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A B S T R A C T

Thin films of iron with different thickness (⁓40–300 nm) were deposited on quartz and silicon substrates by
using ion beam assisted deposition (IBAD) technique. The influence of film thickness and deposition rate on
microstructure, magnetic phase composition and perpendicular magnetic anisotropy (PMA) of iron films were
studied by electron microscopy, X-ray diffraction, Mössbauer spectroscopy, vibrating-sample magnetometry and
differential thermomagnetic analysis. Shown, that phase composition and magnetic properties of films depend
substantially on the deposition rate, and, in fact, don't depend on both film thickness and the type of substrate.
The strong PMA is observed in iron films formed at low (~3 nm/min) and medium (~10 nm/min) deposition
rates only. The microstructure is characterized by the presence of nanocrystalline grains of α-Fe phase, as well as
a significant fraction of disordered iron phase and nonmagnetic oxide phase of FeO (up to 20%). The FeO phase
occurs due to the reaction of iron atoms with the residual atmosphere of the vacuum chamber. Moreover,
significant positive deformation (about 3%) of crystal lattice of α-Fe grains was observed. The effect of de-
position rate on the crystallinity, phase composition and PMA in thin iron films we associate with the features of
the IBAD process.

1. Introduction

Ferromagnetic thin films with the perpendicular magnetic aniso-
tropy (PMA) are of interest in magnetic storage devices industry and
spintronics [1,2], as well in a relatively new field of research – strain-
tronics [3]. From this point of view, such films are intensively studied in
the last two decades (see, e.g., Refs. [4–11]). Magnetic films with PMA
can be prepared by various methods and they differ in the elemental
and phase compositions, microstructure and thickness, as well as the
physical origin and the mechanisms of the appearance of PMA. Firstly,
the ultra-thin epitaxial films with a thickness of several atomic layers
should be emphasized [4,5]. Here, the PMA is usually associated with
canted-spin configurations on the surface and/or film-substrate inter-
face, as well with the lattice mismatch between the film and substrate
that result in inhomogeneous mechanical stresses near the interface [6].
With increasing film thickness, the effect of the surface and interface
decreases, so the in-plane anisotropy becomes preferable. As a result,
the magnetization vector changes its direction with respect to the film
plane from the «out-of-plane » to the «in-plane » orientation (the spin
reorientation transition, SRT). However, the reverse SRT is also

possible, in which the direction of the magnetization vector, on the
contrary, changes from the “in-plane” to the “out-of-plane” orientation
with increasing film thickness [7–11]. For amorphous and poly-
crystalline films of transition-metal element-based compounds, the
appearance of PMA with increasing film thickness is associated with the
growth of a clearly defined columnar grain microstructure in the film
[7–9]. So the PMA origin is associated with the shape anisotropy of
columns growing preferentially along the normal to the film plane. In
the case of single- crystal nickel films, inverse SRT was explained by the
increase in the strain-induced volume anisotropy [10]. In general, the
stresses occurring in the films and/or the interface play an important
role in the formation of the magnetic anisotropy. Note that the com-
pression stresses or tensile strains in magnetic films can be produced
additionally by introducing impurity atoms during the film deposition.
For example, thin films of the FeCo alloy with the Al, O, and N impurity
reveal the magnetic anisotropy perpendicular to the surface and a
characteristic stripe domain structure after nitrogen atoms filling up
interstitial space [11].

The composite cobalt oxide films CoOx (d ≅ 0.8–2 μm) with metallic
cobalt nanoparticles exhibit pronounced PMA as well [9]. The work [9]
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is of particular interest in the context of our results for the iron films. In
Ref. [9], the composite CoOx film was deposited by cobalt target
sputtering using a gas mixture (Ar + O2) with a controlled partial
oxygen pressure. The dependences of the saturation magnetization Ms,
coercive force Hc and PMA energy (KA – anisotropy constant) of thin
films on the gas pressure (Ar + O2) and the partial oxygen pressure at
the deposition were obtained. It was found that the composite CoOx
film has a columnar structure. It was assumed that PMA appears due to
the large contribution of the magnetocrystalline anisotropy of metallic
Co with the hexagonal structure.

It is clear that the structural and magnetic properties of films es-
sentially depend on the methods and conditions of their formation. Ion-
beam-assisted deposition (IBAD) is one of well-known and widely used
methods for the preparation of films on the different substrates. Earlier,
we used this method to synthesize and modify diamond-like carbon
films [12], to form silver nanoparticles in the silicate glass matrix [13],
to produce nanocomposite multiferroic films based on barium titanate
with magnetic cobalt nanoparticles [14], to obtain thin germanium
layers [15,16] and nanostructured thin ZnO and Al2O3 films [17].
Moreover, recently we reported about the unusual properties of a thin
iron film IBAD-deposited on the glass substrate [18]. The iron film had
the thickness of 120 nm and the nanocrystalline structure with a no-
ticeable fraction of iron atoms in a disordered state. The film had the
large tensile microstrain of 2–3% exceeding the elastic deformation
limit of iron and revealed the high perpendicular magnetic anisotropy
unexpected for iron films with a thickness of 100 nm. The residual
mechanical stresses in the film were removed after high-temperature
annealing in vacuum, and the annealed sample exhibited the magnetic
behavior typical for polycrystalline iron films with the in-plane aniso-
tropy.

To shed more light on the origin of the perpendicular magnetic
anisotropy observed in iron film [18], in this work we prepared an
extensive series of thin-film Fe samples enriched by 57Fe isotope using
the IBAD technique. The iron films with different thicknesses were
deposited on amorphous quartz and crystalline silicon substrates at
different deposition rates. The iron films enriched by 57Fe isotope were
manufactured in order to use Mössbauer spectroscopy for the de-
termination of Fe-based phases in the samples. Note that the isotopic
composition of the iron films does not affect their structural and mag-
netic properties. It is known that magnetic properties of iron are due to
the exchange interaction of the 3d electrons of the iron atoms, which is
independent of the type of the isotope (56Fe or 57Fe). The effect of the
deposition regime, film thickness and the type of substrate on the
structural and magnetic properties of iron films was studied in detail to
establish the correlations between the perpendicular magnetic aniso-
tropy and structural features of as-deposited iron films.

1.1. Experimental

Thin iron films enriched by 57Fe isotope were deposited on quartz
glass and Si (111) substrates using the IBAD technique. In addition,
control experiments on the deposition of iron films with a natural iso-
topic composition in order to show no effect of the isotopic composition
of the films on their magnetic properties were carried out. Fig. 1 shows
schematically the process of the deposition of thin films. The wide
aperture Kaufman type ion source (diameter of 100mm) with a diver-
ging ion beam (divergence angle of ~10°) was used for the deposition
of thin iron films. The ion source was used to sputter a 65mm diameter
foil of the metallic iron (pure: 99.998%) enriched by 57Fe isotope and to
perform ion-assisted deposition of films at the grazing angle of the ion
incidence on the film surface (α1 ≅ 2°). The nat-Fe target (pure:
99.98%) with a diameter of 65mm was used for control experiments.
Chemically pure xenon (99.995%) was used as the working gas. The
energy of xenon ions varied in the range of 1–1.5 keV and the ion
current density J was in the range of 65–200 μA/cm2. The ion current
density was measured in the region of the target using two Faraday

cylinders supplemented by two permanent magnets in order to avoid
the secondary electron emission. The films were deposited in the va-
cuum of ~2⋅10−2 Pa. We emphasize that due to the importance of
vacuum conditions, all iron films were deposited at the same vacuum:
10−3 Pa before and 2•10−2 Pa after venting of the working gas into the
ion source. The vacuum chamber was pumped out by two diffusion
pumps with nitrogen traps. The composition and partial pressure of the
residual gases in the vacuum chamber were not measured because of
the lack of necessary equipment. The temperature of substrates did not
exceed 50 °С during the deposition. The iron films were prepared in a
wide range of the deposition rates of ⁓3–20 nm/min by changing ion
current density and energy of xenon ions. The films prepared at three
deposition rates were studied in detail: 3.2 (E=1 keV, J= 65 μA/cm2),
10 (E=1,3 keV, J= 200 μA/cm2) and 20 nm/min ((E=1,5 keV,
J= 200 μA/cm2) The film thickness was varied in the range of
⁓40–300 nm.

To prepare iron films with the reproducible structural and magnetic
properties, such deposition parameters as the distance from the target
to the substrate, the angle of the ion beam incidence on the target and
the distance from the target to the ion source were the same in all ex-
periments.

Before deposition, the substrate and target were cleaned by ion ir-
radiation at the angle of 200 for 3min. Then the substrate gradually
(with the increment of 3min) was returned to the horizontal position.
The ion beam irradiation was not interrupted. This treatment of the
substrate guaranteed good adhesion of the films.

The elemental composition, thickness and surface morphology of
iron films were studied on a scanning electron microscope (SEM, Zeiss
EVO 50 XVP) equipped with an X-Ray energy dispersive spectrometer
(EDX, Inca energy-350). Structural parameters and magnetic phase
composition were studied by X-Ray diffraction (Cukα XRD, DRON-7
with β – filter) in Bragg and grazing geometries and by conversion
electron Mössbauer spectroscopy (CEMS, WissEl spectrometer).
Conversion electrons were recorded using a gas-flow detector (RiKon-
5). The velocity scale of the Mössbauer spectrometer was calibrated
using a metallic iron spectrum taken at room temperature. Isomeric
shifts were determined relative to the center of gravity of the α-Fe
spectrum.

Magnetic properties were studied using vibrating-sample magneto-
metry (VSM) and differential thermomagnetic analysis (DTMA)
[19,20]. Square samples of 5×5mm2 were used to minimize the effect
of the sample shape on magnetic VSM measurements. The dependences
of the induced magnetic moment on the magnetic field applied in the
plane (in-plane geometry) or perpendicular to the plane (out-of-plane
geometry) of the sample were recorded at room temperature with a
magnetic field sweep of up to 500mT. Diamagnetic contributions from
quartz or silicon substrates were subtracted and the recorded magnetic

Fig. 1. Schematic illustration of thin film deposition using the IBAD technique,
where J1 is the flux of accelerated xenon ions, J2 is the flux of sputtered iron
atoms and J3 is the flux of atoms of residual atmosphere (carbon, oxygen and
xenon) in the vacuum chamber.
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moment was normalized to the volume of the measured samples to
calculate and compare the magnetization of iron films with different
thicknesses. For DTMA studies, the samples were coated additionally
with a 400 nm thick silicon layer in order to reduce their oxidation
during the measurement by fast heating of samples with the rate of
100 K/min in the applied magnetic field of 300mT.

2. Results and discussion

2.1. The observation of the perpendicular magnetic anisotropy

The basic feature of the prepared films is that they have the per-
pendicular magnetic anisotropy, the value of which depends strongly
on the deposition rate. Fig. 2 shows the magnetic hysteresis loops re-
corded “in-plane” and “out-of-plane” of iron films deposited on quartz
substrates at the deposition rates of 3.2, 10 and 20 nm/min. The iron
film prepared at the low deposition rate of 3.2 nm/min shows a parti-
cular shape of the magnetic hysteresis loop called in the literature as the
“transcritical hysteresis loop” [21]. It displays a moderate remanence
with the high coercive force of Bc ≅ 19mT and a linear growth of the
magnetization up to saturation with the increase in the applied mag-
netic field. The hysteresis loop shape with the linear growth of the
magnetization before saturation is typical for magnetic films with the
PMA [7,8,11,21]. The anisotropy field (BA) at which the sample reaches
its saturation (shown by dashed lines in Fig. 2) is directly connected to
the PMA value (KA) by the expression: KA=MSBA/2 [7], where MS is
the saturation magnetization. It is clearly seen in Fig. 2a that the iron
film prepared at the low deposition rate reveals the strong PMA with
the anisotropy field of BA ≅ 250mT. However, the saturation

magnetization of this film is approximately 20–30% less than that for
the α-phase Fe (shown by the dotted line in Fig. 2). Note that the
magnetization saturation is not reached even at the maximum magnetic
field sweep of 500mT during scanning of the field along the normal to
the sample plane (out-of-plane geometry).

With the increase in the deposition rate, the remanence increases,
and the saturation magnetization of films becomes comparable with the
tabulated value for α-phase bulk Fe (see Fig. 2b and c). The anisotropy
field and coercivity decrease rapidly to BA ≅ 16mT and Bc ≅ 5mT in the
iron film prepared at the medium deposition rate of 10 nm/min. The
film prepared at the highest deposition rate used in our experiments
exhibits the magnetic hysteresis loop typical for nanocrystalline (or
amorphous) iron films with the high residual magnetization and very
low coercive force Bc~1.0–1.5mT. In this case, the linear slope of the
magnetization in the magnetic hysteresis loop disappears completely.
This indicates that the PMA contribution to the magnetic energy of the
film is zero, i.e., BA=0.

The magnetic hysteresis loop for the iron film with a thickness of
150 nm deposited at the same conditions (V= 20 nm/min) using the
nat-Fe target is shown in Fig. 2. The deposition mode was chosen in
such a way that the vacuum conditions in the working chamber mini-
mally affected the elemental composition of iron films. It is seen that
the hysteresis loops shown in Fig. 2c and d, differ little that proves the
absence of the effect of the isotopic composition of the iron film on its
characteristics studied in this work.

The results of VSM measurements of all samples made it possible to
plot the experimental dependences of the anisotropy field and coercive
force on the deposition rate in detail (Fig. 3). It can be seen that the
anisotropy field and coercive force decrease fast with increasing

Fig. 2. Magnetic hysteresis loops for the in-plane and out-of-plane geometry of thin iron films prepared on quartz substrates at different deposition rates of a) 3.2
(d= 130 nm), b) 10 (d=150 nm) and c) 20 nm/min (d=160 nm), d) 20 nm/min, nat-Fe (d= 150 nm). Insets show the hysteresis loops at the low magnetic field
sweep.
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deposition rate, and they do not depend on the type of the substrate.
Moreover, these quantities do not depend on the film thickness (Fig. 4).

An additional experiment was carried out in order to eliminate the
effect of the substrate and interface-induced macrostress on PMA in the
iron film. The Fe film with a thickness of about 60 nm was deposited on
a single-crystal NaCl plate at the low deposition rate of 3.5 nm/min.
Then this sample was placed in distilled water, where the NaCl sub-
strate was completely dissolved, and the substrate-free Fe film was
placed on a copper mesh. The VSM measurement showed that the free

Fe film exhibits a transcritical hysteresis loop with the remanence,
coercivity force and anisotropy field values, which are similar to those
for the film as-deposited on the NaCl substrate. Thus, we may conclude
that the PMA is induced by the intrinsic microstructure of the iron film.
We studied in detail the elemental and phase compositions of three
films exhibiting different magnetic behavior (Fig. 2) to establish the
origin of perpendicular magnetic anisotropy in the iron film.

2.2. SEM studies and elemental composition

SEM in-plane and cross-section studies showed that the surface
morphology of all films is smooth without any special microstructure
features (e.g., columnar structures) in the cross-section image of the
films at the SEM resolution of about 10 nm. However, the EDX ele-
mental analysis of the samples showed that the oxygen content is 20,
10, and 3.5 at.% for the films prepared at the deposition rates of 3.2, 10,
and 20 nm/min, respectively. The carbon content was in the range of
6–8 at.% for all three films. No other chemical elements except iron
were detected. Thus, the high magnetic anisotropy in films obtained at
the low deposition rate can be associated with the capture of oxygen
atoms from residual atmosphere of the vacuum chamber during the
deposition.

2.3. Magnetic phase composition

The analysis of CEMS spectra (Fig. 50 showed that the magnetic
phase composition of iron films changes as a function of the deposition
rate. Three sextets (ferromagnetic phases) marked by lines 1–3 in
Fig. 5a and a paramagnetic doublet (line 4) can fit the CEMS spectrum
of the iron film prepared at the low deposition rate of 3.2 nm/min. In
the case of medium and high deposition rates of 10 nm/min and 20 nm/

Fig. 3. Dependences of the anisotropy field (a) and the coercive force (b) on the deposition rate for iron films deposited on quartz (open circles) or silicon (filled
triangles) substrates. Dotted (orange) lines show the deposition rate for which the element-phase compositions were studied in detail. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Anisotropy field dependences on the thickness of iron films deposited on
the quartz substrate at two deposition rates of 8.0 ± 0.5 and 3.0 ± 0.5 nm/
min.

Fig. 5. CEMS spectra of thin Fe films enriched by 57Fe isotope prepared at the deposition rates of: a) 3.2, b) 10 and c) 20 nm/min. Experimental spectra are a
superposition of spectral components shown by corresponding thin lines 1.2. . . 4, the hyperfine parameters of which are listed in Table 1.
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min, only two magnetic sextets are observed (lines 1 and 2 in Fig. 5b
and Fig. 5c). In addition to the magnetic components, there is a para-
magnetic doublet with a very low intensity (~2% and 3%) in the
spectra of these samples (not shown in Fig. 5b and c). Fitting para-
meters of all Mössbauer spectra are listed in Table 1.

The analysis of the hyperfine parameters listed in Table 1 indicates
that the first and second sextets with the isomeric shifts close to zero are
attributed to α-phase iron with the bcc lattice and to disordered iron,
respectively. The latter is characterized by a wide and asymmetric
distribution of hyperfine fields [22]. The mean value of hyperfine
magnetic field on the 57Fe nucleus is 29.4 T that is lower than that for α-
phase Fe (33.0 T). While increasing the deposition rate, the area S under
the second sextet, which corresponds to the disordered iron component,
increases and exceeds area of the sextet from the crystalline component
α-Fe.

The third sextet is present only in the film prepared at a low de-
position rate. This sextet has a large isomeric shift (Is≅ 0.69) and a wide
Gaussian distribution of hyperfine fields with the mean value of 34.4 T.
It can be attributed to a disordered finely dispersed phase with a
magnetite-like local environment of iron ions (magnetic clusters). The
outer 6-th line of this sextet stands out in shape of the broad wing in the
range of speed from 6 to 7mm/s. The isomeric shift of 0.69mm/s is
close to that of the sextet from Fe2+ ions in the octahedral positions of
magnetite, Fe3O4 [23,24]. The strong broadening of sextet lines and the
decrease in the mean hyperfine magnetic field for these magnetic
clusters is probably due to the wide size distribution of these clusters as
well as coherence lengths of magnetic ordering and the presence of
carbon impurity in the local environment which lead to the decrease in
the magnetic field on the nucleus. The carbon concentration in this
sample is about 6–8 at.% according to the elemental analysis. For small
clusters with sizes less than 5 nm, the blocking temperature becomes
lower than room temperature and superparamagnetism leads to the
degeneracy of the sextet structure into a broad absorption line in the
central part of the spectrum [24].

The superparamagnetic component is shown by line no. 4 in Fig. 5a.
The low-temperature measurements (not shown) of the film synthesized
at the low deposition rate of 3.2 nm/min showed that the relative
fraction of the superparamagnetic doublet is reduced and the area of
the sextet (no. 3) corresponding to magnetite-like clusters increases
during lowering of temperature. In addition, we assume that iron oxide
Fe1-xO (wüstite) particles also contribute to this superparamagnetic
doublet. First, the isomeric shift of 0.92mm/s is close to that of wüstite
(0.86mm/s). There is a significant quadrupole splitting QS=1.14mm/
s (0.78mm/s for wustite). Secondly, this assumption is consistent with
the X-ray structural analysis as is shown below, and also with the results
of electron microdiffraction studies of similar samples [18].

It is well known [25] that the ratio (A2) of intensities of the second

(or fifth) sextet line to the third (or fourth) line of the magnetic com-
ponents of Mössbauer spectra depends on the angle between the di-
rection of the sample magnetization vector and the direction of gamma
photon incidence on the sample:

=
+

A sin
cos

4
12

2

2

where ϕ is the angle between the direction of the magnetic field on the
nucleus (collinear with the direction of the magnetization vector) and
the wave vector of resonant gamma photon (collinear with the direction
of the normal to the film plane). А2=4 in the case of a thin magnetic
film when the magnetization lies in the plane of the film (ϕ =90°). The
deviation of this ratio from 4 indicates the presence of the perpendi-
cular component of the magnetization vector due to the PMA effect in
the magnetic film. The angles ϕ calculated by using fitting parameters
of the magnetic components and the abovementioned expression are
listed in Table 1. It can be seen that the angles ϕ vary in the range from
26 up to 77° for different magnetic phases (sextets) of iron films pre-
pared at different deposition rates. Note that the minimum values of the
angle ϕ (or the maximum angle between the film plane and the mag-
netization vector) are observed for magnetic sextets in the first sample
prepared at the low deposition rate of 3.2 nm/min. Thus, our Möss-
bauer studies support the presence of the PMA in the films prepared at
low and medium deposition rates. Note that these angles can be con-
sidered only as qualitative estimates since ϕ =77° for the iron film
prepared at the highest deposition rate of 20 nm/min (A2= 3.6). The
magnetization measurements (Figs. 2c and 3) show that this iron film
has no PMA so the sample magnetization should be in the film plane
and the angle ϕ be closer to 90°.

2.4. X-ray diffraction analysis

X-ray diffraction patterns of all samples measured in the conven-
tional 2θ geometry reveal only one weak and strongly broadened reflex,
which can be attributed to the (110) plane of iron. All studied iron films
exhibit the texture since the reflections from other crystalline iron
planes are not detected in the conventional Bragg geometry. The reflex
peak position is 2θ=43.3, 43.75 or 43.75° for iron films prepared at
low (3.2), medium (10) and highest (20 nm/min) deposition rates, re-
spectively (see Fig. 6). These positions of the reflex peak are shifted to
the low-angular region of XRD patterns with respect to 2θ=44.7 ex-
pected for (110) reflex for pure α-phase Fe [26]. Moreover, XRD pat-
terns of the samples prepared at the deposition rates of 3.2 and 10 nm/
min have an asymmetrical shape (Fig. 6a and b). Note that previously
the same asymmetric peak was recorded for composite CoOx films with
PMA in Ref. [9]. There is a shoulder in reflex shape from the side of
smaller diffraction angles. The intensity of this shoulder decreases while

Table 1
Hyperfine parameters and percentage content of Mössbauer spectral components for 57Fe films prepared at different deposition rates.

IS, mm/s QS, mm/s Bs, T S, % A2, arb.un. θ (deg.)

3.2 nm/min
Sextet 1 (red, nanocrystalline α- phase of Fe) 0.01 0.01 33.0 26.(0) 0.75 34.2
Sextet 2 (green, disordered α- phase of Fe) 0.04 −0.02 29.4 33.(1) 0.45 26.73
Sextet 3 (dark red, disordered finely dispersed phase with a magnetite-like local environment) 0.69 0.33 34.4 18.(3) 1.84 52.5
Doublet (superparamagnetic magnetite-like clusters and Fe1-xO) 0.92 1.14(4) – 22.(6) – –
10 nm/min
Sextet 1 (red, nanocrystalline α- phase of Fe) 0.00 0.00(2) 32.9 28.(7) 1.94 53.9
Sextet 2 (green, disordered α- phase of Fe) 0.08 −0.02(1) 27.9 69.(0) 1.93 53.8
20 nm/min
Sextet 1 (red, nanocrystalline α- phase of Fe) 0.02 0.01 32.9 28.(5) 3.6(5) 76.7
Sextet 2(green, disordered α- phase of Fe) 0.09(9) −0.03(8) 25.7 68.(5) 3.4(6) 74.4

Here IS is the isomer shift, QS is the quadrupole splitting, Bs is the magnetic hyperfine field on the iron nucleus, and S is the relative area of the component in the
experimental spectrum. A2 is the ratio of intensities of the second (fifth) lines of sextet to the third (fourth) lines, and ϕ is the angle between the direction of the
magnetic field on nucleus and the wave vector of the resonant gamma photon. The isomer shift and quadrupole splitting errors are about ~0.01mm/s, the magnetic
hyperfine field error is about ~1 T. In brackets, the standard deviations of the measured values are presented as a variation of last digits.
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increasing deposition rate and the shoulder disappears in the XRD
pattern of the sample deposited at the highest rate of 20 nm/min. Thus,
there is a correlation between the intensity of shoulder and the PMA
values observed in iron films.

Taking into account the results of Mössbauer studies, the XRD pat-
terns were decomposed into three Fe-based phase components: FeO, α-
Fe and “disordered” iron by using the Gauss function for individual
components. Note that wüstite (FeO) was used for fitting so the FeO
phase has an intense (200) reflex with an angle of 2θ=41.99° [26]
close to the position of the observed experimentally peaks. Thin lines 1,
2 and 3 in Fig. 6 show these decomposition components in XRD pat-
terns. It follows from the fitting that the experimental peaks in the XRD
patterns is due to the (110) reflex of α-phase Fe as well as the broa-
dened (110) reflex from the disordered iron component. The line 3
correspond to the intense (200) reflex of iron oxide FeO.

The parameters of the XRD pattern decomposition and the calcu-
lated lattice constants of structural phase components are listed in
Table 2. It is clearly seen that a significant positive deformation of the
iron crystal lattice is observed in all studied films (see the last column in
Table 2), which depends strongly on the deposition rate. Moreover, the
lattice deformation is more than an order of magnitude greater than the
limit of the elastic deformation of bulk iron (about 0.1–0.2%) [27]. This
fact can be explained by the absence of dislocations in iron nanocrys-
tallites. The analysis of X-ray diffraction data measured in grazing
geometry at the incidence angle of α=1, 2, and 3° shows that the
position of the most intense (110) reflex does not depend on the in-
cidence angle α for the sample prepared at the low deposition rate of
3.2 nm/min. Therefore, we can conclude that there are no unidirec-
tional macrostresses in iron films, and individual iron nanocrystallites
are uniformly deformed (stretched) in all crystallographic directions as
it was observed earlier in Ref. [28].

2.5. Differential thermomagnetic analysis

The additional characterization of the magnetic phase composition
of the iron films was carried out by the DTMA method. Fig. 7 shows
thermomagnetic curves for iron films prepared on silicon substrates at
the deposition rates of 3.2 and 20 nm/min. The iron film with the
strong PMA (the deposition rate of 3.2 nm/min) is characterized by
three magnetic phases with different Curie temperatures (TC). These
magnetic phases can be attributed to the disordered phase of iron with
the low TC, am-Fe ≅ 660 K [29,30], magnetite phase (TC, Fe3O4 ≅ 860 K
[30]) and nanocrystalline α-phase Fe with TC, nanocryst. ≅ 1010 K. Note
that Curie temperature for nanocrystalline α-phase Fe is lower than the

Fig. 6. XRD patterns of iron films prepared on quartz substrates at the deposition rates of: a) 3.2, b) 10 and c) 20 nm/min. Here the dashed lines show the reference
peak positions for the (110) reflex of α-phase Fe and the (200) reflex of iron oxide, FeO [26]. The decomposition components of XRD patterns are presented by thin
line 1, 2 and 3 are related to (110) α-Fe, disordered Fe and (200) FeO, respectively.

Table 2
Decomposition parameters of the XRD patterns of iron films prepared at three different deposition rates.

№ 2θ (degrees) FWHM
Δ2θ (degrees)

Peak area (%) Lattice constant a (nm) σ=Δа/ao* (%)

3.2 nm/min
1 43.3 (α-Fe, (110)) 1.227 40.6 0.29553 3.1
2 43.3 (disordered α-Fe) 3.774 41.3 0.29553 3.1
3 42.015 (FeO, (200)) 0.977 18.1 0.43006 −0.1
10 nm/min
1 43.75 (α-Fe) 1.305 37.62 0.29259 2.1
2 43.75 (disordered α-Fe) 2.818 56.83 0.29259 2.1
3 42.27 (FeO) 1.149 7.59 0.42756 −0.7
20 nm/min
1 44.137 (α-Fe, (110)) 1.36 46.3 0.29018 1.2
2 44.087 (disordered α-Fe) 3.08 57.3 0.29048 1.3

a0* - standard value of lattice constants for α-Fe (0.2866 nm) and FeO (0.4303 nm).

Fig. 7. Temperature dependences of the in-plane magnetization of the iron film
prepared at the deposition rates of: 3.2 nm/min (open circles) and 20 nm/min
(filled squares).
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TC value for bulk Fe (TC, α–Fe=1043 K [30]). This result can be ex-
plained by the decrease in the exchange interaction due to the increase
in the interatomic distance by 3%, as it follows from the X-ray dif-
fraction analysis. In addition, the sample magnetization at room tem-
perature is about 30% less than that for pure α-Fe. This fact supports
our Mössbauer and XRD results on the presence of the FeO phase which
is nonmagnetic at room temperature. FeO is an antiferromagnetic ma-
terial with the Néel temperature of TN=198 K [30]. Two magnetic
phases, disordered and nanocrystalline iron, with TC ~750 K and
1010 K, respectively, were detected in the iron film deposited at the
highest rate of 20 nm/min. This sample has no magnetite phase, but
there is a phase with the Curie temperature of α-phase bulk Fe. This
means that a significant fraction of iron in this film is in the relaxed
(unstressed) state. The saturation magnetization for this sample is close
to the magnetization of α-Fe at room temperature.

Our studies of the microstructure and elemental-phase composition
of the iron films showed that the source of the strong PMA is the for-
mation of iron oxide phases during the deposition that leads to mi-
crostresses. The maximum microstresses were observed in the films
prepared at the low deposition rate (3.2 nm/min). With increasing de-
position rate (up to 20 nm/min.), the microstresses and the PMA de-
crease.

We assume that the homogeneous microdeformation of iron nano-
crystallites leads to the appearance of additional magnetic moments in
all directions due to the magneto-elastic effect. Averaging out of these
moments in the film plane yields zero due to the random orientation of
iron crystallites in the film plane. However, due to the texture structure
of the films, the "induced" magnetic moments of nanocrystallites in the
perpendicular direction are summed. As a result, the PMA appears.

We attribute the formation of iron oxide phases and microstresses in
the iron films prepared at the low deposition rate to the features of the
IBAD technique.

Thus, it follows that the deposition rate significantly affects the
structural-phase composition of the films. This is explained by the fact
that several fluxes of atoms and ions fall on the substrate surface during
the deposition of films, namely: the flux of accelerated xenon ions J1,
which falls on surface of growing film at a grazing angle α1, the flux of
sputtered iron atoms J2 and the flux of atoms of residual atmosphere
(carbon, oxygen and xenon) of vacuum chamber J3 (see Fig. 1).

At the low deposition rate (3.2 nm/min), when the fluxes J2 and J3
are comparable, carbon and oxygen atoms are captured and magnetite-
like clusters containing carbon and iron oxide impurities are formed in
the addition to α-Fe. Relatively “pure” iron films are formed at high
deposition rates (10 and 20 nm/min), when J2 ≫ J3.

First, it is well known that accelerated ions (flux J1) are reflected
from the target surface at grazing angles of incidence. Typically, ions
experience multiple small-angle scattering on the surface atoms and
transfer a small part of the kinetic energy to these atoms. One ion which
falls at the grazing angle can create several low-energy recoil atoms
with the momentum directed perpendicular to the surface. Through this
process, recoil atoms are implanted into the thin surface region of film
and, as a result, stresses are created. The stresses depend on the angle of
the ion beam divergence and the deposition rate of films – higher ve-
locity and smaller angle lead to less stress. The energy E of xenon ions
was 1 keV, 1.3 keV and 1.5 keV for deposition rates of 3.2 nm/min,
10 nm/min and 20 nm/min, respectively. In this case, the angle of ion
beam divergence α1 was reduced by 5° and was approximately α1= 1.5
for E=1.5 keV. The lattice deformation decreased from 3.1% to 1.2%
for the films prepared at the deposition rates of 3.2 nm/min and 20 nm/
min, respectively (Table 2) but still remains quite large compared with
the limit of the elastic deformation for metals. Therefore, we believe
that there is an additional process of the generation of the lattice de-
formation, which is associated with the implantation of the most high-
energy part of sputtered iron atoms (J2) into the near-surface region of
the growing iron film during deposition. This process is valid for all
deposition rates used in our work. Both processes have a non-

equilibrium character and lead to the uniform increase in the intera-
tomic distance and also to the increase in the interatomic distance due
to the incorporation of iron atoms in the interstitial positions. Fur-
thermore, at the low deposition rates atoms of residual atmosphere of
the vacuum chamber are trapped, as it was mentioned above.

3. Conclusions

Textured nanocrystalline thin iron films were formed by ion-beam-
assisted deposition at the deposition rates of: 3.2, 10 and 20 nm/min
under high vacuum conditions. Magnetic properties, structural and
phase composition were studied using a wide range of methods. The
films have a nanocrystalline structure with a significant fraction of the
disordered phase, and the phase composition of films depends sig-
nificantly on their deposition rate. In addition, films are characterized
by a significant positive deformation of the crystal lattice (up to 3%) of
nanocrystalline α-Fe, which is associated with the features of the ion-
beam-assisted deposition. The increase in the interplanar spacing leads
to the reduction of the ferromagnetic Curie temperature of α-Fe. A
significant fraction of the nonmagnetic FeO phase is present in iron thin
films at the low deposition rate. The FeO phase occurs due to the re-
action of iron atoms with the residual atmosphere of the vacuum
chamber. The perpendicular magnetic anisotropy is observed for iron
films deposited at low and medium rates, which is independent of the
film thickness. The iron film free of the substrate also exhibits the PMA.
We assume that the origin of the appearance of the PMA in the iron
films are microstresses and the magnetoelastic effect. Microstresses can
occur due to the formation of secondary nonmagnetic phases, such as
FeO in the film volume.
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