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a b s t r a c t

The magnetic anisotropy of 10 nm iron films deposited in an ultra high vacuum on the Si(001) surface
and on the Si(001) over caped by 1.5 nm layer of SiO2 was investigated. There is in-plane uniaxial
magnetic anisotropy caused by oblique sputtering in the Fe films on a SiO2 buffer layer. The easy
magnetization axis is always normal to the atomic flux direction but the value of the anisotropy field is
different depending on the axial angle among sputtering direction and the substrate crystallographic
axes. It is argued that the uniaxial magnetic anisotropy results from elongated surface roughness
formation during film deposition. Several easy magnetization axes are found in Fe/Si(001) film without
the SiO2 buffer layer. The mutual orientation of the main easy axes and Si crystallographic axes indicates
that there is epitaxial growth of Fe/Si(001) film with the following orientation relative to the substrate:
Fe[100] JSi[110]. The anisotropy energy of Fe/Si(001) film is estimated by simulation of angle
dependence of remnant magnetization mr as the sum of the mr angle plot from uniaxial anisotropy
(induced by oblique deposition) and the polar plot from biaxial magnetocrystalline anisotropy.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Iron is a dominant material for thin magnetic films because of
highest saturation magnetization (1700 G) and high Curie tem-
perature (1044 K). To correct interpretation of the physical proper-
ties in iron ultra thin film (with a thickness less than 10 nm) it
should be considered as a united system of film and substrate.
Both the lattice mismatch at the film–substrate interface and the
difference in electronic properties of them should be taken into
account. The epitaxial Fe/Si [1–3] and Fe/SiO2/Si [4–6] thin films
attract researchers because of their interesting properties and
prospects for spintronic devices. For example the current channels
switching, which implies new applications in spintronics and can
be controlled by the magnetic field, is revealed recently in such
structures [5]. The investigation of magnetic anisotropy in iron
films is important because the magnetization curve is governed by
magnetic anisotropy. The easy magnetization plane, which coin-
cides with the substrate surface, is a common and natural feature
of thin magnetic films that originates from magnetic shape anisotropy
[7,8]. The uniaxial magnetic anisotropy in the film plane is rather
typical in the deposited films [7–10]. It may originate from anisotropic

surface roughness formed due to oblique sputtering as well as by
another structural and morphological features, and therefore it is
sensitive to the sample preparation technique. This uniaxial magnetic
anisotropy is important in different applications [11,12]. There can be a
number of easy magnetization axes in the plane of thin epitaxial film
deposited on the surface of a single crystal because of the ordered
crystalline islands formation. The observation of such magnetocrystal-
line anisotropy can be useful as an indicator of epitaxial growth
[12,13]. The experimental value of magnetocrystalline anisotropy
energy is also of interest. It is established that in the films deposited
on monocrystalline substrates the magnetic anisotropy energy
depends on the angle among the flux direction and the crystal-
lographic substrate axis [12,14,15], but there is no literature data about
the SiO2 spaser effect on magnetic anisotropy energy.

In this paper macroscopic magnetic anisotropy in the plane of
iron films oblique sputtered on the (001) surface of single crystal-
line silicon is studied. Both the films deposited on the Si(001)
surface and on the Si(001) over caped by 1.5 nm layer of SiO2 were
investigated.

2. Experimental

The iron films were deposited by thermal evaporation from
Knudsen cells (boron nitride) in the ultrahigh-vacuum (UHV)
modernized molecular-beam epitaxy (MBE) “Angara” setup [16]
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at room temperature (RT). The basic pressure in the growth
chamber was 2:1� 10�7 Pa. The evaporation process was con-
trolled with a computer system, which included a hardware–
software complex for the operation of the UHV. The thickness of
the Fe films was controlled in situ by high-speed laser ellipsome-
try LEF-751 M [17]. Additional measurements of the Fe layer
thickness were carried out ex situ by the X-ray fluorescence
analysis. The growth rate of Fe films was about 0.25 nm/min.
The effective thickness of iron films was 1071 nm. Both the
crystallographic substrate orientation and the processes of clean-
ing and deposition were controlled by the high-energy electron
diffraction (RHEED). The polished wafers of monocrystalline sili-
con Si(001) were used as substrates. The substrate was chemically
cleaned with 1.5 nm thick SiO2 protective layer formation on its
surface [18,19]. This layer prevents mutual diffusion of the film
and the substrate components [20]. To obtain the atomically pure
surface of silicon the SiO2 buffer layer was removed by heating at
900 1C. The procedure was carried out to the moment when the Si
(001) 2�1 RHEED pattern was revealed.

The main axes which determine the film formation during
deposition are the azimuthal sputtering direction and the crystal-
lographic axes in the Si(001) plane (Fig. 1). The angle between the
crucible axis and the normal to the substrate plane was 371 and
the distance between the crucible outlet and the substrate center
was 180 mm. Thus, the properties of the deposited iron films
would depend on the value of the azimuthal angle between the
crystallographic axis and the sputtering direction (Fig. 1). In this
work the angle between the Si[110] direction and the sputtering
axis is the azimuthal angle ϕ.

Four Fe/SiO2/Si films with various values of the azimuthal angle
ϕ were deposited. The symbols (A1–A4) marking the samples and
used in the following are given in Table 1. Also, the film (marked
further as B) was deposited on the Si(001) surface without the SiO2

buffer layer.
Hysteresis loops were measured with a ferrometer adapted

for magnetostatic properties study of thin magnetic films [21].
A uniform magnetic field (300 Oe, 50 Hz) generated with Helm-
holtz coils was applied parallel to the substrate plane. The film
under study was located on the rotating plate between Helmholtz
coils above the measuring coils. The magnetic circuit was locking
in such a case and the electromotive force measured with the
ferrometer is proportional to the magnetic moment projection to
the applied field direction. To avoid the sample shape effect the

circle samples with 14 mm in diameter which is equal to the
distance between the measuring coils were chemically etched.

3. Results and discussion

3.1. Magnetic anisotropy of Fe/SiO2/Si(001) films

There is in-plane uniaxial magnetic anisotropy in the Fe films
deposited on SiO2/Si(001) as one can see from the angular depen-
dence of the hysteresis loop shape and the normalized remanent
magnetization value mr ¼Mr=Ms (Fig. 2). The Ms value used to
calculate mr was taken equal to the magnetization at H ¼ 300 Oe.
The easy magnetization axis is perpendicular to the atomic flux
direction. Such orientation of easy magnetization axis was
observed for the films deposited by oblique sputtering [12,22–26].
Angular dependencies of the hysteresis loop shape are similar for
all four samples deposited on SiO2. Therefore, only the A1 sample
dependence will be discussed further (Fig. 2, Table 1).

The hysteresis loop is rectangular in the easiest magnetization
direction, hence the remanent magnetization value here is mr¼1.
If the film magnetization follows the uniform rotation, then the mr

value will be the residual magnetization projection to the applied
field direction given bymr ¼ cos ðηÞ and η¼ θþπ=2, where η is the
angle between the applied field direction and the easy magnetiza-
tion axis and θ is the angle between the applied field direction and
the sputtering axis. Such dependence is consistent with the
measured values of mr (Fig. 2). Thus, the studied films are
remagnetized by the uniform rotation. This result is expected for
the films with a uniform thickness of about 10 nm [9,27]. The
value of the uniaxial magnetic anisotropy field Ha can be estimated
from the saturation field Hs¼Ha measured in the applied field
along the hard magnetization axis. The Ha values measured in this
way are given in Table 1.

The anisotropy field Ha is different for the samples A1, A2, A3,
A4 deposited at different values of azimuthal angle ϕ. The
deposition conditions of the A1 and A3 samples can be considered
as equivalent. The angle ϕ ¼ 1051 (A1) between the sputtering
axis and the Si[110] direction corresponds to the angle ϕ ¼ 151

Fig. 1. Orientation of the Si substrate and the Fe atoms flux. The sputtering axis is
turned on the azimuthal angle ϕ relative to Si[110] direction in the Si(001) plane.

Table 1
The magnetic anisotropy field of Fe/SiO2/Si(001) and Fe/Si(001) films.

Sample A1 A2 A3 A4 B

Azimuthal angle ϕ (1) 105 0 15 45 40
Ha(Oe) 160710 100710 150720 5075 11575

Fig. 2. The hysteresis loop shape and remanent magnetization value (filled symbols) in
the Fe film deposited on SiO2/Si(001) (sample A1) with ϕ¼1051 measured at different
applied field directions. The θ is the angle between the applied field direction and the
sputtering axis. The solid line is mr � uniaxial ¼ cos ðθþπ=2Þ.
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between the sputtering axis and the Si[�110] direction (A3),
because both Si[110] and Si[�110] crystallographic directions
are absolutely equivalent in single-crystalline silicon. Therefore it
is not surprised that A1 and A3 films are characterized by the
identical Ha values. The anisotropy field in the A2 sample (ϕ ¼ 01)
is slightly lower than that in the A1 and A3 samples and the Ha

field in the A4 sample deposited with the sputtering axis oriented
along Si[100] (ϕ ¼ 451) is even less. Thus, it can be argued that in
the iron film deposited on the SiO2 buffer layer the sputtering axis
direction relative to the Si[110] axis does not affect the orientation
of easy magnetization axis and the symmetry of magnetic anisotropy,
but it affects the magnetic anisotropy field value. The uniaxial
magnetic anisotropy in the oblique sputtered films is attributed to
the self-shadowing effects [12,23,28], anisotropic strain at the interface
[28–30], etc. Activity in this area has been in progress for several
decades, but the model explaining the easy magnetization axis
perpendicular to the deposition direction in the oblique sputtered
films by a steering effect has been developed quite recently [22,23].
This steering effect results from the distortion of sputtered atom
trajectories due to the long-range attractive forces between the
incident atoms and the atoms of substrate [22,23]. The steering effect
results in the formation and subsequent growth of anisotropic surface
roughness that elongated perpendicular to the sputtering direction
[22–24,26,31]. Finally the uniaxial magnetic anisotropy is originated
from the anisotropic surface relief.

The elongated surface roughness is observed by atomic force
microscope (AFM) imaging of the Fe films deposited on SiO2/Si
(001) (Fig. 3a). According to Schlömann [32], the magnetic
anisotropy field caused by the anisotropic surface relief in the
film can be estimated as

Has �Ms4π2p2=ðλdÞ; ð1Þ
where Ms is a saturation magnetization, p is the random mean
square (RMS) deviation from the average flat level surface, λ is the
prevalent wavelength in surface roughness, d is the film thickness.

From the fast Fourier transform (FFT) analysis of the AFM image
(see Fig. 3b) the prevalent wavelength is λ¼ 0:470:1 μm and the
RMS deviation of thickness is p ¼ 3.070.5 nm. Using the
determined values of λ, p and Ms ¼ 1700 G for bulk bcc-Fe and
d ¼ 10 nm the estimation is found to be Has � 80–270 Oe. The
estimated value of the magnetic anisotropy field Has from the
anisotropic surface relief is close to the values of magnetic
anisotropy field Ha presented in Table 1. This confirms that the
in-plane magnetic anisotropy of the Fe films deposited on SiO2/Si
(001) is arisen from the anisotropic surface roughness formation
during sputtering.

The magnetic anisotropy of Fe film deposited on the clean Si
(001) surface (the sample B) is qualitatively different from one of
the Fe films deposited on the SiO2/Si(001) surface (Fig. 4). There
are two axes of easy magnetization in the mrðθÞ plot (Fig. 4), which
are along the segments connecting the maxima in the mrðθÞ plot.
These axes are found to be parallel to the Si[110] and Si[�110] axes
of the silicon substrate. In addition, the polar plot in Fig. 4 is
somewhat elongated in the direction perpendicular to the sputter-
ing axis and slightly sheared relative to this direction. The 10 nm
thick Fe films under study have a body-centered cubic (bcc)
structure [33]. The most perfect lattice match of bcc-Fe and Si
(001) surface needs parallel orientation of Fe(001) and Si(001)
planes [34]. Such epitaxial growth of bcc-Fe on the Si(001) surface
would result in two easy magnetization axes in the film plane,
which coincide with the crystallographic directions bcc-Fe[100]
and [010] (Fig. 5). The conclusion from data and examination of
Figs. 4 and 5 is: the Fe film (sample B) is epitaxially grown on the
Si(001) surface so that bcc-Fe[100] J Si[110]. The established bcc-
Fe[100] J Si[110] lattice matching is consistent with the crystal-
lographic criterion – the axes with the maximum density of atomic

packing are parallel in two most perfectly matching lattices [35].
The elongation of the mrðθÞ plot in Fig. 4 is supposed to be due to
the uniaxial magnetic anisotropy formation in the process of
oblique sputtering. The observed little shear of the mrðθÞ plot in
Fig. 4 is also expected since the easy magnetization axis deviates
from crystallographic substrate direction by 51 (see Table 1). The
above conclusions were used for the quantitative description of
the mrðθÞ plot (Fig. 4). The uniform rotation of the magnetization
results in the following expression for themrðθÞ dependence in the
bcc-Fe film due to magnetocrystalline anisotropy solely:

mr � cubic ¼mmax cos ξ;

�π=4oξoπ=4 or 3=4oξo5π=4 ð2Þ

and

mr � cubic ¼mmax sin ξ;

π=4oξo3π=4 or 5π=4oξo7π=4; ð3Þ

Fig. 3. (a) The AFM image of the Fe film deposited on SiO2/Si(001). (b) The FFT
spectrum of the AFM image along the axis perpendicular to the long axis of
anisotropic roughness.
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where ξ is the angle between the applied field and the bcc-Fe
[100] axis.

Since the uniaxial anisotropy from the oblique sputtering
mr � uniaxialðηÞ ¼ sin ðηÞ, where η is the angle between the applied
field direction and the easy magnetization axis, would contribute
in total mrðθÞ dependence also, the resulting mrðθÞ dependence is

mrðθÞ ¼ ð1�xÞmr � cubicðθþϕÞ
þxmr � uniaxialðθþϕ1Þ; ð4Þ

where x is the contribution of uniaxial anisotropy to the total
magnetic anisotropy energy of the film, ϕ is the angle between the
easy magnetization axis of bcc-Fe and the sputtering axis, ϕ1 is

the angle between the easy magnetization axis induced by oblique
sputtering and the sputtering axis, θ is the angle between the
applied field direction and the sputtering axis.

The possible dispersion in orientation of various epitaxial bcc-
Fe islands and the dispersion of the elongated roughness direc-
tions on the surface were taken into account in the final simulated
mrðθÞ dependence in Fig. 4. The averaging by ϕ and ϕ1 was made
with Gaussian distribution function. The final simulated mrðθÞ plot
corresponding to the best fitting of experimentalmrðθÞ data for the
Fe film deposited on the Si(001) surface (the sample B) is in Fig. 4.
The best fit is approached at x ¼ 0.35.

Assuming that the uniaxial anisotropy constant induced by
oblique sputtering is the same as for the A4 sample we found the
magnetocrystalline anisotropy constant Kuniaxial¼4.3�104 erg/
cm3 (calculated as Kuniaxial ¼HaMs=2, where Ha is taken from
Table 1), and using the obtained x ¼ 0.35, it is possible to estimate
the magnetocrystalline anisotropy constant for the epitaxial Fe
film (the sample B) as Kcubic ¼ Kuniaxialð1�xÞ=x [36–38]. The result
of the estimation is Kcubic ¼ 7.9�104 erg/cm3. This value of Kcubic is
much lower than the magnetocrystalline anisotropy constant of
bulk bcc-Fe KFe ¼ 4.8�105 erg/cm3. Such a magnetocrystalline
anisotropy constant decrease can be understood as a result of the
penetration of silicon atoms from the Si substrate into the Fe film.
Such a penetration occurs during the Fe film deposition on the Si
and resulted in the bcc-Fe solid solution formation [3,20,33,39].
Indeed, the magnetocrystalline anisotropy constant of the bcc-Fe
solid solution containing 7.5 wt.% of Si is Kcubic E10�104 erg/cm3

[40] which is close to the estimated Kcubic value.

4. Conclusions

Magnetic anisotropy of the 10 nm thick Fe films deposited in
the ultrahigh vacuum on the crystalline silicon surface Si(001), and
Si(001) surface covered with a thin SiO2 buffer layer was investi-
gated. The in-plane uniaxial magnetic anisotropy was found in the
films deposited on the SiO2 layer. The easy magnetization axis in
these films is perpendicular to the atom flux direction. The
anisotropy field is different for various orientations of the deposi-
tion axis relative to the crystallographic axis of the Si substrate.
It is argued that this magnetic anisotropy was due to the elongated
roughnesses of the film surface formed in an oblique sputtering
process. The films deposited on the clean Si(001) surface have a
two easy magnetization axes indicating the epitaxial growth of Fe
film on Si. The magneto-crystalline anisotropy constant of Fe/Si
(001) epitaxial film was estimated by simulating the angular
dependence of remanent magnetization. The magneto-crystalline
anisotropy constant of the epitaxial Fe film is close to the solid
solution constant of the Fe containing 7.5 wt.% of Si.
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