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The composition dependence of the magnetic as well as structural properties of epitaxial 4–40 nm Fe3Si
thin films on MgO�001� have been investigated using ferromagnetic resonance, superconducting quantum
interference device magnetometry, and magneto-optical Kerr effect. Magnetic anisotropy energy, g factor, and
magnetization were determined for different samples with Si concentrations of 20%, 25%, or 30% at room
temperature. Additionally, different annealing procedures were applied. The magnetization was determined to
be on the order of �0M �1 T. It was found that the films have a dominating cubic anisotropy K4�3
�103 J /m3 which depends on the thermal treatment of the film and is about 1 order of magnitude smaller than
the one of bulk Fe. A small uniaxial in-plane anisotropy of interfacial nature was detected. The perpendicular
uniaxial anisotropy term, which is dominated by an interface contribution, favors a perpendicular easy axis.
From frequency-dependent ferromagnetic resonance measurements an isotropic g factor was extracted g
=2.075�5� for 8 and 40 nm samples and g=2.080�5� for the 4 nm one. Different thermal treatments of the
sample showed no influence on the g factor. The magnetic anisotropy fields and g factor decrease linearly as
the Si concentration increases within the D03 regime.
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I. INTRODUCTION

Fe3Si is a ferromagnetic binary Heusler alloy1–6 with a
cubic D03 structure, a spin polarization of 43% �at T=0 K�,
and a high Curie temperature of 820 K.7–9 These aspects
make it a very promising candidate for applications in
spintronics. Bulk Fe3Si was intensively investigated
theoretically10–12 and experimentally7–9,13 with respect to its
magnetic and microstructural behaviors. In order to realize
the application of Fe3Si in future magneto-electronic and
spintronic devices, the growth of well ordered ultrathin mag-
netic structures is required. The investigation of the epitaxial
growth and magnetic properties of Fe3Si films on semicon-
ducting substrates has been restricted to a few groups, i.e.,
Fe3Si /Si�Ge� �Refs. 14–17� and Fe3Si /GaAs�001�.18–23

Also, the growth of Fe3Si films on insulating substrates such
as MgO�001� is of interest in connection with the tunnel
magnetoresistance effect �TMR�. The TMR results from the
quantum mechanical tunneling with spin-split transition
probabilities. The TMR can be best illustrated by the sim-
plest system of two ferromagnetic layers separated by an
insulating spacer layer. It has been predicted24 and later
demonstrated25–27 that the TMR is enhanced just by replac-
ing the amorphous Al2O3 insulating layer by a crystalline
MgO barrier in ferromagnetic �FM�/MgO/FM magnetic tun-
neling junctions. The lattice constants of Fe3Si and MgO are
0.567 and 0.423 nm, respectively. The lattice mismatch be-
tween MgO�001� and the Fe3Si is 5.2% when the two lattices
are rotated by 45° with respect to each other
�Fe3Si-�100� �MgO-�110��.

In this paper, we report the structural and magnetic prop-
erties of Fe3Si films epitaxially grown on MgO�001�. After a
brief overview on theoretical aspects and experimental de-
tails, the fundamental physical parameters such as magneti-
zation, magnetic anisotropy, as well as the electronic g factor
will be quantitatively determined and discussed in terms of
their dependence on �i� the film thickness, �ii� different an-
nealing procedures, and �iii� the Si concentration close to
stoichiometry.

II. THEORETICAL ASPECTS

For a cubic ferromagnetic thin film, the free energy den-
sity includes the Zeeman energy, exchange energy, demagne-
tizing energy, the perpendicular uniaxial K2�, in-plane
uniaxial K2�, as well as the cubic K4 anisotropy energy den-
sity. We assume that the sample is statically and dynamically
homogeneously magnetized, i.e., we neglect the influence of
exchange energy and we approximate the surface magnetic
energy by an effective volume anisotropy,28 because the val-
ues of the electrical conductivity of the material, and of the
surface magnetic anisotropy for our Fe3Si films are small
�see further on�.41
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Here, �B��� and �B��� are the polar and azimuthal angle of

the external field B� �magnetization M� � with respect to the
�001� and �100� directions. � is the angle of the in-plane
uniaxial anisotropy with respect to the �100� direction �see
the inset of Fig. 2�.

The thickness dependence of all anisotropy terms Ki is
approximated by a constant term representing a volume con-

tribution �Ki
v� and an effective surface-interface term

�Ki
s,eff /d� being proportional to the reciprocal film thickness

d.42

According to the Smit and Beljers approach,29 the reso-
nance condition in a ferromagnetic resonance �FMR� experi-

ment for the out-of-plane geometry in which B� is varied
between the �110� and �001� directions is given by
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where 	�=�eq−�B, �eq is the equilibrium angle of the magnetization, and Bres� is the resonance field in the out-of-plane
geometry. �0Meff=

2K2�

M −�0M denotes the effective out-of-plane anisotropy field which includes a contribution due to the
shape anisotropy and an intrinsic contribution given by

2K2�

M . Usually, the most prominent effects that contribute to 2K2� /M
are the breaking of the cubic crystallographic symmetry in the film �e.g., due to magneto-elastic effects� and, in general, the
uniaxial surface anisotropy, both leading to an uniaxial anisotropy. While the shape anisotropy always favors an easy axis in
the film plane, the intrinsic part can have positive or negative sign, i.e., lead to an easy axis in or out of the film plane.

For the in-plane configuration ��B=0�, the resonance condition becomes
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where 	�=�eq−�B, �eq is the equilibrium angle of magne-
tization, and Bres� is the resonance field in the in-plane geom-
etry. In order to determine the anisotropy fields, one needs to
perform a full polar and azimuthal angle dependent measure-
ment at a fixed frequency and fit the experimental data with
Eqs. �2� and �3� to obtain the magnetic anisotropy fields
�Meff ,Ki /M , �.

For the special situation that the magnetic field is oriented
in-plane along the 100� and 110� directions �easy and hard
axes� and neglecting the in-plane uniaxial term, Eq. �3� sim-
plifies to
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and for the �001� direction �B� is applied parallel to the film
normal�, Eq. �2� simplifies to

B� � �001� ⇒
�
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= Bres� + �0Meff +
2K4

M
. �6�

One should note that Eqs. �4�–�6� are only valid if B� is
large enough to align the magnetization parallel to its direc-
tion ��B=�eq ,�B=�eq�.

The resonance frequency squared is a parabolic function
of the resonance field for the in-plane 100� and 110� direc-
tions �Eqs. �4� and �5�� and a linear function for the perpen-

dicular configuration �B� � �001�, see Eq. �6��. The g factor can
be precisely extracted from the quadratic term of the depen-
dence as this term does not depend on the anisotropy
fields.30,31

III. EXPERIMENTAL DETAILS

Epitaxial 4, 8, and 40 nm thick Fe3Si films were grown on
MgO�001� in a molecular beam epitaxy system with a base
pressure of about 1�10−9 mbar. The MgO�001� substrate
was first cleaned by isopropanol in an ultrasonic bath, after-
ward transferred into an ultrahigh vacuum �UHV� chamber.
Inside the UHV chamber, the substrate was annealed at
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1200 K for 30 min. The films were grown by coevaporation
of 57Fe and Si at a substrate temperature of Ts=485 K and a
growth rate of about 1 nm /min, which was monitored by a
calibrated quartz microbalance. In order to avoid any oxida-
tion, the samples were capped with 5 nm of chromium. To
verify that the chromium layer has no influence on the mag-
netic properties, also uncapped films were produced for com-
parison.

In addition, six different samples with the thickness of
8 nm were prepared in order to investigate the effect of an-
nealing and Si concentration on the magnetic properties:
sample A, as deposited; sample B, annealed for 1 h at Ta
=900K immediately after growth at Ts=485 K in UHV; and
sample C, annealed immediately after growth in UHV in
steps of 100 K between Ta=550 and 900 K. At each tem-
perature step, the sample was kept for 1 h. Sample D with a
Si concentration of 20%, sample E 25%, and sample F 30%
were annealed immediately after deposition in UHV at Ta
=900 K for 1 h in order to obtain the D03 structure.

The structure and stoichiometry of all capped and un-
capped samples were verified ex situ using x-ray diffraction
�XRD� and energy dispersive x-ray analysis �EDX�. More-
over, the actual 28% Si content of the 40 nm sample was
independently confirmed by Auger electron spectroscopy
sputter profiling to be 27.7% Si. Although in general the
differential sputtering rarely keeps the stoichiometry, for our
case, the Auger electron spectroscopy and sputter profiling
investigations confirm the results of the EDX analysis. This
means that for the Fe3Si system, the sputtering rates of Si
and Fe are very similar.

The FMR spectra were recorded at a microwave fre-
quency of 9.9 GHz as a function of the polar and azimuthal
angles of the external magnetic field at room temperature
�RT�.

The frequency dependence of the FMR spectra was inves-
tigated at RT between 1 and 70 GHz in order to precisely
determine the g factor. The measurements were performed in

three different geometries: B� � �100�, B� � �110�, and B� � �001�.
The measurements at 1, 4, 10, 24, and 35 GHz were per-
formed using microwave resonators, while the additional
measurements between 6 and 20 GHz and above 35 GHz
were performed by placing the sample into a shorted wave
guide termination.

The saturation magnetization was measured using a super-
conducting quantum interference device �SQUID�. Magneto-
optical Kerr effect �MOKE� studies were performed in lon-
gitudinal geometry to determine the coercive field as well as
the magnetization reversal process. The anisotropy fields
were determined by fitting the experimental FMR data of
polar and azimuthal angular dependences of the resonance
field by employing Eqs. �2� and �3�.

IV. RESULTS AND DISCUSSION

A. Structural characterizations

We have performed x-ray diffraction measurements using
Cu K� radiation �Fig. 1� for samples A, B, and C. The
MgO�200� as well as the Fe3Si�200� and Fe3Si�400� reflexes

are indicated. The Cr�200� reflex of the Cr-capped sample A
leads to the shoulder on the left side of the Fe3Si�400� reflex.
Since no K� filter was used, the substrate peak has a satellite
due to the K� radiation. The occurrence of a satellite due to
W L� radiation results from a small contamination of the Cu
anode. Upon comparing samples A, B, and C, one observes
that samples A and C present the same diffraction angles of
the Fe3Si reflexes, while for sample B they have slightly
higher values �this can be seen better in the inset, where the
data of the region of the Fe3Si�400� reflex are shown�. The
vertical lattice constant for sample B is a�=0.563 nm, and
0.3% smaller than the ones of samples A and C. Samples A
and C have almost bulklike lattice constants a�=0.565 nm,
whereas the lattice of sample B is slightly compressed along
the film normal. This is expected in the case of epitaxial
growth, since in the film plane, the MgO lattice constant is
larger than the one of Fe3Si, leading to a tensile strain.
Sample B shows the highest intensity of the reflexes. The full
widths at half maximum of all samples are, however, nearly
the same, showing that the typical size of the crystallites is
quite similar. The Fe3Si�400� reflex was fitted by a Lorentz-
ian function �in the case of Cr-capped sample with two
Lorentzian functions, one for Cr�200� and one for
Fe3Si�400�� and the average vertical size of the crystallites
D=6.5±0.5 nm were calculated using the well-known
Scherrer formula.32 The crystallite sizes are the same for all
samples and nearly as large as the film thickness. The higher
intensity of the Bragg reflexes of sample B indicates a better
�100� orientation of the crystallites and thus of the film as a
whole, since only the �100� lattice planes determine the in-
tensity in the � /2� geometry. This is consistent with a larger
strain within sample B due to a better orientation on the
substrate. To achieve the strained state, one obviously needs
a well-defined annealing procedure, since the as-prepared
sample A is less strained. On the other hand, also heating too
much leads to a relief of strain as observed for sample C.

In summary, the x-ray analysis yields clear evidence that
sample B has the optimum epitaxial quality �see Fig. 1� with
an optimum �100� orientation.

ββββ

θθθθ

θθθθ

FIG. 1. �Color online� XRD spectra �logarithmic scale� of
samples A, B, and C. Peaks at 60° and 54° are due to the substrate
holder.
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B. Magnetic anisotropy

The polar and azimuthal angular dependences of the reso-
nance field Bres recorded at a microwave frequency of
9.9 GHz for an as-prepared 4 and 40 nm samples are shown
in Figs. 2�a� and 2�b�. The 90° in-plane periodicity of the
resonance field �Fig. 2�b�� confirms the expected in-plane
cubic anisotropy with easy axes along the 100� directions of
the Fe3Si films. The cubic anisotropy field of the 4 nm
sample K4 /M =3.5 mT is superimposed by a small uniaxial
in-plane anisotropy field K2� /M =0.45 mT �see Table I�
which favors an easy axis along a direction which is rotated
by −13° with respect to the Fe3Si-�100� direction. Although
the origin of the uniaxial contribution could not be unam-
biguously extracted from the measurements, it is likely of
interfacial nature, as its value decreases for thicker films. As
no difference of the uniaxial in-plane anisotropy between the
uncapped and Cr-capped samples was found, the cover layer
as the origin can be ruled out. We therefore propose that
either a small miscut of the substrate or the deposition of the
Si, which is performed under an oblique angle of about 30°
with respect to the film normal, are possible sources. While
the former leads to a preferential step orientation on the sub-

strate, the latter could result in a preferential alignment of the
Fe atoms, or the formation of a not perfectly chemically
ordered state which vanishes upon annealing.

The resulting anisotropy fields for different film thick-
nesses are summarized in the upper part of Table I and com-
pared to literature data �lower part�. While K4 /M was found
to be almost thickness independent, the effective out-of-
plane anisotropy field �0Meff shows a small reciprocal thick-
ness dependence �Fig. 3�. The thickness independence of
K4 /M can be related to the bulklike thickness of the samples,
for which the interface contributions are negligible. Our data
for K4 /M are similar to the one measured by MOKE for a
21 nm Fe3Si film on GaAs�001�.22 They are, however,
smaller than the value of bulk Fe3Si �Ref. 13� and of a 39 nm
film grown on GaAs�001�.20,23

The small thickness dependence of �0Meff=2K2� /M
−�0M �Fig. 3� is caused by the perpendicular uniaxial aniso-
tropy K2� since �0M is found to be thickness independent
�Table I� as measured by SQUID. As the absolute value of
�0Meff increases with increasing film thickness, K2� is posi-
tive and becomes larger for thinner films. To shed light onto
the origin of K2�, we distinguish surface and volume contri-
butions according to K2�=K2�

v +2K2�
s /d, where K2�

s �K2�
v �

TABLE I. The magnetic anisotropy fields, magnetization, and the corresponding anisotropy constants of
Fe3Si films with different thickness. The error bars of the magnetization and the anisotropy terms are 10%
and mainly given by the uncertainty of the sample volume.

d Ref.
�0Meff

�mT�
K4 /M
�mT�

K2� /M
�mT�

�0M
�mT�

K2�

�103 J /m3�
K4

�103 J /m3�
K2�

�103 J /m3�

4 nm This work −941�2� 3.5�2� 0.45�2� 1053 46.9 2.9 0.38

8 nm This work −958�1� 3.9�1� 0.08�1� 1052 39.4 3.3 0.07

40 nm This work −978�1� 3.9�1� 0.00 1059 34.1 3.3 0.00

Bulk 13 and 33 −1232 5.5 1232 5.4

21 nm 22 4.1 0.06 931 3.1 0.046

39 nm 23 −1010 4.7 0.3 992 7 3.7 0.2

M

B

�

�
B

�

�
B

[100]
[010]

[0
0

1
]

FIG. 2. �Color online� �a� Polar and �b� azimuthal angular dependences of the resonance field of a 4 nm �closed symbol� and a 40 nm
�open symbol� Fe3Si film measured at a microwave frequency of 9.9 GHz. The solid lines are fits to the experimental data. Error bars are
smaller than the symbol size. The inset shows the coordinate system used for our data analysis.
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is the surface �volume� contribution to K2� and d is the film
thickness. Note that a simple proportionality to 1 /d is valid
only for films with thickness independent values of K2�

s

�K2�
v �, i.e., in a coherent growth regime where no structural

variations occur. According to Fig. 3 and using �0M
=1059 mT, the values of K2�

s =3�1��10−5 J /m2 and K2�
v

=33�1��103 J /m3 were calculated.
Both K2�

v and K2�
s are very small compared to the shape

anisotropy 1 /2 �0M2�4.4�105 J /m3. The positive sign of
K2�

v and K2�
s indicates that these anisotropy contributions

favor an out-of-plane magnetization direction. This twofold
volume anisotropy results from a tetragonal distortion of the
cubic lattice34–36 as confirmed by our x-ray analysis which
shows a vertical lattice parameter for the 8 nm sample of
a�=0.563�1� nm, which is compressed by about 0.3% with
respect to the bulk. This indicates that the lattice is still dis-

torted even for the 8 nm sample. Due to the minimization of
the elastic energy a smaller vertical value is expected due to
the lattice-mismatch-induced tensile strain of Fe3Si and
MgO.

The effect of the thermal treatment on the magnetic an-
isotropy was studied on samples A, B, and C �see Sec. III�.
In the bulk, all structural phases of Fe3Si are stable up to a
temperature of 1500 K,9 and no temperature-induced struc-
tural transformation of our sample was observed by our x-ray
diffraction study.

The polar and azimuthal angular dependencies of the
resonance field for all three samples are shown in Fig. 4. The
anisotropy fields resulting from fitting these dependencies
are listed in Table II. �0Meff and K4 /M increase for the an-
nealed samples compared to the as-prepared one �sample A�.
Sample C has a twice as large anisotropy K4 as sample A.
The MOKE data for samples B and C �Fig. 5� support these
findings. Sample B has a smaller saturation field along �110�
than sample C. Assuming a coherent rotation between the
easy and hard in-plane directions, the saturation field along
the �110� hard in-plane direction is given by 2K4 /M. This

TABLE II. Magnetic anisotropy fields of Fe3Si /MgO�001� pre-
pared by three different annealing procedures. All values are given
in mT. All samples have a thickness of 8 nm. The error bar of the
magnetization is 10% and mainly given by the uncertainty of the
sample volume.

Sample �0Meff K4 /M K2� /M �0M

Aa −958�7� 3.9�1� 0.08�1� 1052
Bb −1080�1� 4.5�1� 0.00 1105
Cc −1226�7� 8.6�1� 0.00 1252

aWithout any annealing.
bDirectly annealed at 900 K for 1 h.
cTemperature raised from 550 to 900 K in steps of 100 K �every
hour�.

FIG. 3. �Color online� The reciprocal thickness dependence of
the effective out-of-plane �0Meff, uniaxial in-plane K2� /M, and cu-
bic K4 /M anisotropy field.

FIG. 4. �Color online� �a� Polar and �b� azimuthal angular dependences of the resonance field for samples A, B, and C. The radial scale
is from 63 to 115 mT. The resulting anisotropy fields are listed in Table II.
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results in anisotropy fields of 2K4 /M =9�1� mT for sample
B, while for sample C, 2K4 /M =14�1� mT is obtained. Both
values are consistent with the ones obtained by FMR �see
Table II�. In addition, sample B is magnetically softer, as can
be seen from the smaller coercivity. This suggests—in com-
bination with our x-ray analysis to be discussed below—that
sample B has fewer structural defects than sample C, leading
to an easier motion of the domain walls during magnetization
reversal.

The influence of the Si concentration on the electronic
and magnetic properties10–12,33 is well known in the bulk.
Here, we investigate the role of compositional changes in
8 nm thick Fe80Si20 �sample D�, Fe75Si25 �sample E�, and
Fe70Si30 �sample F� films.

The magnetic anisotropy fields were determined again by
performing polar and azimuthal angular dependent measure-

ments. The results are shown in Fig. 6 for the three samples.
Figure 7 shows the anisotropy fields as a function of Si con-
centration. The anisotropy fields of a 33 nm thick pure Fe
film epitaxially grown on GaAs�001� are also shown as a
reference for bulk Fe. Figure 7 shows that both �0Meff and
K4 /M as well as the magnetization M decrease with increas-
ing Si concentration. The magnetization of sample F is re-
duced by about 35% with respect to sample D and by about
15% with respect to sample E with the optimum Fe3Si con-
centration �see column 6 of Table III�. One should note that
from the phase diagram of Fe1−xSix, no crystallographic
changes are expected when varying the Si concentration by
5%, as Fe1−xSix stabilizes the D03 structure at Si concentra-
tions between 12.5% and 31%.9 As can be seen from Fig. 7,
the anisotropy fields are nearly linear with Si concentration
even outside the regime of the D03 structure. By fitting the
linear behavior of the anisotropy fields within the D03 re-
gime, one obtains the concentration dependence of the aniso-
tropy fields as K4 /M �mT�=0.27−0.7x and �0Meff �T�
=−2.2+4x, where x is the Si concentration in the D03
regime.

FIG. 5. �Color online� MOKE hysteresis loop of samples B and
C recorded at RT with the magnetic field applied along the easy
��100�� and hard ��110�� in-plane directions.

FIG. 6. �Color online� Polar �a� and azimuthal �b� angular dependence of the resonance field for different Si concentrations of 20%, 25%,
and 30%. The solid lines are fits according to Eqs. �2� and �3�. The radial scale is from 50 to 115 mT. The resulting anisotropy fields are
listed in Table III.
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FIG. 7. �Color online� Magnetic anisotropy fields from Table III
as a function of Si concentration �samples D, E, and F, respectively�
measured at RT.
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MOKE hysteresis loops measured along the easy axis
��100� direction� �Fig. 8� show that with increasing Si con-
centration, the coercivity increases from 0.3 mT for 20% Si
concentration to about 1.0 mT for a Si concentration of 30%.

To explain the changes of the magnetic anisotropy as a
function of Si concentration one needs to consider the fol-
lowing. The spin moment of the Fe and Si atoms is strongly
related to their positions within the Fe3Si lattice.12 It is ob-
vious that by increasing the number of Fe atoms within the
cubic D03 structure of Fe1−xSix, the configuration of nearest
neighbors must change. The spin magnetic moment is thus
expected to be influenced by the concentration. In our
g-factor analysis, we will show that the orbital magnetic mo-
ment decreases with increasing Si concentration, and that
this decrease is even stronger than the one of the spin mag-
netic moment. Taking the decrease of both spin and orbital
contributions, the spin-orbit coupling itself will be smaller,
which in turn explains the smaller magnetic anisotropy of the
samples with higher Si content. The main origin of the
change in magnetic anisotropy should thus be related to
changes of the spin-orbit coupling due to a strong decrease
of the spin and an even stronger decrease of the orbital mag-
netic moment when varying the amount of Fe and Si.

C. g factor

The g factor can be used to monitor changes in the orbital
contribution to the overall magnetic moment.30 As discussed
in Sec. II, a precise determination of the g factor requires a
frequency-dependent measurement. Figure 9 shows the reso-
nance frequency squared versus the resonance field for two
different crystallographic directions. The data represent the
8 nm thick Fe3Si sample B that was annealed directly at
900 K for 1 h. The solid lines are fits according to Eqs. �4�
and �5�. The resonance frequency versus resonance field in

perpendicular configuration B� � �001� is also shown in Fig. 9.
Its linear dependence was fitted by Eq. �6�. From the fits, the
g factor can be extracted. The result shows that the g factor is
isotropic, having a value of g=2.075�5�. This is smaller than
the pure bcc Fe value gFe=2.091, and also smaller than the
one of other metallic ferromagnets �gCo=2.187 �Ref. 37� and
gNi=2.183 �Ref. 37� �or =2.25 �Ref. 38���. The fact that the
Si atoms carry a negative spin magnetic moment is well
known in Fe3Si, theoretically and experimentally �see, for
example Refs. 10–12 and references therein�. This, however,
is not the main issue of the present paper. According to the-

oretical calculations,10–12 the value of the Si spin moment is
very small ��−0.07�B� and therefore its contribution to the
g factor is negligible. To relate the g factor to the ratio of
orbital to spin magnetic moment, the well-established Kittel
equation can be used. The deviation of the g factor from the
free electron value for small orbital moment contributions
can be written as30,31,34

g − 2 = 2��L

�S
� , �7�

where �S and �L are the spin and orbital moments, respec-
tively. In our case, the smaller g factor is thus related to
larger spin or smaller orbital contribution. As in our case the
magnetization, and therefore the spin magnetic moment, is
smaller than for Fe bulk, one can conclude that the smaller g
factor in Fe3Si must stem from a reduction of the orbital
magnetic moment as compared to the Fe bulk case.

TABLE III. Magnetic anisotropy fields of a 8 nm Fe�1−x�Six film
with different Si concentrations x=20%, 25%, and 30% measured
at RT. All values are given in mT.

Sample
Si concentration

�%� �0Meff K4 /M K2� /M �0M

Fe bulk 0 −2150 28.05 0.00 2150

D 20 −1460�2� 9.8 0.00 1345

E 25 −1144�3� 5.5 0.00 1105

F 30 −1006�7� 3.05 0.12 971

FIG. 8. �Color online� MOKE magnetization reversal loops of
Fe1−xSix for different Si concentrations x=20%, 25%, and 30%
measured at RT. The magnetic field was applied along the easy axis
��100� direction�.

FIG. 9. �Color online� Microwave frequency squared versus the
resonance field for two different in-plane configurations �left axis�.
The solid curves are fits according to Eqs. �4� and �5� using the
anisotropy constants measured from the angular dependence of the
resonance field �see Table II�. The behavior of the resonance field in
the perpendicular configuration, with the external magnetic field
applied along the film normal, is shown by solid squares �right
axis�. The dash-dotted line is a fit according to Eq. �6�. The inset
shows the details below 0.3 T.
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A small enhancement of the g factor was observed for the
4 nm sample g=2.080�5�, which can be attributed to an in-
crease of the averaged orbital moment in the thin film regime
due to the bigger contribution of larger orbital magnetic mo-
ments at the surface.

Interestingly, we found in our annealing studies on
samples A, B, and C that the g factor is almost the same for
all samples and very close to 2.075�5�. From this, we con-
clude that the annealing rather reduces the number of defects
than influences the local potential on an atomic level, as the
latter would definitely lead to changes of the g factor. This
scenario is consistent with the fact that our x-ray diffraction
data do not show significant changes between the differently
treated samples, neither in the half-width at half maximum of
the Bragg peaks nor in their position, i.e., there are almost no
changes in the lattice constant.

The results of the g factor for the off-stoichiometric
samples �samples D and F� investigated at RT are shown in
Fig. 10�a� together with the fitting curves according to Eqs.
�4� �for the �100� direction� and �5� ��110� direction�. The
solid squares show the resonance field dependence of the
resonance frequency when the external magnetic field is ap-
plied along the film normal ��001� direction�. The dashed-
dotted and dotted lines are fits according to Eq. �6�. The
anisotropy fields extracted from the angle-dependent mea-
surements were used for the fitting. The g-factor as a func-
tion of the Si concentration is presented in Fig. 10�b�. One
observes that the g factor decreases as the Si concentration
increases, indicating a reduced orbital moment. This obser-
vation can also be attributed to the change of the spin and
orbital moment due to the change of the atomic configuration
in the Fe-Si alloys.

V. SUMMARY

In this paper, we have investigated thin Fe3Si films with
cubic D03 structure epitaxially grown on MgO�001� sub-

strates. The best structure was achieved at a deposition tem-
perature of Ts=550 K and subsequent annealing of the film
at T=900 K for 1 h.

The magnetic investigation by FMR, MOKE, and SQUID
magnetometry on as-prepared 4–40 nm films at RT showed
that the films have �a� a dominating cubic anisotropy �K4

�3�103 J /m3� which is about 1 order of magnitude smaller
than the one of bulk Fe �K4=4.8�104 J /m3�, �b� a small
uniaxial in-plane anisotropy,39 and �c� a twofold out-of-plane
anisotropy favoring an out-of-plane easy axis—both of inter-
facial nature. Extrapolating these results to thinner layers a
perpendicular easy axis can be expected, if the structural
homogeneity is maintained. The magnetization was found to
be �0M �1 T �bulk Fe �0M =2.1 T�. An isotropic g factor of
Fe3Si g=2.075�5� similar to the one of bulk Fe �g=2.09� was
determined indicating the same orbital magnetism as in cubic
bcc Fe.

Finally, the Si concentration dependence around the sto-
ichiometric concentration of 25% Si:75% Fe on the magnetic
properties were investigated. The g factor and magnetic an-
isotropy fields decrease linearly within the D03 regime.
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