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Effect of structural disordering on magnetic and magneto-optical properties of Fe3Si
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The electronic, magnetic, transport, and magneto-optical properties of the D03 and amorphous Fe3Si are
investigated by using the first-principles calculations. A strong correlation between local magnetization and
atomic arrangement is established. The amorphization significantly alters the spin polarization and the magneto-
optical Kerr rotation spectrum but has a little influence on anomalous Hall conductivity. Analyses in band
structures and interband matrix elements provide clear insights for the understanding of these results.
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I. INTRODUCTION

Iron silicides provide rich electronic properties for fun-
damental studies as well as for diverse applications such
as in optoelectronic, thermoelectric, and spintronic devices
[1–10]. For instance, the Si-rich β-FeSi2 is a semiconductor
with a band gap of about 0.87 eV, making it suitable for
the use in optoelectronic technologies [1–3]. On the Fe-rich
side, Fe5Si3 [7] and Fe3Si [8–10] are metallic ferromagnets
at room temperature, and hence are promising as efficient
spin-injection sources in spintronic and magnetic devices. The
bulk Fe3Si is a Heusler alloy with a high Curie temperature
(≈803 K) [8], as well as a relatively large spin polarization
at the Fermi level (≈43%) [11]. In particular, it is almost
perfectly lattice matched with the GaAs(001) substrate, al-
lowing high-quality epitaxial growth with atomically flat in-
terfaces, a desired feature for achieving high spin-injection
rate. Indeed, Herfort et al. have recently reported epitaxial
growth of Fe3Si layers on GaAs(001) with a sharp interfacial
perfection [12], and they successfully realized spin injection
from Fe3Si into GaAs at room temperature [13]. Many studies
have been carried out afterwards on growing Fe3Si layers on
various semiconductor substrates, including Si [14–16], Ge
[17,18], and MgO. [19,20] A variety of attractive phenomena
has been discovered such as the Fermi-level pinning [21],
the tunneling magnetoresistance effect [22], large magnetic
anisotropy [19,23–25], and planar Hall effect [26–28].

Crystalline Fe3Si is known to have multiple local structures
and thus can accommodate substitutional transition-metal im-
purities [29]. It is believed that the spintronic properties of
Fe3Si systems can be improved or modified by changing
their atomic arrangements. Recently, by introducing a certain
amount of Mn atoms into Fe3Si, Hamaya et al. showed
that it is possible to get a high spin polarization of P �
0.9 in Fe3−xMnxSi/Ge(111) at room temperature when x ≈
0.6. Lattice strains can also have a significant influence on
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the electronic and transport properties of Fe3Si films [30].
Zhang et al. investigated the strain effect on the magnetic
anisotropy energies of epitaxial Fe3Si and nonstoichiometric
Fe100−xSix(x = 6.25∼25) films on the MgO(001) substrate
[25], and found that the magnetic easy axis can be changed
from the in-plane direction to the out-of-plane direction by
applying an appropriate compressive vertical strain. Struc-
tural disordering is also an important mean to tune the mag-
netic and electronic properties. While the epitaxial FexSi1−x

(0.5 < x < 1.0) films mostly have the D03 or B2 local struc-
ture even far from stoichiometry, [19,31] amorphous FexSi1−x

samples behave very differently as they lose the short- and
long-range orderings. Very recently, Karel et al. [31] have
showed that amorphous FexSi1−x samples (0.58 < x < 0.68)
have significantly enhanced spin polarization, up to 70% at
x = 0.65 measured by Andreev reflection spectroscopy [32],
a value which is much larger than the corresponding value in
the ordered phase (49%).

In the present work, we systematically investigated the
electronic structures, magnetic and magneto-optic properties
of D03-Fe3Si, as well as the modifications of these proper-
ties caused by the structure disordering. Compared with the
D03-Fe3Si, we found that the amorphous Fe3Si has larger
average magnetic moment and broader band. Furthermore,
the structural disordering has an insignificant influence on
the anomalous Hall conductivity around the Fermi level but
noticeably affects the magneto-optical Kerr rotation spectrum.
These results provide a comprehensive collection of physical
properties of FexSi1−x alloys around the concentration of
x = 0.75 and shed light for the control and optimization of
spintronic performance of intermetallic alloys.

II. MODELS AND METHOD

The first-principles calculations were performed using
the projector augmented wave method (PAW) as imple-
mented in the Vienna Ab initio Simulation Package (VASP).
The exchange-correlation interactions were described by the
generalized-gradient approximation with the Perdew-Burke-
Ernzerhof functional [33]. An energy cutoff of 350 eV was
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FIG. 1. The partial pair-distribution function for (a) D03, liquid
and amorphous Fe3Si. The left and right insets depict the D03 and
amorphous structures with blue and brown balls for Fe and Si atoms,
respectively (b) Fe-Fe, Fe-Si, Si-Si pair-distribution functions in
amorphous Fe3Si. The four configurations in insets are the most
typical local configurations at the first PDF peak with the central Fe
atom and its neighbors within a range of 2.6 Å.

used for the plane-wave basis expansion. All atoms were fully
relaxed using the conjugate gradient method until the force
acting on each atom was less than 0.01 eV/Å.

The D03-Fe3Si is a quasi-Heusler compound in the chem-
ically ordered phase with two inequivalent Fe lattice sites,
as shown in the left inset in Fig. 1(a). While one Fe site is
surrounded by four nearest Fe atoms and four nearest Si atoms
[denoted as Fe(1)], the other Fe site is surrounded by eight
nearest Fe atoms [denoted as Fe(2)]. The Brillouin zone was
sampled with a 12 × 12 × 12 Monkhorst-Pack k-point mesh.
The optimized lattice constant, a = 5.61 Å, is consistent with
the experimental value of 5.65 Å [34].

In order to obtain the amorphous Fe3Si structure, we per-
formed ab initio molecular dynamics (AIMD) simulations in a
4 × 4 × 4 supercell with 128 atoms. The initial configuration
was prepared by randomly distributing Fe and Si atoms on
the lattice sites in a ratio of 3:1. The system is then gradually
heated up to 3000 K in 10 ps and annealed at 3000 K for 4 ps
to get a fully molten liquid state. Afterwards, we cooled
the system down to 100 K in 6 ps to get the amorphous
structure. Only the Г point was used in the AIMD simulations.
After that, a 3 × 3 × 3 Monkhorst-Pack k-point mesh was
adopted for the further structural optimization and finally for
the determination of electronic and magnetic properties of
amorphous Fe3Si, as depicted in the right inset in Fig. 1(a).

III. RESULTS

A. Molecular dynamics simulations for amorphous Fe3Si

The pair-distribution function [PDF, g(r)] is a very impor-
tant quantity for studies of liquid and amorphous structures.
The PDF describes the density of atoms at a distance from

the reference atom and characterizes the degree of structural
disordering. The PDF [35] can be obtained as

g(r) = V

N

(
n(r,�r)

4πr2�r

)
. (1)

Here, V is the volume of simulation system, N is the number
of atoms, and n(r,�r) is the number of atoms around a central
atom within the interval between r and r + �r. The PDF of
the quenched Fe3Si system is shown in Fig. 1(a), together
with those of the crystalline and liquid Fe3Si structures. While
the black and red lines overall follow each other, the two
shoulders of the second peak around the cyan spikes clearly
imply the formation of the amorphous structure, as have been
observed for many amorphous materials such as Fe78Si9B13

alloys [36].
Furthermore, we show its partial PDF of Fe-Fe, Fe-Si,

and Si-Si pairs in Fig. 1(b). Clearly, gFe-Si(r) has the highest
first peak, indicating that Fe is more likely to bind with its
surrounding Si atoms. The first peak of gFe-Si(r) locates at
about 2.35 Å, which means that the average nearest-neighbor
distance of Fe-Si pairs is shorter than the corresponding Fe–
Fe and Fe–Si bonds in D03-Fe3Si (∼2.43 Å) by 3.3%. The
gSi-Si(r) curve has the lowest first peak but a relatively high
second peak around 4.0 Å. This characteristic indicates that
Si atoms avoid forming the first neighbors as they are slightly
ionized by Fe atoms in FeSi alloys.

B. Electronic and magnetic properties

To investigate the influence of structure disordering on the
electronic and magnetic properties of Fe3Si, we present the
magnetic moment distribution in Fig. 2(a). For the D03 Fe3Si
(two red columns with shadow), the local magnetic moments
of Fe atoms depend strongly on their environment. The Fe
atoms surrounded by four Fe atoms and four Si atoms have
a low magnetic moment of M[Fe(1)] = 1.32 μB, whereas
the other four Fe atoms which have all eight Fe neighbors
have a high magnetic moment of M[Fe(2)] = 2.52 μB. This
difference can also be seen in Fig. 2(b) by the curves of
projected density of states (PDOS), a quantity which weights
the contribution from each individual atom by integrating the
wave functions in a designated spatial region (e.g., a sphere)
or by projecting the wave functions to atomic orbitals or
spherical harmonics. While there is a broad peak of Fe(1)-
d states in the minority spin channels at the Fermi level
(EF ), Fe(2)-d orbitals near EF in the minority spin channel
obviously split, in good agreement with previous studies [37].

In contrast, the PDOS profiles are broadened significantly
in the amorphous Fe3Si. The magnetic moment distribution
in amorphous Fe3Si becomes widely spread, as shown by
black columns in Fig. 2(a). The average magnetization (i.e.,
the total magnetic moment divided by the total number of Fe
and Si atoms) is 1.37 μB/atom, obviously larger than that of
the crystalline D03-Fe3Si, 1.28 μB/atom. The analyses on the
local surroundings of different Fe atoms show that the local
magnetic moment of Fe increases with the decrease of their
neighboring atoms, particularly Si. For example, the Fe atom
with the smallest magnetization, ∼0.4 μB, is surrounded by
nine atoms, five Si and four Fe, whereas the Fe atom with
the largest magnetic moment, ∼2.4 μB, is surrounded by only
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FIG. 2. (a) The number of Fe atoms within a range of magnetic
moment (M ± 0.05 μB ) in amorphous Fe3Si, and insets show a few
corresponding local configurations with neighbors around those Fe
atoms within a range of 2.6 Å. The Fe and Si atoms in insets are
represented by blue and brown balls, respectively. (b) The PDOS
of Fe atoms in the D03 Fe3Si and averaged PDOS per Fe atom
in the amorphous Fe3Si. (c) The PDOS of Fe atoms in the amor-
phous Fe3Si, corresponding to configurations I, IV, and VI in (a),
respectively.

seven atoms, one Si and six Fe. At this concentration, all
Fe atoms in amorphous Fe3Si have Si neighbors, causing the
disappearance of Fe(2)-type atoms as in the crystalline struc-
ture. The PDOS curves of several representative Fe atoms, i.e.,
those with the smallest, intermediate, and the largest magnetic
moments, in the amorphous Fe3Si are shown in Fig. 2(c). It
is apparent that the profiles of PDOS curves correlate with
the magnetic moments of Fe atoms. For Fe atoms with large
magnetic moment (type VI), the d bands are broad and the
exchange splittings are more obvious. As they gain some elec-
trons from Si and mostly Fe neighbors, the spin-up bands are
almost fully occupied, and the separation between bonding-
antibonding peaks in the spin-down channel is more obvi-
ous. In contrast, the PDOS curves of Fe atoms with smaller
magnetic moment are narrower, and their exchange splittings
are also smaller, due to the presence of nonbonding states
around the Fermi level because the hybridization between Fe
and nonmagnetic Si is weaker than Fe-Fe hybridization. The
Bader charge analyses indicate that each Si atom transfers
0.19 e to its Fe neighbors in the amorphous phase.

C. Anomalous Hall effect

In Figs. 2(b) and 2(c), the modifications of electronic and
magnetic properties by the structural disordering can be found
in the entire energy range, particularly near the Fermi level.
Therefore, transport properties such as the spin polarization
and the anomalous Hall effect (AHE) are expected to be
strongly altered. In previous studies, we addressed the en-
hanced spin polarization in amorphous FexSi1−x for carriers
near the Fermi level [19,31]. From the curves of PDOS in
Figs. 2(b) and 2(c), we may attribute this enhancement to the
appearance of type-VI Fe atoms and Si→Fe charge transfer
in the amorphous environment. Here, we focus on studying
another important transport property: the intrinsic anomalous
Hall conductivity (AHC). In general, the anomalous Hall
effect in a ferromagnet may also be affected by extrinsic
mechanisms such as skew and side-jump scatterings. The
intrinsic AHE from the electronic band structures nevertheless
plays the dominate role in most materials [38], and hence we
only consider the intrinsic part in this work.

The intrinsic anomalous Hall conductivity σxy is calculated
by integrating the Berry curvature over the Brillouin zone
[39]:

σxy = −e2

h

∫
BZ

d3k

(2π )3 �z(k), (2)

where �z(k) is determined as [39]

�z(k) =
∑

n

fn�
z
n(k)

= −
∑

n,m �=n

fn(k)
2Im〈ψnk|vx|ψmk〉〈ψmk|vy|ψnk〉

(ωm − ωn)2 . (3)

Here, fn is the Fermi occupation factor, ψnk and En = h̄ωn are
the spinor Bloch wave function and eigenvalue of the nth band
at a k point, and vx, vy are velocity operators.

The calculated AHC of the D03-Fe3Si at room temperature
is 237 (� cm)−1, which is smaller than the value of the bulk
body-centered cubic Fe [39]. The AHC is mainly attributed to
the large Berry curvature in the vicinity around 2/3(Г-M) in
the Brillouin zone as shown in Fig. 3(a). The spin-resolved
band structure of D03-Fe3Si, with the spin-orbit coupling
(SOC) included, is shown in Fig. 3(b). To highlight the effect
of SOC, different colors are used to indicate the mixing ratio
of spin-up (blue) and spin-down (red) components. We found
that the large Berry curvature results from spin-down dxz/dyz

states that interact across the Fermi energy, as marked by
a black circle in Fig. 3(b). The small SOC-induced energy
splitting gives rise to small denominators in Eq. (3), and hence
produces a large peak of Berry curvature in the Brillouin
zone.

For the amorphous Fe3Si, the room-temperature AHC is
222 (� cm)−1, a value that is similar with that of D03 Fe3Si.
This is not surprising because the total DOS of amorphous
Fe3Si near the Fermi energy does not change much compared
with that of D03 Fe3Si. However, AHCs of the crystalline
and amorphous phases behave very differently as we shift the
position of the Fermi level according to a rigid-band model,
as shown in Fig. 3(c). For D03-Fe3Si, the AHC can reach a
maximum of 1127 (� cm)−1 when the Fermi level is lowered
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FIG. 3. (a) Berry curvature and (b) spin-resolved band structure of the D03-Fe3Si along the high-symmetric path R-	-M-R-X in the
Brillouin zone. The color bar indicates the mixing ratio of two spins. (c) The AHC as a function of the Fermi level according to a rigid-band
model.

by −0.28 eV, which suggests the potential of manipulating
AHC in a large range by doping or gating. This large value
is attributed to the SOC between a pair of spin-up/spin-down
bands around 1/2(	-M ) in the Brillouin zone, as marked
by an orange circle in Fig. 3(b). The bands in green color
contribute the most since the green color indicates a strong
intermix of two spin components, which usually produces
a large Berry curvature. Overall, the AHC of amorphous
Fe3Si varies slowly and smoothly with the change of the
Fermi level due to the broadened DOS profile, whereas AHC
of crystalline Fe3Si has more features. We tested several
different initial configurations for the MD simulations and
found that the values of AHC may vary slightly within a range
of ∼5%.

We want to emphasize that the AHC of amorphous Fe3Si
was calculated with a supercell according to Eqs. (2) and
(3). One may argue that the Brillouin zone disappears as the
supercell expands to infinity and this approach may become
questionable. We perceive that the SOC information is carried
over by electronic states no matter how many times we fold
the Brillouin zone. Even though bands eventually become
energy levels, Eq. (3) is still applicable whereas the integral
in Eq. (2) becomes unnecessary as the Brillouin zone shrinks
to a dot. As amorphous materials have varying local atomic
configurations in different spatial regions, the sharp peaks
in the σxy(E − EF ) spectrum due to the quasidegeneracy of
bands in ordered structure disappear. Nonetheless, the almost
unaffected main parts indicate that contributions to AHC from

pairs of states with finite energy separations are insensitive to
the change of environment.

D. The magneto-optical Kerr effect

Magneto-optical Kerr spectroscopy is a useful technique
for studies of magnetic systems via the polarization and
energy-dependent reflection and absorption. In a polar ge-
ometry, where the z axis is chosen to be parallel to the
magnetization direction, the complex Kerr angle is given by
[40]

φK ≡ φK + iεK = −σxy

σxx

√
1 + i

(
4π
ω

)
σxx

, (4)

where φK is the real Kerr rotation angle, εK stands for the
Kerr ellipticity, σxx and σxy are components of the conductivity
tensor calculated by using the Kubo formula:

σαβ (ω) = ie2

V m2h̄

∑
k

∑
m,n

fm(k) − fn(k)

ωmn(k)

pα
mn(k)pβ

nm(k)

ω − ωmn(k) + iη
.

(5)

Here, V is the volume of the unit cell, fn(k) is the Fermi
occupation factor of the nth eigenstate at wave vector k.
h̄ωmn(k) = Em(k) − En(k) is the energy difference between
the mth and nth states, h̄ω is the incident phonon energy, and
pα

nm(k) is the matrix element of the momentum operator. The

095602-4



EFFECT OF STRUCTURAL DISORDERING ON MAGNETIC … PHYSICAL REVIEW MATERIALS 3, 095602 (2019)

FIG. 4. The (a) Kerr rotation angle and (b) conductivity tensor σxy of D03 and amorphous Fe3Si.

lifetime effect of the excited Bloch states is taken into account
by setting a broadening of η = 0.3 eV [40].

The magneto-optical Kerr rotation angle as a function of
photon energy for both D03 and amorphous Fe3Si are plotted
in Fig. 4(a). There are two noticeable peaks (large Kerr
rotation) for the D03 structure, locating at 0.37 eV (denoted
as peak A) and 2.09 eV (denoted as peak B), respectively.
Instead, the peak A completely disappears when the structure
becomes disordered, whereas the position of peak B is almost
unchanged with a stronger intensity. The plotted conductivity
tensor σxy in Fig. 4(b) clearly shows that the Kerr rotation
mainly follows the trend of the imaginary part of σxy.

To understand the change of the optical conductivity curve
and further the Kerr rotation spectra, we resolve the imaginary
part of σxy at a specified photon energy to contributions from
different slices in the Brillouin zone by

σxy(kz ) =
∑
kx,ky

σxy. (6)

The kx,y-integrated σxy values of the D03-Fe3Si as a func-
tion of kz are shown in Fig. 5(a). Since σxy(kz ) = σxy(−kz ),
only contributions of kz > 0 are presented. It is shown that
the peak A is mainly contributed by states at the planes of

FIG. 5. (a) Left: The contribution to the imaginary part of σxy of each kz plane in the Brillouin zone for D03 Fe3Si. Right: The distribution
of the imaginary part of σxy in kz = 1/3 plane, where the red and blue represents positive and negative contributions, respectively. (b) The band
structure of D03 Fe3Si without SOC along Г

′ = (0, 0, 1/3) to M ′ = (1/2, 1/2, 1/3). The p states and d states are represented by red and blue
lines, respectively, and the linewidth scales with their weights. For clarity the p states are enlarged by a factor of 10. The dominate interband
transitions of peak A and B are marked by solid and dashed lines, respectively. (c) The projected DOS of D03 (up panel) and amorphous (down
panel) Fe3Si. The p states and d states are represented by red and blue lines, respectively, and the p states are enlarged by a factor of 20.
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kz = 1/3, 5/12, 1/2, and the peak B is mainly contributed
by states at the planes of kz = 1/4 and 1/3, as scaled by
the length kz in the first Brillouin zone. We further show
the distribution of imaginary part of σxy in the kx,y plane at
kz = 1/3 by contour plots in the right panels of Fig. 5(a),
where the red and blue areas represent positive and negative
contributions, respectively. The most eye-catching region is
around 1/6(	′-M´) for the peak A, and around 1/2(Г′-M ′) for
the peak B, where 	′ = (0, 0, 1/3), M ′ = (1/2, 1/2, 1/3). As
a further step, we analyzed the band structure of D03-Fe3Si
along the 	′-M´ line and identified the dominant interband
transitions that contribute to the conductivity peaks from the
momentum matrix elements. Although the Kerr rotation was
calculated with SOC, for a better clarity we mark the transi-
tions by arrows on the spin-up and spin-down band structures.
It is found from Fig. 5(b) that the peak A is mainly contributed
by transitions from the occupied Fe-d states (dFe) just below
EF to the unoccupied hybrid Fe/Si-p states (pFe/Si) at 0.65
eV in the spin-up channel. The interband transitions produce
the peak B from two parts: the occupied dFe to unoccupied
pFe/Si in the spin-up channel and pFe/Si at a deep energy of
−1.25 eV to dFe at 1.2 eV in the spin-down channel.

The interband matrix analysis for the amorphous Fe3Si is
rather complicated. Instead, we calculated the p/d projected
DOS as shown in Fig. 5(c). For clarity and easy comparison,
the DOS curves of p states are enlarged by a factor of 10.
Compared with the DOS of D03-Fe3Si, a significant change
is that the occupied d states around −0.3 eV vanish in the
amorphous structure, which results in the disappearance of
peak A as shown in Figs. 4(a) and 4(b). Again, the bands are
folded to energy levels as the Brillouin zone shrinks for the
amorphous structures, and the optical response takes contri-
butions from different regions and hence the sharp features
disappear.

IV. CONCLUSIONS

Through extensive density-functional calculations, we
investigated the electronic, magnetic, transport, and magneto-
optical properties of the D03 and amorphous Fe3Si. Pair-
correlation function analyses for the amorphous Fe3Si ob-
tained by AIMD simulations showed that Si atoms prefer to
bond with Fe atoms in the amorphous structure. The increase
of Si neighbors purges the magnetization of Fe, while a small
number of Si neighbors is beneficial for the enhancement
of spin polarization at the Fermi level because of Si →
Fe charge transfer. The structural disordering significantly
alters magneto-optical Kerr effect, but not as strong on the
anomalous Hall effect. The intrinsic AHC of D03-Fe3Si is
237 (� cm)−1 at room temperature and can be tuned to a high
value of 1127 (� cm)−1 when the Fermi energy is lowered by
−0.28 eV. In contrast, the AHC of amorphous Fe3Si varies
slowly with the shift of the Fermi level, indicating that it
is insensitive to doping or gating. The Kerr rotation angle
shows two main peaks in the energy range of 0∼4 eV for the
D03-Fe3Si, whereas the first peak disappears when the struc-
ture becomes disordered. Our studies provide comprehensive
data for FeSi alloys around this concentration ratio and the
overall physical insights should be useful for the design of
amorphous spintronic materials.
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