
ISSN 1063�7850, Technical Physics Letters, 2012, Vol. 38, No. 4, pp. 336–339. © Pleiades Publishing, Ltd., 2012.
Original Russian Text © V.A. Vikulov, V.V. Balashev, T.A. Pisarenko, A.A. Dimitriev, V.V. Korobtsov, 2012, published in Pis’ma v Zhurnal Tekhnicheskoi Fiziki, 2012, Vol. 38,
No. 7, pp. 73–80.

336

Magnetite (Fe3O4) is characterized by a large spin
polarization of electrons and a high Curie temperature
(580°C), which makes this compound a promising
material for hybrid device structures in spintronics [1,
2]. The growth of thin Fe3O4 film can be performed by
various methods, including pulsed laser ablation [3],
molecular beam epitaxy [4], and RF sputtering [5].
Recently, we have demonstrated the possibility to
obtain homogeneous polycrystalline Fe3O4 films on
thin buffer SiO2 layers by reactive sputtering of iron in
oxygen. However, the experiments were performed at
a fixed temperature (Tdep) of the SiO2/Si(001) sub�
strates [6].

As is known, the temperature of synthesis (deposi�
tion) significantly influences the structure of Fe3O4

films and, hence, their structure�dependent magnetic
characteristics [7]. For this reason, the present study
was aimed at determining the influence of the deposi�
tion temperature on the structure and magnetic prop�
erties of Fe3O4 films synthesized on tunneling�trans�
parent buffer SiO2 layers by reactive sputtering of iron
in oxygen.

The substrates were cut from n�type (001)�oriented
single�crystalline Si wafers with a resistivity of
4.5 Ωcm, on which a thin (1.5 nm thick) SiO2 layer
was formed by wet chemical treatment. The experi�
ments on the synthesis of Fe3O4 films were performed
in an ultrahigh�vacuum setup equipped with attach�
ments for the reflection high�energy electron diffrac�
tion (RHEED) and spectral ellipsometry measure�
ments. The temperature of substrates for Fe3O4 film
synthesis was varied in the range from 200 to 400°C
with a 50°C step. The film thickness as determined

from the results of ellipsometric measurements was
about 50 nm, The experimental conditions have been
described in more detail elsewhere [6].

The structure and phase compositions of the
obtained films were studied by RHEED. The RHEED
patterns from films grown at various deposition tem�
peratures Tdep in the indicated interval showed diffrac�
tion fringes typical of polycrystalline magnetite films
with [311] texture [6]. The sharpness of this pattern
increased with Tdep, which was indicative of a growth
in the grain size. This conclusion was also con�
firmed by the data of atomic force microscopy
(AFM). Figure 1a shows the typical AFM image of
a Fe3O4 film obtained on a Solver�P47 instrument
(NT MDT Co.). As can be seen, the sample surface
exhibits a “granular” structure with microcavities, the
lateral dimensions of which are comparable with the
sizes of grains (see the inset to Fig. 1a). An analysis of
these AFM images showed that the density of micro�
cavities amounted to 3.5 × 109 cm–2 in a film deposited
at Tdep = 200°C and decreased by a factor of 2–3 in the
films grown at higher temperatures. The depth of these
microcavities in the films synthesized at various Tdep

did not exceed 20 nm at a total film thickness of 50 nm.
Accordingly, it was believed that the films had no
through pores and possess continuous structures. As
Tdep was increased from 200 to 400°C, the average
grain size and rms roughness of the surface increased
by a factor of ~2.5 and 3, respectively (Fig. 1b). The
surface density of grains monotonically decreased
from 3.0 × 1011 to 5.0 × 1010 cm–2 with the deposition
temperature increasing in the indicated interval.
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More detailed information about the phase com�
position of synthesized films was obtained using the
method of Raman spectroscopy (RS). The Raman
spectra were measured in a range of 190–900 cm–1 on
an Ntegra Spectra instrument (NT MDT Co.) at room
temperature with excitation by Ar+ laser radiation at a
wavelength of 488 nm. The probing radiation power at
the sample surface was 8 mW. According to published
data [8], a single�crystalline Fe3O4 is characterized by
five active Raman modes: A1g (ω = 669 cm–1); Eg (ω =

410 cm–1); and 3T2g (ω  = 193 cm–1, ω  =

540 cm–1, and ω  = 300 cm–1). The spectral range
under consideration can also display intense peaks
corresponding to the A1g modes of other iron oxides
(228 and 447 cm–1 for α�Fe2O3, 695 cm–1 for γ�Fe2O3)
[9]. 

Figure 2 shows the Raman spectra of a Si substrate
and the samples synthesized at various temperatures.
As can be seen, the spectra of films grown at Tdep >
250°C display an intense peak at 669 cm–1. The char�

acteristic magnetite modes Eg, , and  are not
manifested because of their weak intensity and the
overlap with the characteristic modes of silicon at
520 and 303 cm–1. The peaks observed in the region of
669 cm–1 were decomposed into Lorentzian compo�
nents. An analysis of the results showed the presence of
a certain amount of γ�Fe2O3 in the films formed at
Tdep = 200°C, which disappeared in the films grown at
higher temperatures. The peak half�width (FWHM)
of the A1g mode of Fe3O4 decreases when Tdep is
increased from 200 to 300°C and then remains
unchanged with the further growth in the temperature
of synthesis (see table in the inset to Fig. 2). Taking
into account that A1g mode is related to the structure of
Fe3O4 [10], the observed decrease in the peak half�
width with increasing Tdep can be related to a structural
ordering in the grains.

Information of the effect of the temperature of syn�
thesis on the magnetic properties of Fe3O4 films was
obtained from an analysis of the magnetic hysteresis
loops (Fig. 3a) measured by the induction technique
on a vibrating sample magnetometer. It was estab�
lished that the obtained Fe3O4 films were magnetically
isotropic. As Tdep was increased, the coercive field (Hc)
exhibited a slight decrease from 305 Oe (at Tdep =
200°C) to 270 Oe (at Tdep = 400°C), the effective sat�
uration magnetization (Meff) exhibited a 1.5�fold
increase in this temperature interval, and the loop
squareness (Mr/Ms) exhibited a maximum at Tdep =
300°C (Fig. 3b). Note that the observed Hc values are
comparable with the coercive fields of polycrystalline
magnetite films obtained by other methods [11, 12]. 
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Malyutin et al. [13] showed that the coercivity of
nanocrystalline films can be represented as a sum of
contributions related to the grain boundaries (Hv),
grain size (HK), surface roughness (Hs), surface relief
(Hms), and pores (Hw):

The character of various Hc components, depend�
ing on the grain size, variance of the easy axes, crystal�
lographic anisotropy, film thickness, and the average
depth and diameters of microcavities was considered
in [13]. The effect of parameters of the surface rough�
ness, including the rms amplitude (h) and lateral
period (l), on the Hc value was studied in [14]. Since
our Fe3O4 films are considered to be structurally con�
tinuous, the main contributions to Hc can be due to
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Fig. 1.(a) AFM image of Fe3O4 film grown at Tdep =
300°C (the inset shows the typical image of microcavities);
(b) plot of the average grain size and rms surface roughness
vs. synthesis temperature. 
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HK, Hms, and Hs. The HK value increases with the grain
size, while Hs and Hms decrease because of variations
in the (h/l)4/3 ratio and a decrease in the density of
microcavities, respectively. It is a change in the ratio of
Hs and Hms that accounts for a decrease in Hc. An
increase in Ms can be related to a decrease in the vol�
ume fraction of grain boundaries in the film with
increasing grain size, since the effective magnetization
is a sum of the magnetization of grains (Ms) and their
boundaries (Mgb):

where Vg, Vgb, and V are the volumes of grains, grain
boundaries, and the film, respectively [15]. The
reduced remanent magnetization reaches a maximum
for the films formed at Tdep = 300°C. This result can be
explained by the fact that, in films grown at tempera�
tures below 300°C, the phase composition and struc�
ture change so that the remanent magnetization Mr

increases faster than the effective saturation magneti�
zation Ms, In contrast, at Tdep > 300°C, the value of Mr

remains constant while Ms increases due to a decrease
in the amount of defects in the film volume.

Thus, the present investigation demonstrated the
possibility of growing continuous polycrystalline
Fe3O4 films with pronounced (311) texture of grains
on SiO2/Si substrates by the reactive sputtering of iron
in oxygen in a range of substrate temperatures from
200 to 400°C. It has been shown that an increase in the
temperature of synthesis leads to a structural ordering
of grains in the film. The dependence of the remanent
magnetization on the film deposition temperature
exhibits a maximum at Tdep = 300°C.
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Fig. 2. Raman spectra of Fe3O4 film grown on SiO2/Si substrates at various Tdep (°C): (1) 200, (2) 250, (3) 300, (4) 350, and
(5) 400 (for the sake of clarity, the spectra are shifted along the ordinate axis). The inset gives data on the full width at half maxi�
mum (FWHM) of the A1g peak. 
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Fig. 3. (a) Hysteresis loops of Fe3O4 films grown on the
SiO2/Si(001) surface at various temperatures Tdep and
(b) plots of the coercive field Hc and reduced remanent
magnetization Mr/Ms vs. Tdep. 
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