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Microstructure of the thin iron films with perpendicular

magnetic anisotropy
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Using high-resolution transmission electron microscopy and magnetometry we studied microstructure of the
thin iron films with perpendicular magnetic anisotropy (PMA) and without it, formed by ion beam assisted
deposition technique. It was established that iron films with PMA unlike films without PMA are nanocomposite
film comprising iron nanoparticles with size 4—5nm and paramagnetic iron oxide (FeO and Fe,O3). In general
the data obtained indicate that the key role in PMA belongs to nanocomposite structure of films with weak
exchange-coupled ferromagnetic nanoparticles of iron in paramagnetic matrix.
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1. Introduction

The thin ferromagnetic films with perpendicular magnetic
anisotropy (PMA) are of increased interest due to their
probable use in magnetic-sensing devices of spintronics and
straintronics [1-4]. It is well known that structure, magnetic
and phase composition, and thickness of thin ferromagnetic
films are basic factors determining their magnetic charac-
teristics, and in particular magnetic-anisotropic properties,
including PMA. For example, the epitaxial films of ferro-
magnetic materials with thickness of several atomic layers,
formed by method of molecular-beam epitaxy, demonstrate
the spin-oriented transition having quantum nature [5,6].
Another example is ferromagnetic thin films with column
structure [7,8]. Such films are also characterized by
PMA presence, and its mechanism is linked with magnetic
anisotropy of shape. Magnetostriction, as mechanism of
PMA occurrence, also plays significant role. As example
we can provide the results of own studies of nickel films,
deposited by ion beam assisted deposition technique [9].
The nickel films 200—300 nm thick of substrate of melted
quartz after thermal annealing in vacuum demonstrated
PMA, this was associated occurrence on the nickel film of
the tension macrostresses. There are examples when PMA
of thin films is due to magnetocrystalline anisotropy [10].
So, mechanism of PMA occurrence in thin films can be of
different physical nature, and what of them ,,works* in each
given case is not always apparent, but his exactly determines
the scope of practical application of the ferromagnetic
films with PMA.

Obviously the structure and phase composition of thin
films, including ferromagnetic, depend, by actually —
are determined by the method and conditions of their

deposition. The deposition conditions mean a large set
of parameters: residual vacuum, deposition rate, substrate
temperature, its structural parameters, purity of precursors,
etc. Among the ion-plasma methods of deposition of
thin ferromagnetic films the ion beam assisted deposition
(IBAD) is the most promising in terms of the process
control [11].

Previously in our papers [12,13] we provide the study
results of structure and magnetic properties of thin films
of iron 100—300nm thick obtained by IBAD method.
Based on X-ray structural studies it was established that
the iron films are nanocrystalline and textured. Average
size of crystallites @-Fe is ~ 5nm with predominant ori-
entation of planes (110) of iron crystallites parallel to the
plane of the substrate. It was determined that the iron
nanocrystallites have significant homogeneous deformation
(~2.6%). The iron films demonstrated PMA depending
on the deposition rate, this is confirmed by the magnetic
hysteresis loop with transcritical shape, and stripe domain
structure [14-17]. Studies of the elemental composition
by method of X-ray photoelectron spectroscopy and of
the phase composition using such methods as X-ray and
electron diffraction, Mossbauer spectroscopy of conversion
electrons and thermomagnetic analysis showed presence
in films with PMA of significant amount of oxygen and
paramagnetic (at room temperature) iron oxide FeO. Iron
films without PMA, obtained at relatively high deposition
rates, did not contain additional iron oxide phases in their
composition.

Currently the available set of experimental data do
not allow to make firm conclusion on the mechanism
of PMA occurrence in thin films of iron deposited by
IBAD technique. Due to this the present paper task is
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Figure 1. Dependencies of magnetization of iron films @) without PMA (Fe-1) and b) with PMA (Fe-2). Ms — saturation magnetization,

Hc. — coercive field, H, — anisotropy field.

(comparative) study of microstructure of the thin iron films
with and without PMA by high resolution transmission
electron microscopy (HR TEM) technique (HR TEM).

2. Experimental procedure

The iron thin films were deposited by IBAD technique
on substrates of single crystal silicon (111). Preliminary
the substrates were degreased (wiped with ethyl alcohol),
washed with distilled water and annealed in air at tem-
perature ~ 400°C for 1h. For deposition of the iron thin
films the iron target with diameter 65mm was used, it
was sputtered by flow of xenon ions Xe™. Ions flow was
created by a Kaufman-type ion source. Xenon with purity
99.995% was used as the working gas. Xenon ions energy
was 1keV. Films were deposited in vacuum 2 - 1072 Pa.
Base pressure in vacuum chamber i.e. pressure before
working gas supply in the ion source was 1—2- 1073 Pa.
The substrate temperature during films deposition do not
exceed 50°C. Details of the experimental deposition method
were described in detail in paper [13]. Tron films studied
in this paper were deposited at rates 9 (sample Fe-1)
and 3.2nm/min (sample Fe-2). The deposition rate was
controlled by density of the ion current. Density of ion
current for samples Fe-1 and Fe-2 was 150 and 65 uA/cm?
respectively.  As result samples of thin films of iron
~ 100—120 nm thick were obtained.

The surface morphology and elemental composition of
the films were studied, and the film thickness was measured
in scanning electron microscope (SEM) EVO 50 XVP with
the X-ray energy-dispersive spectrometer Inca Energy-350
equipped in SEM vacuum chamber. The structure and phase
composition were studied by X-ray diffraction in Bragg
and grazing geometry using a Dron-7 diffractometer with
a Cuka source and p-filter. Dependence of films magneti-
zation on magnetic field (magnetic hysteresis loop) at room
temperature was measured in magnetometer with magnetic

field sweep to 500 mT [18], and in unit PPMS-9 by method
of vibrational magnetometry in temperature range 4—300 K.
Dimensions of samples for magnetic measurements were
~ 5.0 x 5.0mm?.

Microstructure of films (cross section) were studied by
HR TEM on Titan electron microscope (Thermo Fisher
Scientific).

3. Results and discussion

Elemental composition, magnetic properties and structure
were studied of the samples of iron thin films Fe-1
and Fe-2. The elemental analysis showed that oxygen
content in sample Fe-1 is ~ 4at.%, and in sample Fe-2
~ 21at%. Data of X-ray diffraction analysis show that
samples are textured, predominantly with orientation of
planes (110) of iron crystallites in parallel with substrate
plane. Average size of iron crystallites is ~ 5.5 nm. Besides,
films contain unordered component a-Fe (~ 24%). Sample
Fe-2, additionally to metal iron a-Fe contains phase FeO.
Iron oxide is formed in iron film during deposition due
to residual oxygen of vacuum chamber at relatively low
deposition rates. If we base on the sample elemental
composition then content in percent of phase FeO is ~ 40%.
This value is close to the threshold of percolation for the
composite materials of type metal—dielectric.

Figure 1 shows the magnetic hysteresis loops which indi-
cate that sample Fe-2 has PMA (field PMA H, = 290 mT),
and saturation magnetization is significantly lower as com-
pared to a-Fe and is ~ 60% of saturation magnetization of
a-Fe. as expected, the sample Fe-2 with PMA is nonuniform
by both structure, and phase composition, and significantly
differs from sample Fe-1 without PMA.

Figure 2,a and b shows overview dark-field TEM images
of the cross sections of thin films of iron without PMA
(sample Fe-1) and with PMA (sample Fe-2). Dark-field
TEM-images were obtained by selection of a small sector
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Figure 2. Dark-field image of transverse sections of iron films:
a) without PMA and b) with PMA.

by diaphragm on an intense ring of electron microdiffraction
from planes (110) a-Fe (interplanar spacing d ~ 2.05A).
Due to this in dark-field TEM-images we observed con-
trasting of finely dispersed particles of phase a-Fe with
planes (110) perpendicular to the substrate. The overview
photo (Figure 2,b) of sample Fe-2 shows oxide layer of
silicon ~ 20nm thick. This layer formed on the surface of
the silicon substrate during its annealing in air. The dark-
field image of sample Fe-1 (Figure 2,a) is generally less
contrast — probably due to larger thickness of the transverse
section, as result the oxide layer of silicon is not visible on it.
This version if confirmed by the fact that sample Fe-2 also
with movement to center of the etching pit to the periphery
the contrast in photo between the silicon oxide layer and
silicon disappears. Further photos of the cross sections of
both samples have no differences: layer 20—25 nm thick is
observed, it comprises fine dispersed particles of iron which
is directly adjacent to the substrate, and above this layer the
layer of more coarse mutually oriented iron nanocrystals is
observed.

Figure 3 shows light-field high resolution TEM-images
of cross sections and patterns of electron microdiffraction
for samples Fe-1 without PMA (a,b) and Fe-2 with
PMA (¢ d). The diffraction ring (110) (Figure 3,b and
d) a-Fe comprises areas of increased intensity and blurred
areas that can be attributed to iron nanocrystallites and
intercrystalline disordered regions of iron. The interplanar
spacing is 2.03—2.05 ,&, this corresponds to dijo for a-Fe.
This agrees well with the results of previous studied made
by TEM method [12] and by X-ray diffraction analysis of
iron films [13]. The pattern of electronic microfiffraction
of sample Fe-2 contains additional reflexes, which can be
attributed to phases of iron oxide FeO and Fe;O4. At the
same time, a relatively large spread of interplanar spacings
for the oxide phase is observed in different areas of iron
films with PMA (sample Fe-2), which can be attributed
to magnetite (Fe3O4) or hematite (Fe,O3). The pattern
of electronic microdiffraction for sample Fe-2 (Figure 3,d)
contains also intensive reflex from planes (111) FeO with
dijp =~ 2.5-2.6 A. Other intensive reflexes from oxide phase
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FeO, such as (200) and (220), which relative density is 100
and 53% [19], are not observed. Probably this is associated
with the textured rise of the oxide phase also. The reflex
with d ~ 2.5-2.6 A can be attributed to hematite Fe, 03
(dijo = 2.519A) [19]. But, considering the previously
obtained results of the X-ray diffraction analysis of iron thin
films samples with PMA [13], we can state that FeO is oxide
phase.

Figure 3,a presents fragment of TEM-image of mi-
crostructure of sample Fe-1 obtained under high-resolution
mode. Photo shows crystal planes (110) a-Fe, spacing
between them is 2.06—2.08 A. The planes have different
orientation relative to horizontal line of the photo. Boun-
daries between nanocrystallites are shown poorly, and this
makes it difficult their size and shape. Besides, the film
comprises significant portion of disordered iron phase.

Figure 3,c presents fragment of TEM-image of mi-
crostructure of sample Fe-2 obtained under high-resolution
mode. Photo shows crystallites with different orientation
of crystal planes, and disordered regions. The interplanar
spacings are about 2.1 A despite on crystallite orientation,
this is close by value to the interplanar spacing d;o for a-Fe.
On the other hand, 2.1A is close to value of interplanar
spacing dygo = 2.15 A of FeO. Since the nanocrystals in the
analyzed layer are located with a random orientation (rings
in the diffraction pattern), the electrons pass through stacks
of nanocrystals (moire is visible in the HR TEM-images).
So, it was impossible to distinguish nanocrystals Fe and
FeO by different scattering or absorption of electrons. As
for shape the nanocrystals are elongated, and their size is
~5x 10nm?. Besides, the fulls-scale photo also shows
the crystal planes with d =~ 1.43 A, this corresponds to
planes (200) a-Fe.

So, electron microscopy even in high resolution mode
ensures determination of the details of microstructure of
iron films with PMA. It was expected that the presence
of large portion of the oxide phase paramagnetic at room
temperature in the sample Fe-2 with PMA shall lead to
the formation of nanocomposite film with ferromagnetic
nanoparticles a-Fe in nonmagnetic matrix. Due to this
reason we measured the temperature dependencies of
magnetization of samples Fe-1 and Fe-2 during their cooling
in magnetic field (FC) and without field (ZFC), which are
shown in Figure 4,a and b. This method is rather informa-
tive during studies of the composite magnetic materials, as
it ensures provides data on magnetic microstructure of the
material [15,20].

Practically monotonic temperature dependences of mag-
netization ZFC and FC (H = 50e) of sample Fe-1 confirm
the homogeneity of its magnetic structure. In region
T = 45K a small feature (Figure 4, a) is observed, which is
determined, as we suppose, by nanoparticles of iron in re-
gion of the transition layer film—substrate (Figure 2, a). De-
pendences ZFC and FC (H = 500e) of sample Fe-2 have
more complex non-monotonic nature and were not observed
previously (Figure 4,b). In temperature range 4—170K
dependences ZFC and FC are typical for nanocomposite
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Figure 3. Light field images and microdiffraction of the transverse sections of samples of thin films of iron Fe-1 without PMA (a, b) and
Fe-2 with PMA (¢, d).
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Figure 4. Magnetic moment vs. temperature during cooling in weak magnetic field (FC) and without field (ZFC) of samples of iron
films a) Fe-1 without PMA and b) Fe-2 with PMA.
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materials with weakly interacting ferromagnetic nanopar-
ticles (see for example [20]). Interlock temperature T,
(position of maximum on dependence ZFC, Figure 4,5b)
is about 77 K. Using expression

25kpTp = KoV,

where kg — Boltzmann’s constant, T, — interlock tempe-
rature, K, — magnetic anisotropy constant (~ 107 erg/cm?
for nanoparticles, which average diameter is below
~ 10nm) [21-23], by average volume of nanoparticle
Vo we can estimate the average size of nanoparticles
of iron in sample with PMA, which was ~ 4nm, this
agrees with results of study by HR TEM method (see
above). Estimation of nanoparticles size from width of
X-ray reflex gives ~ 5.5nm, this well agrees with provided
estimation. In temperature range 170—300 K magnetization
increasing in both temperature dependences (ZFC and FC)
is observed. We expect, that this is due to presence
in sample of ,large ferromagnetic nanoparticles of iron,
strong magnetic interaction is between them. Taking as
temperature of magnetic inconvertibility T, the point of
crossing of dependences ZFC and FC (T =~ 300K) [20],
we can estimate the average size of these particles, which is
~ 6nm.

4. Conclusion

Structure and phase composition of iron thin films formed
by IBAD technique are inhomogeneous. There is strip
of fine dispersed iron particles which is directly adjacent
to the substrate. Above this strip there are coarsening of
nanocrystals @-Fe and their oriented growth. The iron films
with PMA unlike films without PMA are nanocomposite
comprising iron nanoparticles with size 4—5nm and iron
oxide (FeO). The obtained data confirm the previous
conclusion on the mechanism of PMA occurrence in iron
thin films formed by IBAD technique [12,13]. Namely, this
homogeneous microdeformation of iron nanocrystalllites,
which results in occurrence of additional magnetic moment
in all directions due to magnetic elastic effect. Averaging of
these moments in the film plane gives zero due to random
orientation of the iron crystallites. But due to films texture
the induced magnetic moment of the nanocrystallites in
perpendicular direction is summed. As result PMA occurs.
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