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The anisotropic characteristics of an iron silicide (Fe3Si) epitaxial thin magnetic film grown on a Si(111) sil-
icon vicinal surface with a misorientation angle of 0.14° have been measured by the ferromagnetic resonance
method. It has been shown that the polar and azimuth misorientation angles of the crystallographic plane of
the substrate can be determined simultaneously from the angular dependences of the ferromagnetic reso-
nance field of the epitaxial film. The effective saturation magnetization of the film Meff = 1105 G and the con-
stant of the cubic magnetocrystalline anisotropy K4 = 1.15 × 105 erg/cm3 have been determined. The misori-
entation of the substrate plane leads to the formation of steps on the film surface and, as a result, to the
appearance of uniaxial magnetic anisotropy of the magnetic dipole nature with the constant K2 =
796 erg/cm3. Small unidirectional magnetic anisotropy (K1 = 163 erg/cm3), which may be associated with
symmetry breaking on the steps of the film and is due to the Dzyaloshinskii–Moriya interaction, has been
detected.
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1. Epitaxial ferromagnetic films and different lay-
ered structures grown on single-crystal substrates are
studied actively owing to their usage as elements of
magnetoelectronic devices [1, 2]. Traditional semi-
conductor technologies used in microelectronics are,
as a rule, applied for the preparation of such struc-
tures. Particular attention has recently been focused
on the study of magnetic films grown on the vicinal
cuts of Si(111) single-crystal substrates, for which
methods of creating stepwise surfaces providing a high
accuracy of the step width and step height values are
well developed [3, 4]. This provides the possibility of
controlling the magnetic properties of the films in a
wide range by varying the misorientation angle of the
Si(111) vicinal surface in a narrow range [5, 6]. In par-
ticular, experiments show that considerable changes in
the anisotropic properties of thin magnetic films are
observed even when the angles of deviation of the sub-
strate surface from the singular plane are less than one
degree [7]. However, the nature of the magnetic
anisotropy of films on the vicinal surfaces is not com-
pletely clear. This problem was studied in many works
[5–8], where different methods were used to quantita-
tively determine the magnetic anisotropy, including
the ferromagnetic resonance (FMR) method having
not only sufficient sensitivity but also high accuracy of
the measurement [9].

In this work, the magnetic properties of the epitax-
ial Fe3Si thin film grown on the Si(111) silicon vicinal
surface with a small (on the order of 0.1°) misorienta-
tion angle are studied by the FMR method in order to
investigate the nature of the observed features of the
magnetic anisotropy in such samples.

2. The Fe3Si thin film was prepared by the method
of the simultaneous thermal evaporation of iron and
silicon from two crucibles in superhigh vacuum (1.3 ×
10–8 Pa) with the subsequent deposition of atoms on
the Si(111) boron-doped atomically pure vicinal sub-
strate (with a misorientation angle of about 0.1°) as
described in [10]. The epitaxial growth was controlled
in situ by a high-speed laser ellipsometer and by the
reflected fast electron diffraction method. The struc-
ture and phase composition of the sample were deter-
mined by transmission electron microscopy and X-ray
structural analysis methods. It was established that the
thin film was Fe3Si single-crystal silicide with the unit
cell parameter a = 0.564 nm and the interplane dis-
tance h = 0.33 nm. The measured thickness d of the
magnetic film was 20 nm.

Magnetic properties on local regions of the Fe3Si
film were studied on an automated scanning ferro-
magnetic resonance spectrometer [11], which made it
possible to record FMR spectra at different directions
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of the sweeping magnetic field. A miniature microstrip
resonator fabricated on the substrate with a high rela-
tive permittivity was used in it as a microwave probe.
Near the high-frequency magnetic field antinode, a
measuring hole with a diameter of 1 mm was made in
the resonator shield, which provided the locality of the
measurements. The resonance absorption of the
microwave power by the studied area of the film sam-
ple was as usual recorded in the spectrometer by the
modulation method [12] from the variation of the Q-
factor of the resonator at the variation of the static
magnetic field applied in the film plane. The main
advantage of the scanning spectrometer is its high sen-
sitivity resulting from the large filling coefficient of the
microstrip resonator by the measured sample area
owing to the miniature resonator.

Figure 1 shows the dependences of (open circles)
the resonance field HR and (closed triangles) the FMR
linewidth ΔH on the direction of the external sweeping
magnetic field φH taken with a step of 2° at the pump
frequency f0 = 3.329 GHz. In the experiment, the
sweeping field and the linearly polarized high-fre-
quency magnetic field were oriented in the film plane
and their directions were mutually orthogonal. It can
be seen that the studied sample has a complicated
angular dependence HR(φH), in which six maxima and
six minima are pronounced. The analysis of the mea-
sured dependence makes it possible to assume that the
uniaxial magnetic anisotropy (of the second order)
and, possibly, the unidirectional anisotropy (of the
first order) are present in the studied Fe3Si film along
with the cubic anisotropy (fourth-order anisotropy). It
is also seen that the studied sample has a relatively nar-
row line of uniform FMR, the width of which varies
within one oersted (10–11 Oe). The dependence
ΔH(φH) shows only four minima and four maxima as
it takes place in films with uniaxial magnetic anisot-
ropy [13].

3. To analyze and interpret experimental results, we
consider the model of the studied iron silicide film
deposited on the (111) vicinal surface with the small
misorientation angle δ (Fig. 2a) which is measured
from the z axis orthogonal to the film surface in the
Cartesian coordinate system. Figure 2b shows the film
surface in which the directions of the anisotropy fields
(easy magnetization axes) resulting from the unidirec-
tional anisotropy Hk1 and uniaxial anisotropy Hk2 are
shown. Here, φ1, φ2, and φ4 are the angles of the direc-
tion of anisotropy fields and the  crystallo-
graphic direction, respectively, measured from the
x axis.

Using a phenomenological approach, we theoreti-
cally analyze the model of an infinite uniformly mag-
netized thin magnetic film. The saturation magnetiza-
tion of the film is Ms and the magnetization vector M
in the Cartesian coordinate system xyz (Fig. 2) is char-
acterized by the polar angle θ formed with the film
plane and the azimuth φ measured from the x axis. Let
the static magnetic field H be oriented in the film
plane at the angle φH also measured from the x axis. In
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Fig. 1. Resonance field HR and the FMR linewidth ΔH
versus the direction of the sweeping magnetic field φH:
experimental points in comparison with the calculations
for the model of the film on (solid line) the vicinal surface
with δ = 0.14° and (dashed line) the singular surface with
δ = 0°.

Fig. 2. (a) Coordinate system and scheme of the location
of the (111) crystallographic plane of the Fe3Si single-crys-
tal film with respect to its surface. (b) Notation of the phe-
nomenological model of the thin film (top view).
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this case, the free energy density can be presented as
the sum

 (1)

Here, the first and second terms describe the con-
tributions of the Zeeman energy and the energy of the
demagnetizing field of the film, respectively. The third
term describes the energy of the uniaxial orthogonal
anisotropy with the constant K⊥, which, as is known,
takes into account the symmetry breaking on the sur-
face of a thin film and at the interface between the film
and substrate. The next two terms in Eq. (1) describe
the energies of the unidirectional magnetic anisotropy
with the constant K1 and uniaxial magnetic anisotropy
with the constant K2 whose fields Hk1 and Hk2 are in
the film plane and are directed at the angles φ1 and φ2,
respectively (Fig. 2b). The last term Fmc is the energy of
the magnetocrystalline anisotropy associated with the
magnetic anisotropy of the cubic crystal.

It is known that the energy of the magnetic anisot-
ropy with the constant K4 for crystals of the cubic sys-

tem is written as Fmc = ,
where α1, α2, and α3 are the direction cosines of the
magnetization vector M with respect to the [100],
[010], and [001] fourth-order axes, respectively. In the
case where the single-crystal thin films are formed on
the (111) vicinal surfaces, which are characterized by
small misorientation angles δ usually less than 5°, it is
possible to use the linear approximation of the expan-
sion of the energy in the small parameter δ in the cal-
culation of Fmc. Then, for the geometry of a thin film
shown in Fig. 2, the magnetocrystalline anisotropy has
the form

 (2)

It is important to note that the contribution of the
energy of the demagnetizing field owing to the shape
anisotropy in low-dimension systems such as thin
films usually dominates in the total energy of the mag-
netic anisotropy. Therefore, the shape anisotropy is
mainly responsible for the planar orientation of the
magnetization in the sample. However, we note that
the relative contribution of the energy of the surface
anisotropy for ultrathin films whose thickness does
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not exceed several atomic monolayers becomes con-
siderable; consequently, the orientation of the sponta-
neous magnetization normal to the film plane is pos-
sible [14].

To calculate the frequency of the uniform ferro-
magnetic resonance ω0, it is convenient to use the
Smit–Suhl formula [15, 16], which requires the calcu-
lation of double partial derivatives Fθθ, Fφφ, and Fθφ of
the expression for the free energy distribution density
over the angles of the orientation of the magnetization
θ and φ in the spherical coordinate system:

 (3)

where γ is the gyromagnetic ratio. The partial deriva-
tives are calculated for the angles θ = θM and φ = φM
corresponding to the equilibrium position of the mag-
netization vector M, which obviously corresponds to
the minimum of the free energy F. Therefore, the
angles θM and φM are determined from the equations

 (4)

When the ferromagnetic resonance spectra are
recorded under the sweep of the static magnetic field
H, the resonance field HR for any fixed frequency ω0 =
2πf0, where f0 is the microwave pump frequency, which,
as was already noted, was 3.329 GHz in the experiment,
can be easily calculated from Eqs. (3) and (4).

4. It is obvious that, for the agreement of the theo-
retical dependence of the FMR field calculated under
the variation of the direction of the static sweeping
magnetic field according to Eqs. (3) and (4) with the
experimental dependence HR(φH) (see Fig. 1), it is
necessary to choose all parameters of the phenomeno-
logical model of the studied film. For convenience and
in order to accelerate the selection of the model
parameters, an iteration procedure of the numerical
analysis was elaborated making it possible to automate
the process of the approximation of the experimental
dependence HR(φH) by the corresponding theoretical
dependence in order to minimize the divergence
between theory and experiment.

If it is assumed in the theoretical model of the film
that the misorientation angle of the vicinal surface is
δ = 0°; i.e., the experimental sample is grown on the
Si(111) singular surface, then the theoretical depen-
dence HR(φH) obtained by the approximation of the
experimental points (dashed line in Fig. 1) will repro-
duce the experiment only qualitatively. The optimal
parameters of the phenomenological model of the
Fe3Si film providing the minimum deviation between
theory and experiment for this case are presented in
the first line in the table. Here, the following notation
is used: Meff = Ms – K⊥/2πMs is the effective saturation
magnetization, Hk1 = K1/Meff is the unidirectional
anisotropy field, Hk2 = 2K2/Meff is the uniaxial anisot-
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ropy field, and Hk4 = 2K4/Meff is the cubic anisotropy
field.

The solid line in Fig. 1 shows the theoretical
dependence HR(φH) plotted for the film model corre-
sponding to the experimental sample grown on the
vicinal surface of the substrate (δ ≠ 0°). In this case,
the approximation of the experimental points provid-
ing the minimum deviation between theory and exper-
iment was performed with the variation of the mag-
netic parameters of the phenomenological model of
the studied Fe3Si film, as well as the angles δ and ξ of
the misorientation of its surface (see Fig. 2). The opti-
mal parameters obtained in this manner are presented
in the second line of the table. It can be seen that the
iron silicide film prepared in the Si(111) vicinal surface
is misoriented in two directions: the polar angle of the
(111) facet is deviated by δ = 0.14° in the  direc-
tion and the azimuth is deviated by ξ = 5° in the 
direction (see Fig. 2).

It was shown in [17] that the contribution of the
orthogonal surface anisotropy K⊥ to the effective satu-
ration magnetization becomes insignificant for Fe3Si
films thicker than 20 atomic monolayers. Since the
thickness of the studied Fe3Si film is on the order of
60 monolayers, it can be accepted that the saturation
magnetization of the sample is Ms ≈ Meff = 1105.3 G. It
is important to note that the Ms value obtained is about
10% higher than that for the Fe3Si film [18] grown on
Si(111) (Ms ≈ 1000 G) and nearly 14% higher than that
for the Fe3Si film [17] grown on GaAs(001) (Ms ≈
970 G). However, this magnetization is about 9%
lower than that of bulk Fe3Si (Ms ≈ 1248 G) [19]. The
value obtained for the magnetocrystalline anisotropy
constant K4 = 1.149 × 105 erg/cm3 is in good agree-
ment with the value for bulk Fe3Si (~1.08 ×
105 erg/cm3) [19] but is about twice as high as that for
Fe3Si grown on GaAs(001) (~6 × 104 erg/cm3) in [17].

It is known that additional uniaxial magnetic
anisotropy appears in thin ferromagnetic films formed
on the vicinal surface [8]. The nature of this anisot-
ropy can be associated with the symmetry breaking on
the stepwise surface of the film [20] and with the elas-
tic stresses arising at the interface between the film and
substrate owing to the mismatch between the lattice

[112]
[110]

parameters [21]. In addition, the important source of
the uniaxial magnetic anisotropy is the long-range
magnetic dipole interaction, which makes the magne-
tization direction along the steps more favorable owing
to the magnetic charges induced on the steps [22].

To estimate the degree of the effect of the demag-
netizing fields arising because of the presence of steps
on the surface and interface of the Fe3Si/Si(111) struc-

ture, we used the formula N ≈  for the
demagnetization factor proposed by Schlömann [23].
Here, 〈p2〉 is the mean square deviation of the film sur-
face from the average value and λ is the spatial period
of these deviations. For the sample geometry used in
our work, the magnetic dipole anisotropy field is

 (5)

As a result, the uniaxial magnetic dipole anisotropy
field is Hu = 1.21 Oe, which is in very good agreement
with the Hk2 value obtained for the studied Fe3Si film.
Since the direction of the uniaxial anisotropy φ2
almost coincides with the direction of steps, it is quite
probable that the main source of the uniaxial anisot-
ropy in the Fe3Si film on the vicinal substrate Si(111)
is the magnetic dipole interaction.

Of particular interest is the unidirectional anisot-
ropy observed in Fe3Si films. Although the value Hk1 =
0.15 Oe is almost an order of magnitude lower than the
uniaxial anisotropy field, its contribution is noticeably
manifested in the angular dependence of the reso-
nance field. The unidirectional anisotropy was
observed earlier in Co films grown epitaxially on
Cu(1117) vicinal surfaces [24, 25]. The unidirectional
shift measured using the magneto-optic Kerr effect of
the hysteresis loop was about 1.5 Oe. Interestingly, this
shift was observed at an angle of 65° to the step edges
on the Co surface. In Fe3Si films, we observed a simi-
lar picture: the unidirectional anisotropy is directed
not along and not across the steps but at an angle of
about 62° with respect to the direction orthogonal to
the steps. The authors of [26] pointed to the possible
physical nature of the unidirectional anisotropy in
Co/Cu (1117). They believe that the most probable
origin of the observed effect is the Dzyaloshinskii–
Moriya interaction [27, 28] arising because of symme-
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Parameters of the phenomenological model of the thin Fe3Si film obtained by the approximation of the experimental
dependence HR(φH)

Substrate 
Si(111)

Meff, G
K1, erg/cm3 
(Hk1, Oe)

φ1, deg K2, erg/cm3 
(Hk2, Oe)

φ2, deg K4, erg/cm3 
(Hk4, Oe)

φ4, deg ξ, deg δ, deg

Singular 1105.4 169 (0.15) 64.66 644 (1.17) 90.30 1.152 × 105 
(208.34)

87.96 0 0

Vicinal 1105.3 163 (0.15) 64.81 796 (1.44) 90.38 1.149 × 105 
(207.93)

87.94 5.00 0.14
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try breaking on the steps of the ferromagnetic film.
However, additional studies are necessary for the con-
firmation of this hypothesis.

It is important to note that the magnetic parame-
ters of the phenomenological model of the studied
film on the singular and vicinal surfaces have a rela-
tively slight difference (see table). However, allowance
in the model for the slight misorientation of the (111)
substrate surface by the angle δ = 0.14° in the 
direction and by the angle ξ = 5° in the  direction
leads to a considerable change in the angular depen-
dence HR(φH) and to the almost exact correspondence
between theory and experiment.

To summarize, the magnetic properties of the
Fe3Si epitaxial thin film grown on the Si(111) vicinal
silicon surface have been studied using the FMR
method. The effective saturation magnetization Meff =
1105 G and the cubic magnetic anisotropy constant
K4 = 1.15 × 105 erg/cm3 have been determined. It has
been established that the film also has uniaxial mag-
netic anisotropy characterized by the constant K2 =
796 erg/cm3 and slight unidirectional magnetic
anisotropy with the constant K1 = 163 erg/cm3. The
analysis of the results obtained has indicated that uni-
axial magnetic anisotropy has a magnetic dipole
nature, which is associated with the formation of mag-
netic charges on the roughnesses (steps) on the film
surface existing because of the slight misorientation of
the substrate with respect to the (111) surface. The
high sensitivity of the FMR method to small devia-
tions of the film surface of the (111) singular face
makes it possible to use it for fast and relatively simple
diagnostics of the extent of the misorientation of vici-
nal surfaces.

We are deeply grateful to S.N. Varnakov and
I.A. Yakovlev for the iron silicide film sample pro-
vided for the studies. This work was performed within
the state task of the Ministry of Education and Science
of the Russian Federation to the Siberian Federal Uni-
versity to carry out research in 2014 (task no.
3.528.2014K).
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