quadrupole splitting (≈0.5 mm s−1)
being larger than the β-FeSi2 average (≈0.4 mm s−1), since this quantity is strongly sensitive
to small local departures from crystal symmetry while the isomer shift is not. According to
the x-ray results, α-FeSi2 is also present; hence its contribution to the spectra must be shared
by the two interactions reported in table 1. Thus, due to the phase and hyperfine parameter
superposition, it is not possible to perform a unique assignment of the fitted interactions to the
different phases [10].

Two different mechanisms of phase formation under mechanical alloying in systems with
initial composition FeSi2 have been reported [4, 5]. According to Umemoto et al [4], it is
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Figure 3. Narrow-velocity-range Mössbauer-effect spectra recorded from FeSi2 mixtures milled
for different times: (a) t = 3 h, (b) t = 6.8 h, (c) t = 16 h, (d) t = 19 h, (e) t = 28.5 h and
(f ) t = 28.5 h and annealed at 1173 K for 4 h.

possible to synthesize β-FeSi2, avoiding the formation of ε-FeSi, by milling for a short time
and annealing. Samples prepared using a planetary mill, at highest-energy conditions, after
Gaffet et al [5], give end products corresponding to a mixture of Fe, Si, FeSi, α-FeSi2 and
amorphous phases. Crystalline phases were also observed for lower-energy conditions and
lower duration times. In the present experiments, ε-FeSi is formed alone after short times and,
subsequently, ε-FeSi, α-FeSi2 and β-FeSi2 are present at the same time. Moreover, when the
initial powders are consumed, i.e. neither Fe nor Si atoms remain without reacting, the three
phases remain present with contributions independent of the time of milling.

According to Schwartz [20], it is not possible to mechanically alloy mixtures of metal and
metalloid powders. This hypothesis is based on the fact that the mechanical attrition for milling
breaks the metalloid into nanosized particles which are dispersed throughout the metal phase,
preferentially at grain boundaries, but alloying does not occur. The formation of intermetallic
phases is expected after annealing at moderate temperatures. However, this is not the case for
the Fe–Si system, which is prone to form stable and metastable compounds, depending on the
milling conditions.
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Table 2. Hyperfine interactions reported in the literature for ε-FeSi, β-FeSi2 and α-FeSi2.

Phase Iron site δ (mm s−1) � (mm s−1) Reference

ε-FeSi Fe I 0.282 0.502 [13, 14]

β-FeSi2 Fe I 0.0768 + 0.5258 [8, 15]
Fe II 0.0918 −0.3158

α-FeSi2 Fe I 0.27 0.49 [14]

Fe I 0.2† 0.55† [16]

Fe I 0.23 0.47 [17]
Fe II 0.26 0.73

Fen=0 0.261 0.601 [18]
Fen=1 0.421 0.701

Fen=2 0.231 0.351

Fen=3 0.061 0.042

Fe I −0.07† 0.081† [19]
Fe II 0.180† 0.466†
Fe III 0.278† 0.730†

† Average values of the Gaussian distribution.

Two amorphous phases reported by Gaffet et al [5] (one of which should correspond to
an amorphous silicon phase and another which has not been identified yet) were not observed,
probably because under the present experimental conditions this step has been avoided.

The formation even at room temperature of unidentified highly disordered silicides after
MBE iron deposition on Si(111) has been observed [21]. After annealing, this silicide trans-
forms into CsCl–FeSi and finally into ε-FeSi. In our case, the occurrence of ε-FeSi could be
related to the initial grown of a disordered silicide (not detected) that evolved into ε-FeSi under
mechanical energy supply. The formation of ε-FeSi may be due to its more negative enthalpy
of formation (�H = −26 kJ mol−1 [22]) in comparison to that of FeSi2 (�H = −12 kJ mol−1

[22]). Once the FeSi2 local atomic concentration is reached, driven by the global composition,
β-FeSi2 and α-FeSi2 phases could be formed.

The presence of the metastable α-FeSi2 phase can be understood by considering a deviation
from the ideal stoichiometry and/or the defects created by the process itself. Moreover,
the formation of α-FeSi2 under non-equilibrium conditions has been reported several times,
e.g. for single-crystal Si implanted with Fe ions at room temperature with subsequent ion-
beam-induced epitaxial crystallization [10], rapid thermal annealing [23] and molecular beam
epitaxy [24], or in ion beam mixing experiments [2, 3].

One difference between the present results and those of reference [25] is the observed
stability of the β-FeSi2 phase, which under milling did not decompose into ε-FeSi. This
difference is still an open question.

Annealing at 1173 K for four hours induces order which is detected by a narrowing
in the XRD and Mössbauer lines (figures 1 and 3). The x-ray diffraction patterns indicate
that the majority phase is β-FeSi2, α-FeSi2 completely disappears and only traces of ε-FeSi
are present. The Mössbauer spectra can be satisfactorily reproduced with the following
quadrupolar interactions: I1: �1 = 0.601 mm s−1, δ1 = 0.061 mm s−1, F1 = 411%; I2:
�2 = 0.281 mm s−1, δ2 = 0.071 mm s−1, F2 = 421%; and I3: �3 = 0.50 mm s−1,
δ3 = 0.28 mm s−1, F3 = 161%) associated with the non-equivalent iron sites in the β-
FeSi2 structure [8] and (with minor intensity) with ε-FeSi [13, 14]. The α-FeSi2-to-β-
FeSi2 transformation is clearly observed in the diffractograms and in the Mössbauer spectra.
Annealing at the same temperature for 12 h did not modify the phase contribution.
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The effect of the replacement of Fe atoms by Pt atoms in Fe1−xPtxSi2 samples subjected
to 19 h of mechanical alloying was also studied. Substantial changes are not observed in the
main features of the XRD and Mössbauer results (see figure 4). However, even for the smallest
Pt concentration used in the present investigation, lines belonging to Pt silicides are detected
in the diffractograms. These lines can be associated with Pt12Si5, Pt6Si5 and PtSi together with
those of β-FeSi2, α-FeSi2 and ε-FeSi. The contribution of Pt silicides to the diffractograms
increases with Pt concentration. As regards the Mössbauer results, changes are not observed
either in the neighbourhood of the Fe probes, or in the relative fractions (see table 3). After
annealing at 1123 K for 4 h, an ordering is observed (see figure 5 and table 4), together with
the α-FeSi2-to-β-FeSi2 transformation.
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Figure 4. On the left, x-ray diffractograms taken from samples with different Pt concentrations
milled for 19 h. On the right, the corresponding Mössbauer spectra. (a), (e) x = 0.03; (b), (f )
x = 0.09; (c), (g) x = 0.24; (d), (h) x = 0.36. The open circles, triangles and diamonds indicate the
positions of the lines belonging to ε-FeSi, α-FeSi2 and β-FeSi2, respectively. The solid triangles,
circles and squares indicate the positions of the main lines of Pt12Si5, PtSi and Pt6Si5, respectively.

Using the method of atom location by channelling-enhanced microanalysis [6] and
Mössbauer spectroscopy [26], it was confirmed that impurity preferentially occupies Fe sites.
When the silicide is doped with Ni or Cr atoms, it was suggested from Mössbauer results that Ni
atoms probably occupy site II while Cr atoms occupy site I [26]. However, these results should
be checked, because the Mössbauer spectra were analysed using an old model of association
between the measured hyperfine interactions and the structural sites [8]. In the case of Co
doping, the Mössbauer results were not conclusive as regards a preferential replacement of Fe
atoms by Co atoms [27]. The present Mössbauer results suggest that no significant replacement
of Fe atoms by Pt ones in the structural sites of β-FeSi2 has taken place. This hypothesis is
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Table 3. Hyperfine parameters (�i = quadrupole splitting, δi = isomer shift and �i = linewidth)
and relative fractions (Fi ) obtained for Fe1−xPtxSi2 mixtures with different Pt concentrations milled
for 19 h.

x �1 (mm s−1) δ1 (mm s−1) �1 (mm s−1) F1 (% ) �2 (mm s−1) δ2 (mm s−1) �2 (mm s−1) F2 (%)

0.00 0.581 0.281 0.411 492 0.531 0.101 0.421 512

0.03 0.581 0.271 0.432 333 0.501 0.091 0.401 674

0.06 0.581 0.271 0.421 452 0.511 0.101 0.41 552

0.09 0.582 0.281 0.411 492 0.531 0.101 0.401 512

0.12 0.581 0.281 0.401 423 0.511 0.101 0.401 583

0.24 0.621 0.291 0.401 365 0.541 0.151 0.451 647

0.36 0.621 0.291 0.392 376 0.541 0.151 0.441 638

0.50 0.611 0.271 0.401 474 0.491 0.121 0.432 538
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Figure 5. On the left, x-ray diffractograms taken from samples with different Pt concentrations
milled for 19 h and annealed at 1173 K for 4 h. On the right, the corresponding Mössbauer
spectra. (a), (e) x = 0.03; (b), (f ) x = 0.09; (c), (g) x = 0.24; (d), (h) x = 0.36. The open
circles, triangles and diamonds indicate the positions of the lines belonging to ε-FeSi, α-FeSi2 and
β-FeSi2, respectively. The solid triangles, circles and squares indicate the positions of the main
lines of Pt12Si5, PtSi and Pt6Si5, respectively.

supported by the fact that the populations of the two non-equivalent Fe sites in the β-FeSi2
structure remain unchanged and equal to 50% as in the pure phase [8], as well as by the fact
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Table 4. Hyperfine parameters (�i = quadrupole splitting, δi = isomer shift and �i = linewidth)
and relative fractions (Fi ) associated with Fe1−xPtxSi2 samples with different Pt concentrations
milled for 19 h and annealed at 1173 K for 4 h.

x �1 (mm s−1) δ1 (mm s−1) �1 (mm s−1) F1 (%) �2 (mm s−1) δ2 (mm s−1) �2 (mm s−1) F2 (%)

0.00 0.601 0.061 0.331 411 0.281 0.071 0.321 421

0.03 0.561 0.081 0.321 476 0.331 0.091 0.331 516

0.06 0.561 0.081 0.321 504 0.321 0.091 0.321 474

0.09 0.571 0.081 0.331 487 0.322 0.091 0.331 457

0.12 0.561 0.071 0.331 464 0.321 0.091 0.302 484

0.24 0.542 0.071 0.341 4512 0.343 0.091 0.312 4111

0.36 0.572 0.071 0.331 368 0.332 0.091 0.312 427

x �3 (mm s−1) δ3 (mm s−1) �3 (mm s−1) F3 (%)

0.00 0.50 0.28 0.301 161

0.03 0.50 0.28 0.233 21

0.06 0.50 0.28 0.302 31

0.09 0.50 0.28 0.482 71

0.12 0.50 0.28 0.481 61

0.24 0.50 0.28 0.471 153

0.36 0.50 0.28 0.491 213

that the resulting hyperfine parameters do not change with Pt content. The segregation of Pt
silicides under the present experimental conditions could be related to their highly negative
heat of formation (�HPtSi = −56 kJ mol−1 and �HPt2Si = −47 kJ mol−1 [22]) compared
with those of Fe silicides and, hence, the predominance of chemical forces.

4. Conclusions

The Fe–Si system (FeSi2 composition) has been subjected to ball milling in order to investigate
the sequence of phase formations and the silicide formation kinetics. According to the
present results, the formation of iron silicides is a diffusion-controlled process with decreasing
nucleation rate. The first end product is ε-FeSi and, as milling time proceeds, β-FeSi2 and
α-FeSi2 are also formed. This sequence of phase formations is consistent with the heats of
formation of the respective silicides and with the presence of defects created by the ball milling
itself.

As regards the doping of β-FeSi2 with Pt, the replacement of Fe atoms by Pt ones in the
metal sites of β-FeSi2 was not observed even for the lower Pt concentration studied. This
could be related to the highly negative heat of formation of Pt silicides as compared with those
of iron silicides.

The present results indicate that the chemical driving forces dominate over the mech-
anically induced non-equilibrium mechanisms under the present experimental conditions.
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