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ABSTRACT: Crystalline β-FeSi2 nanocubes with two {100} facets and four {011}
lateral facets synthesized by spontaneous one-step chemical vapor deposition exhibit
strong room-temperature ferromagnetism with saturation magnetization of 15 emu/g.
The room-temperature ferromagnetism is observed from the β-FeSi2 nanocubes larger
than 150 nm with both the {100} and {011} facets. The ferromagnetism is tentatively
explained with a simplified model including both the itinerant electrons in surface states
and the local moments on Fe atoms near the surfaces. The work demonstrates the
transformation from a nonmagnetic semiconductor to a magnetic one by exposing
specific facets and the room-temperature ferromagnetism can be manipulated under light
irradiation. The semiconducting β-FeSi2 nanocubes may have large potential in silicon-
based spintronic applications.

■ INTRODUCTION

Spintronics has attracted much research interest because of
potential improvement in the performance of solid-state
electronic and photonic devices1−3 and in particular, diluted
magnetic semiconductors and oxides, in which magnetism can
be induced by various methods,4−8 are studied extensively.
However, the origin of ferromagnetism remains controversial
and only weak magnetism can be achieved because of the small
solubility of magnetic dopants, for example, manganese in
GaAs.4 It is of both scientific and technological significance to
obtain strong and stable ferromagnetism with a high Curie
temperature.9,10

As an environmentally friendly semiconductor, beta-phase
iron disilicide (β-FeSi2) has been widely investigated in
optoelectronics and photovoltaic applications.11−14 There are
several techniques to fabricate β-FeSi2, for instance, ion beam
synthesis,15 reactive deposition epitaxy,16 magnetron sputter-
ing,17 molecular beam epitaxy,18 chemical vapor deposition
(CVD),19,20 and high-temperature reduction in a solution
phase21 and most of the previous studies have focused on the
fabrication of thin films or nanoparticles. β-FeSi2 samples
without magnetic dopants prepared by powder metallurgy show
diamagnetism at low temperature22 and Hall effect measure-
ments of β-FeSi2 polycrystalline films reveal that ferromagnet-
ism is attained only at a temperature below 100 K.23 The
saturation magnetization values of both n-type and p-type β-
FeSi2

24,25 are also quite small (1 × 10−3 emu/g).26 Ni- or Cr-
doped β-FeSi2 single crystals have been reported to have small
saturation magnetization at different temperature but there is a
ferromagnetic signature at a low temperature.27 Although β-
FeSi2 nanowires have been shown to have ferromagnetic
behavior even at the room temperature (1 × 10−3 emu),19,28

the origin is unclear. Nanoparticles of FeSi2 exhibit super-

paramagnetism.29 The relatively low saturation magnetization
suggests that the magnetic behavior is associated with only a
small fraction of Fe ions. From density functional calculations,
Singh and Parker predicted Stoner itinerant magnetism in
doped β-FeSi2.

30

Herein, a facet-cutting technique is employed to synthesize
crystalline semiconducting β-FeSi2 nanocubes via one-step
spontaneous CVD and strong room-temperature ferromagnet-
ism is observed from the β-FeSi2 nanocubes larger than 150 nm
with both the {100} and {011} facets. The strong
ferromagnetism can be manipulated with light irradiation.
The semiconducting nanomagnets may have large potential in
spintronic devices as well as magneto-optic components.

■ RESULTS AND DISCUSSION

The β-FeSi2 nanocubes are prepared in a CVD system by
precisely controlling the flow rate and temperature (Figure S1).
As shown in Figure 1a, there are many cubic particles with
dimensions between 200 and 400 nm on the single crystal Si
substrate. The magnified image in the inset clearly shows that
the nanocubes have sharp edges and smooth surfaces. Figure 1b
depicts the scanning electron microscopy (SEM) image of a
representative nanocube particle and Figure 1c shows a
simulated cube. The X-ray diffraction (XRD) patterns acquired
from the β-FeSi2 nanocubes are displayed in Figure 1d. All the
diffraction peaks can be indexed to the (220), (313), (331),
(004), (040), and (422) reflections from the orthorhombic
structure of β-FeSi2 (JCPDS card 71−0642). No crystalline
iron and iron oxide (Fe3O4 and γ-Fe2O3) XRD peaks can be

Received: June 23, 2015
Published: August 24, 2015

Article

pubs.acs.org/JACS

© 2015 American Chemical Society 11419 DOI: 10.1021/jacs.5b06507
J. Am. Chem. Soc. 2015, 137, 11419−11424

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06507/suppl_file/ja5b06507_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b06507


observed, suggesting that these compounds are not present in
the β-FeSi2 nanocubes.
Figure 2a, e shows the representative low-magnification

transmission electron microcopy (TEM) images of the as-
synthesized β-FeSi2 nanocubes along the [0−11] and [100]
axes, respectively. The nanocubes have straight sides and
regular ends. The selected-area electron diffraction (SAED)

patterns confirm the different crystal facets shown in Figure 2b,
f corresponding to Figure 2a, e. No amorphous diffusive
diffraction spots can be observed suggesting that the particle is
a single crystal. Figure 2b exhibits sharp diffraction spots along
the [0−11] axis of the nanocube with the (022) and (400)
planes, disclosing that the nanocube is a single crystal with four
{011} lateral facets and two {100} top facets which will be
further confirmed. Tetragonal symmetric diffraction spots along
the [100] axis are shown in Figure 2f. The lattice constants of
the b and c axes are very similar and the crystallographic nature
of an individual β-FeSi2 nanocube is further examined by high-
resolution TEM (HR-TEM). Figures 2c, d are sections of the
left and top edges of a β-FeSi2 nanocube along the [0−11] axis
illustrating that the flat sides are parallel to the (100) and (011)
planes. The (011) side planes are also observed along the [100]
axis (Figure 2g). The angle between the (040) plane and top
edge is about 45° which agrees well with the angle between the
(040) and (011) planes. A schematic illustration of the
nanocube is presented in Figure 2h indicating that the β-
FeSi2 nanocube has two exposed {100} facets and four {011}
lateral facets. Energy dispersive X-ray (EDX) spectrum shows
that the sample is composed of Fe and Si and is not doped with
other elements (Figure S2).
Formation of the β-FeSi2 nanocubes from the evaporated

FeCl2 precursor vapor on the silicon substrate proceeds by the
following reactions

β+ → ‐ +2FeCl (g) 5Si(s) 2 FeSi (s) SiCl (g)2 2 4 (1)

β+ → ‐ +FeCl (g) 2SiCl (g) FeSi (s) 5Cl (g)2 4 2 2 (2)

Initially, the FeCl2 vapor is transported to the downstream zone
and reacts directly with the Si substrate to form β-FeSi2 and
SiCl4. The FeCl2 vapor and SiCl4 produced in reaction 1
undergoes a gas phase reaction to produce the β-FeSi2
nanostructure. The detailed growth and mechanism are
described in Figures S3−S5.
To obtain insights into the magnetic characteristics of the β-

FeSi2 nanocube assembly, magnetization as a function of
magnetic field (M-H) is studied on a superconducting quantum
interference device (SQUID) at different temperature (Figure
3). The applied magnetic field is parallel to the Si substrate. As
shown in Figure 3a, the nonlinear hysteresis loop curve suggests
that the β-FeSi2 nanocubes are ferromagnetic at room
temperature with nonzero residual magnetization and coercivity
(green line). The saturation magnetization (15 emu/g) at 300
K is strong and even comparable to the results obtained from
iron-rich ferromagnetic phases such as Fe5Si3.

31 The inset in
Figure 3a shows the temperature-dependent magnetization
(M−T) curve measured by a vibrating sample magnetometer
(VSM) at an applied magnetic field of 500 Oe in the
temperature range between 300 and 750 K. The magnetization
intensity decreases monotonically with temperature. Although
we cannot determine the magnetization properties at a
temperature higher than 750 K, it is inferred that the Curie
temperature of the β-FeSi2 nanocubes is about 800 K by
extrapolating the M−T curve using mean field approximation.32

Figure 3b shows the M−H curves at 10, 100, and 200 K. The
coercive field (Hc) and residual magnetization (Mr) are found
to increase with decreasing temperature due to reduced thermal
fluctuation (inset). The M−H curves are obtained after
subtracting the diamagnetic contribution from the substrate.
Magnetic force microscopy (MFM) images are acquired to

corroborate that the room-temperature ferromagnetism stems

Figure 1. (a) FE-SEM image of the β-FeSi2 nanocubes. Inset:
magnified image of two nanocubes. (b) FE-SEM image of a
representative nanocube. (c) Schematic diagram of a nanocube. (d)
XRD pattern indicating that all diffraction peaks can be associated with
the β-FeSi2 phase with an orthorhombic structure.

Figure 2. (a, b) Low-magnification TEM image and SAED pattern
along the [0−11] axis. (c, d) HR-TEM images along the [0−11] axis.
(e, f) Low-magnification TEM image and SAED pattern along the
[100] axis. (g) HR-TEM image along the [100] axis. (h) Schematic
illustration of the nanocube.
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from the β-FeSi2 nanocubes. Figure 4a shows a large-area
topographical picture which is consistent with the SEM picture

in Figure 1a. According to the corresponding magnetic image in
Figure 4b, the magnetic domain can only be found from the β-
FeSi2 nanocubes. This relationship can be clearly observed from
Figures 4c and 2d, which show the topography and MFM
images of the regions enclosed by the boxes in Figure 4a, b.
Figure 4e depicts the SEM image of three β-FeSi2 nanocubes
having an average size of 200 nm in the boxes. Small β-FeSi2

nanocubes (<150 nm) formed by reducing the reaction time
can be seen from Figure 4f and the inset, but almost no
magnetic domain is observed (Figure 4g). The results suggest
that room-temperature ferromagnetism depends on the size
and the smallest size for this to occur is about 150 nm. In
contrast, particles with an irregular shape with dimensions from
100 to 500 nm in Figure 4h,i show no magnetism at all. The
morphology-dependent magnetism clearly reveals that ferro-
magnetism arises from the exposed specific facets of the β-FeSi2
nanocubes larger than 150 nm.
As unintended impurities can influence the magnetic

properties, the phase purity is studied. To determine the
chemical state and relative intensity of the iron species in the
sample, 57Fe Mössbauer spectra are acquired at room
temperature. A typical room-temperature Mössbauer spectrum
is presented in Figure 5. The experimental pattern can be

divided into two quadrupole doublets by considering the two
crystallographically nonequivalent Fe sites in the orthorhombic
β-FeSi2 lattice.

33 The obtained values for the isomer shift (IS)
and quadrupole splitting (QS) are given in Figure 5 and can be
compared to other room-temperature data in the literature.33

However, we do not observe any metallic iron or iron oxides as
hematite, maghemite, and magnetite suggesting that the
ferromagnetism primarily stems from β-FeSi2.
The X-ray photoelectron spectroscopy (XPS) results are

presented in Figure 6. The Si 2p, Fe 2p, and O 1s core level
XPS spectra are acquired from the β-FeSi2 nanocubes. In the Fe
2p spectrum (Figure 6a), in addition to the two main peaks at
707.7 and 720.6 eV, which are related to the β-FeSi2
nanocube,34 a weak shoulder peak appears at 709.4 eV as a
result of oxidation of iron (FeO) on the β-FeSi2 nanocube
surface after exposure to air. No Fe3+ is detected.35 In the Si 2p
spectrum (Figure 6b), a shoulder peak is observed at 102.0 eV
attributable to silicon suboxide (SiO).36 The SiO component
also appears at 532.5 eV from the O 1s spectrum (Figure 6c).37

It can be concluded that the β-FeSi2 nanocube surface has small
amounts of SiO and FeO due to oxidation of Si and Fe
dangling bonds and Fe clusters (or film), hematite, maghemite,
and magnetite are not present in the β-FeSi2 nanocubes.
To further confirm the facet-induced room-temperature

ferromagnetism, MFM images were acquired from the oxidized
nanocubes (Figure S6a, b) after exposing the pristine sample to
dry air at room temperature for weeks. The MFM image shows
that the ferromagnetism vanishes. It can be explained that Fe

Figure 3. (a)M−H curves of the β-FeSi2 nanocubes measured at room
temperature. The green and blue curves are the data before and under
light irradiation, respectively. The red curve is the data after the light
illumination is repealed. Inset: M−T curve of the β-FeSi2 nanocubes in
the range of 300−750 K. The extrapolated line of the high temperature
data intersects the temperature axis at around 800 K indicating the
Curie temperature. (b) M−H curves of the β-FeSi2 nanocubes
measured at various temperatures below room temperature. Inset: the
loops on an enlarged scale.

Figure 4. (a, b) Topography and MFM images of large scale
nanocubes. (c, d) Details of the regions demarcated by boxes in a and
b. (e) SEM image from the same site in c. (f, g) and (h, i) Topography
and MFM images of smaller nanocubes and irregular particles,
respectively. The inset in f shows the corresponding SEM image of this
nanocube.

Figure 5. Mössbauer spectrum of the as-grown β-FeSi2 nanocubes
measured at room temperature. The fitted lines represent two
quadrupole doublets (blue and green). Inset: Summary of the
parameters of the two quadrupole doublets corresponding to two
crystallographically nonequivalent Fe sites. The quadrupole splitting,
isomer shifts, and the relative areas are given.
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dangling bonds on the specific facets which induce the room-
temperature ferromagnetism are terminated by oxygen. To
avoid the surface oxidation and possible magnetic disappear-
ance for practical applications, we deposited a thin layer of Au
(10 nm) on the pristine β-FeSi2 nanocubes before oxidization.
The topography and MFM images of the Au-covered sample in
Figure S6c, d are similar to those in Figure 4d, which indicates
that the ferromagnetic surface can be protected adequately by a
gold film.
In semiconducting silicon, the unpaired spins associated with

naturally occurring dangling bonds may contribute to the
magnetism.38,39 The ferromagnetic properties can originate
from the interactions between charge carriers (electrons or
holes) and localized dangling bonds and they may be significant
in a nanoscale system.19,40 It has been observed that bulk
diamagnetic materials become ferromagnetic as they become
nanoscale ones.40 Furthermore, the magnetic properties of
nanowires depend on the crystalline orientation of the
nanowires and there are contributions from both magneto-
crystalline anisotropy and shape anisotropy.41,42 However, the
relationship between the lateral facets of nanowires and
magnetic properties is not well understood. The strong
room-temperature ferromagnetism observed from the β-FeSi2
nanocubes may originate from the reduced coordination of the
surface Fe atoms on both the {011} and {100} facets.
To seek the possible origin of the facet- and size-dependent

ferromagnetism, first-principles calculation is carried out to
determine the spin configurations on both the {011} and {100}
surfaces and conditions for ferromagnetism to occur. As shown
in Figure S7, on both the {011} and {100} surfaces, the
moments of the Fe atoms are large and exhibit ferromagnetic
arrangements, whereas in the bulk the moments are relatively
small and some spins align in the opposite direction. The
density of spin states and orbitals of gap states near the Fermi
level for the {100} surfaces are calculated and shown in Figure
7. It can be seen that there are two surface subbands in the
energy gap. One has down spin (σ = −1) and is partially

occupied. The other has up spin (σ = +1) and is empty. They
can approximately be described with the following Hamiltonian

∑ μ σ λ= − + ⟨ ⟩
σ

σ σ σ−
†H E h I n c c[ ]

k
k k k

,
B , ,

(3)

where ck,σ (ck,σ
† ) is the annihilation (creation) operator for

electrons with state index k and spin σ, Ek is the band energy, h
is the effective magnetic field, μB is the Bohr magneton, I is the
average repulsion energy when two electrons are on a same site,
⟨nσ⟩ is the average number of electrons with spin σ of a site, and
λ is a factor taking into account the effect of nanocube edges on
surface itinerant electrons. The magnetic interaction between
itinerant electrons and local magnetic moments S is included in
the effective field as h = h0 + JS⟨ cos θ⟩, where h0 is the external
magnetic field, J is the average interaction strength, and ⟨cos θ⟩
is the average direction cosine between local moments and
external field. With several adjustable parameters, the magnet-
ization and the Curie temperature can be calculated
(Supporting Information) and shown in Figure 8. The
calculations present a possible explanation for the experimental
results.

Figure 6. Core level XPS spectra acquired from the pristine (as-made)
and oxidized β-FeSi2 nanocubes on the Si substrate: (a) Fe 2p, (b) Si
2p, and (c) O 1s.

Figure 7. Densities of spin states and electron orbitals of the β-FeSi2
slab in {100} direction. Middle panel, density of spin states around the
gap. Peaks A and B are bands within the gap with down and up spins,
respectively. Lower panel, orbitals of electrons in {100} surface states
of peak A with down spin. Upper panel, orbitals of electrons in {100}
surface states of peak B with up spin. Purple and yellow balls represent
Fe and Si atoms, respectively.
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To demonstrate the application to spintronic devices, a
SQUID magnetometer equipped with an optical fiber and light
pipe is utilized. The samples are irradiated with a 425 nm laser
(100 mW). The magnetization curves under light irradiation
are shown in Figure 3a (blue line). After irradiation, the
magnetization curve shows no hysteretic behavior, as shown by
the solid triangles. Based on the photogenerated carriers, it is
demonstrated that the degree of ferromagnetic spin exchange
on the surface of β-FeSi2 nanocubes can be controlled under
light irradiation and a small change in the carrier number
influences the magnetic properties.43 When we turn the light
off, the magnetization curve is nearly the same as that before
light irradiation (Figure 3a, red line). This experimental result
clearly shows that the change in magnetization is purely
electronic, and is not accompanied by any photo- and/or heat-
induced structural or chemical changes. The excitation by light
drives electrons out of the itinerant subbands, leading to the
disappearance of the ferromagnetism.

■ CONCLUSION
Crystalline semiconducting β-FeSi2 nanocubes show strong
room-temperature ferromagnetism suggesting a promising way
to induce strong magnetism from nonmagnetic semiconductors
by simply exposing specific crystal facets. The coexistence of
surface ferromagnetism, polarized surface bands in the energy
gap, and semiconductor characteristics (Figure S9) in the same
nanocubes provides an ideal platform to electrically and
optically control magnetism and also conversely, magnetically
control the electrical and optical properties. The semi-
conducting β-FeSi2 nanocubes may be used in elementary
magnetic storage units and magneto-optic components suitable
for silicon-based spintronics applications.

■ EXPERIMENTAL SECTION
Materials. The crystalline β-FeSi2 nanocubes were synthesized in a

horizontal two-zone pipe furnace by chemical vapor deposition (CVD)
(Figure S1). Five-hundredths of a gram of of anhydrous FeCl2
powders (99.5% from Alfa Aesar) as the precursors was placed on
an alumina boat (the yellow rectangle) and the loaded boat together
with a rectangular Si substrate (1 cm × 1 cm, the blue square) was
placed in a shorter and smaller diameter quartz tube with a diameter of
2.5 cm (tube 1). The distance between the boat and Si substrate was
32 cm. The small-diameter quartz tube was placed in a large quartz
tube with a diameter of 6 cm (tube 2) constituting the precursors and

Si substrate in the upstream and downstream zones, respectively. The
Si (100) substrates were cleaned by 1 wt %-buffered HF. The quartz
tube was evacuated to a pressure of 1 × 10−3 Pa by a mechanical pump
and turbomolecular pumps and then purged with Ar (99.99%). In the
synthesis, Ar (99.99%) was introduced as a carrier gas at a constant gas
flow of 100 SCCM (cubic centimeter per minute). The upstream zone
was heated from room temperature to 600 °C and the downstream
zone was heated to 800 °C in 20 min. When the furnace reached the
set temperature, the FeCl2 precursors produced vapor-phase FeCl2
that was mixed with flowing Ar to react with the Si substrate. The β-
FeSi2 nanocubes were collected from the Si substrates. The reaction at
atmospheric pressure proceeded for 2 h at a constant Ar flow of 100
SCCM and afterward, the furnace was cooled to room temperature
slowly.

Characterization. The morphology of the β-FeSi2 nanocubes was
examined by field-emission scanning electron microscopy (FE-SEM,
Hitachi S4800). The microstructure and chemical composition were
determined by using X-ray powder diffraction (XRD, Philips, Xpert),
X-ray photoelectron spectroscopy (XPS, PHI5000 VersaProbe), and
high-resolution transmission electron microscopy (HR-TEM, JEOL-
2100). The samples were put in ethanol and ultrasonically treated at a
frequency and power of 40 kHz and 150 W, respectively. Several drops
of the suspensions after the ultrasonic treatment were put on a copper
mesh initially coated with a thin layer of carbon. The magnetic
properties were determined by SQUID and VSM. An atomic force
microscope (AFM, Digital Instruments, Nanoscope IIIa) was utilized
to measure the surface topography and magnetic domains using the
MFM mode. In the MFM experiments, the sample was in the initial
state without any magnetic treatment. The AFM tips were provided by
Nano World Ltd. Co (Type MESP). The cantilever oscillating
frequency was 60−100 Hz and module of elasticity was 1−5 N/m.
The tapping mode was adopted to obtain the magnetic micrographs
and the height was 100 nm. The Mössbauer spectra were obtained
with a radioactive source of 57Fe in the Rh matrix at room temperature
in a transmission configuration at constant acceleration and the
spectrometer was calibrated by using the room-temperature spectrum
of an α-Fe foil.
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(1) Žutic,́ I.; Fabian, J.; Das Sarma, S. Rev. Mod. Phys. 2004, 76, 323.
(2) Wolf, S. A.; Awschalom, D. D.; Buhrman, R. A.; Daughton, J. M.;
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