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This work investigates the effects of thermomagnetic treatment on the structural and magnetic properties of
epitaxial layered structures MgO(100)/°’Fe(50 nm)/Cr(2nm). Using X-ray diffraction, Raman spectroscopy, atomic
force microscopy, and Mossbauer spectroscopy, we analyzed structural changes during annealing in the temperature
range of 200—300 °C. The study reveals that at temperatures above 250 °C, oxygen diffusion through the protective
Cr layer leads to the formation of antiferromagnetic a-Fe;O3;. An increase in coercivity up to 190 Oe at 280°C
is attributed to exchange coupling between Fe and a-Fe,O;. However, no shift in the magnetic hysteresis loop
(exchange bias) is observed, which may result from low magnetic anisotropy of hematite (@-Fe,O3) and structural
and chemical inhomogeneity at the interlayer boundaries.
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1. Introduction

The interest in metal nanostructures is caused by their
unique physical and chemical properties, which differ
substantially from the characteristics of volume materials
and open new opportunities for use in nanoelectronics
and spintronics [1]. The modern methods of synthesis
and processing make it possible to shape the structure of
such systems in a controlled manner, creating magnetic
nanostructures with the specified functional properties. The
key role in the formation of macroscopic characteristics of
metal magnetic nanostructures is played by the features in
the structure of separate layers and layer-to-layer bound-
aries, including the effects of phase-to-phase interaction,
mutual diffusion of components and structural ordering
in the near-boundary areas [2]. Systems of ferromag-
netic/antiferromagnetic (FM/AF) type are of special inter-
est), where targeted change in the structural parameters of
layers and interfaces makes it possible to effectively control
the magnetic properties, in particular — to create unidi-
rectional anisotropy. The effect of the exchange coupling
between ferromagnetic and antiferromagnetic materials at
the interface in lamellar film structures is of interest, since it
causes exchange bias He, and increases coercive force H,
of the FM/AF system compared to a single FM [3,4]. The
exchange bias effect is widely used to create the information
recording and storage devices, magnetoresistive memory
and magnetic sensors [5,6]. Hematite @-Fe,Oj is potentially
attractive for use in the systems with exchange coupling
due to its high Néel temperature Ty = 680 °C, which is an
imporant characteristic determining the effective operation

960

of the media with exchange bias [6]. Hematite films may
be produced by methods of magnetron sputtering, epitaxy
and by thermal oxidation of Fe [7-9]. In the last case
the control of the phase composition of formed oxides
becomes especially important, since apart from a-Fe;Os,
other iron oxides may be formed (FeO, y-Fe,;03, Fe;0y4), as
well as hydroxides, which substantially impact the magnetic
characteristics of the system [2,10-15].

This paper is dedicated to the study of the properties
of magnetic nanostructures of FM/AF type, containing
hematite a-Fe,O3. The results are presented on the study
of the change in the structural and magnetic properties
of epitaxial laminar structures MgO(100)/°"Fe/Cr under
thermal oxidation. Use of isotope 3’Fe makes it possible
to apply the method of nuclear p-resonance spectroscopy
for detailed analysis of phase transformations in process of
thermomagnetic processing.

2. Experiment

Specimens MgO/>’Fe(50 nm)/Cr(2nm) were prepared
by molecular-beam epitaxy (MBE) method on upgraded
setup ,,Katun-S* at pressure 1—5- 1078 Pa on single-crystal
substrates MgO (100). Fe and Cr were evaporated
from >’Fe with 97.0% enrichment and Cr with purity of
>99.99% from ZrO, crucibles at substrate temperature
180°C. Speed of Fe and Cr deposition was 0.15 and
0.12 nm/min, accordingly.

The layer of chromium with thickness of 2nm serves to
protect the structure against oxidation on air, selection of
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Figure 1. a — X-ray diffraction pattern of specimen MgO/*'Fe(50 nm)/Cr(2nm); b — swing curve measured at diffraction line (200) Fe.

its thickness depends on the possibility of oxygen diffusion
into Fe layer via Cr layer when annealed at atmospheric
pressure. For film sputtering, Fe enriched with >’Fe isotope
was used, to be able to do Mossbauer spectroscopy.

Thermomagnetic treatment of the films was performed on
an original design system in 2kOe constant magnetic field
applied in the specimen plane in the temperature range of
200—300 °C during 60 min. at atmospheric pressure.

The structure was studied on X-ray diffractometer Philips
PANalytical Empyrean in radiation CoK, with geometry
© — 20 of glazing incidence of the primary beam (glazing
incidence X-ray diffraction, GIXRD). To obtain information
on the texture perfection, the swing curves were measured.

The surface topography was studied with scanning probe
microscope Solver Next. Raman scattering (RS) spectra of
the specimens were obtained using the Confotec MR200
(SOL Instruments) confocal Raman microscope with
532nm wavelength laser excitation. Mossbauer measure-
ments were carried out using spectrometer CM-2201 at
room temperature on °’Fe nuclei in geometry of back-
scattering with conversion electron registration (conversion
electron Mossbauer spectroscopy, CEMS) in a proportional
flow-type counter. The source of y-quanta was >’Co in Cr.
Direction of y-quanta matched the normal line to the plane
of the studied films. CEMS spectra were processed using
specialized software for processing of Mossbauer spectra
»univem MS“, which is based on model approach to spectra
processing. The search for the optimal values of parameters
in the model of Mossbauer spectra (6-isomer shift, Qs —
quadrupole splitting and Hyr — effective magnetic field,
including intensities of 2nd and 5th lines and partial inputs
of subspectra) was carried out by the procedure included
into the software to minimize x> functionality, providing for
the minimum deviation between the experimental spectrum
and the considered models. The correspondence of the
obtained models to the experimental spectra was confirmed
by minimum values x?, being within the limits of 1.0—1.2.
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Hysteresis properties were studied using the ABM-1
computer-assisted vibration magnetometer in the auto mode
at room temperature.

3. Results and discussion

Figure 1, a shows the X-ray diffraction pattern of the spec-
imen after sputtering. The only structural peak is observed
in the diffraction pattern at 20 = 77.25° from (200) Fe with
the BCC lattice parameter Fe a = 0.287nm. Remaining
structural peaks at 20 = 50.28 and 116.38° are related
to a single-crystal substrate (200) MgO and (400) MgO
accordingly. This indicates epitaxial growth of Fe film
and availability of the crystalline texture (100) in Fe layer.
The average crystallite size calculated using the Scherrer
equation [16] is approximately 13 nm.

For quantitative assessment of the texture perfection
evaluation, scattering angle of texture y were measured.
The corresponding swing curve is shown in Figure 1,b.
Value p is the average angle of deviation of orientation
of some crystallites from the predominant orientation and
is experimentally defined as full width at half maximum
(FWHM) of swing curve (w-scan) around the X-ray
peak (200). To determine FWHM, swing curves were
approximated with Gaussian function. Value y is 0.8°,
which indicates a highly perfect texture (100) formed in
layer of Fe.

Peaks of light Raman scattering were also detected on the
surface of the source specimen. Figure 2 provides the corre-
sponding RS spectrum of film MgO/>’Fe(50 nm)/Cr(2 nm).

The spectrum includes low-intensity peaks at frequen-
cies 333 and 847 cm~!, corresponding to chromium oxide
Cr,03 (low concentration of oxide, amorphous state). No
iron oxide and oxyhydroxide phase vibrations were detected.
It should be noted that epitaxial films Fe (100) have high
corrosion resistance: thus, according to data of paper [17]
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Table 1. Mossbauer spectra parameters (CEMS) of film MgO(100)/>’Fe(50 nm)/Cr(2nm). (G — widths of st and 6th lines of sextets,
6 — isomer shift, Qs — quadrupole splitting, Hnr — hyperfine magnetic field, S — area of the line of each sextet in % of the total area

of the spectrum). Isomer shifts are given relative to a-Fe)

G, mm/s 6, mm/s

Qs, mm/s Huf, kOe S, %
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Figure 2. Raman light scattering spectrum MgO/>’Fe(50 nm)/
Cr(2nm).
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Figure 3. AFM-image of specimen MgO/Fe(50 nm)/Cr(2nm)
surface.

the thickness of oxide layer in film Fe not closed by a
protective layer, when cured on air for a week does not
exceed 0.5nm. It is natural to assume that formation of
Cr,03; is provided by the natural oxidation of layer Cr
with thickness of 2nm, and the absence of diffraction

—0.015 £+ 0.009

330.5+0.9 100

peaks of chromium oxide on the X-ray diffraction pattern
is seemingly provided for by its X-ray amorphous state.
Therefore, according to the data of X-ray diffraction and
RS spectroscopy one may assume that thin layer of Cr,O3
prevents diffusion of oxygen into iron layer, formation of
oxide and oxyhydroxide phases [18].

Figure 3 provides an AFM-image of
MgO/Fe(50nm)/Cr(2nm) film surface after sputtering.
The film surface is characterized by low mean square
roughness Ry = 0.20nm. The specimen surface represents
nanocrystallites with size of 10—15nm. Such structure
of the surface was also observed in papers [17,19] and is
provided for by heteroepitaxial growth of film Fe [20].

The experimental Mossbauer spectrum of the specimen
after sputtering is given in Figure 4. The points indicate the
experimental values, the model spectrum is indicated with
a solid line. CEMS parameters are presented in Table 1.
The estimated spectrum is Zeeman sextet that belongs
to phase a-Fe, and confirms the magnetic-ordered state
of Fe layer. No compounds of oxides and oxyhydroxides
of iron are found, which confirms the results obtained by
the methods of X-ray diffraction and RS spectroscopy. The
ratio of intensities of spectral lines is close to 1:4:3:3:4:1
and indicate the direction of the magnetic moment of the
phase a-Fe along the plane of the film (perpendicularly to
direction of p-beams).

Figure 5,a shows magnetic hysteresis loops of the
specimen measured at orientation of the magnetic field
along the easy [100] Fe and difficult [110] Fe directions.
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Figure 4. Mossbauer  spectrum  (CEMS) of film

MgO(100)/°"Fe(50 nm)/Cr(2 nm).
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Figure 5. ¢ — Magnetic hysteresis loops MgO(100)/°’Fe(50 nm)/Cr(2 nm), measured along easy [100] and difficult [110] directions in
the film plane; » — angular dependence of relative magnetization MgO(100)/°"Fe(50 nm)/Cr(2 nm), measured as the specimen rotates in

the magnetic field with intensity of 100 Oe.

From Figure 5 you can see that the hysteresis loop measured
along [100] attains the saturation faster compared to the
loop along [110]. Coercive force H.[100] =400e is
slightly higher than H.[110] = 33 Oe, which indicates the
presence of anisotropy in the film plane. Field of magnetic
anisotropy (H,), defined as the crossing point of high-
field areas of hysteresis loops measured along the easy
and difficult axes of magnetization [21] is H, = 500 Oe.
The produced values of anisotropy field and saturation
magnetization Mg = 212emu/g are close to values H,
and M for massive Fe.

The availability of magnetic anisotropy in the specimen is
confirmed by the data of angular dependence of magnetiza-
tion as well. Figure 5,b shows a polar diagram of relative
magnetization, measured in magnetic field H = 100 Oe,
lying in the film plane. The obtained data indicates that
the plane of film Fe contains anisotropy of 4th order.

For formation of the oxide AF phase of hematite, as a
result of exchange coupling, the source specimens were
exposed to the procedure of annealing in the magnetic
field with intensity of 20000Oe at atmospheric pressure.
Magnetic field in annealing and measurement was directed
along [100] Fe.

Figure 6 shows magnetic hysteresis loops of specimens
after thermomagnetic treatment at T, =200, 250, 280
and 300 °C with duration of 60 min. Ratio M/M? is plotted
along the vertical axis (M — magnetization of the specimen
after annealing, M? — magnetization of the same specimen
before thermomagnetic treatment).

After annealing at T, = 200°C minor growth of H. is
observed from 40 to 500Oe, and the ratio M/ M(s), which
characterizes the reduction of the Fe volume fraction after
annealing does not change. That is, such temperature
effect is not sufficient for diffusion of oxygen into Fe
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Figure 6. Magnetic hysteresis loops MgO(100)/°"Fe(50 nm)/

Cr(2nm) after annealing at temperatures 200, 250, 280, 300 °C.
Annealing duration is — 60 min.

layer and formation of oxide phases, and layer Cr,O3 still
acts as a diffusion barrier. As the annealing temperature
rises to T, = 250°C, hysteresis properties change signif-
icantly: Hc increases to 1500e, and M/M? decreases
to 0.55. At T, =280°C H, achieves the maximum value
of 1900e, and the FM fraction in Fe phase decreases
to 0.41. After annealing at T, = 300°C the ratio M/M?
decreases practically to 0, which means absence of FM
phase Fe in the film. It is natural to assume that in such
thermal treatment mode the film structure consists fully of
oxide phases. Recorded changes of hysteresis properties
at T, =250 and 280°C may be due to several reasons.
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Figure 7. a — GIXRD diffraction pattern of MgO/>’Fe(50 nm)/Cr(2nm) specimen after annealing at T, = 250 °C-60 min; b — reflection
curves of X-ray reflectometry for MgO/*’Fe(50 nm)/Cr(2nm) specimen before (1) and after (2) annealing T, = 250 °C (t = 60 min).

Firstly, decrease of M/M? is obviously connected to the
oxygen diffusion to Fe layer and decrease in Fe volume
fraction. Oxygen penetration into Fe through layer Cr,O3
happens in the boundaries of crystallites of chromium oxide
nanocrystalline layer. Volume diffusion in this case is
excluded. This conclusion may be made on the basis
of the information on diffusion constants [22]. Thus, the
values of coefficients of volume (Dy) and grain-boundary
(Dgp) diffusion of O, into Cr,O3 at temperature 250°C
are equal to D, = 1.82- 1077 and Dy, = 2.67 - 107> m/s?,
accordingly. Depth of penetration (x) of oxygen as a result
of diffusion may be assessed using the following equation:
x = 2v/Dt (1), where t — annealing time. The estimated
depth of penetration for the time of annealing ~ 60 min in
the case of volume diffusion will be ~ 10~8 nm, and in case
of grain-boundary diffusion ~ 2 nm, which makes it possible
to conclude that penetration of oxygen into Cr,O3 happens
along the paths of superfast diffusion, such as boundaries
of crystallites, and penetration of oxygen into Cr,Osz via
volume diffusion mechanism is practically excluded.

At the same time fast volume diffusion of oxygen into
iron is observed (D, =8.17-10722m/s? at 250°C) [23],
therefore the volume depth of oxygen penetration into a-Fe
at annealing temperature 250 °C (at t = 60 min) is ~ 4 nm,
therefore, penetration of oxygen into a layer of iron via
volume diffusion mechanism is most probable, besides,
diffusion is possible along the paths of accelerated diffusion,
firstly in high-angle grain boundaries.

In its turn, considerable growth of H. in layer Fe is a
typical sig of its FM exchange coupling with the fixing
antiferromagnetic layer [3,4,6]. We believe that high values
H. in annealed specimens are due to the presence of
antiferromagnetic phase a-Fe,Os in the films.

To confirm the presence of a-Fe,Os in the phase speci-
men at T, = 250 °C the X-ray and Mossbauer spectroscopy
methods were used, as well as RS spectroscopy.

Figure 7,a shows the X-ray diffraction pattern of the
specimen after annealing, obtained in the geometry of
glazing incidence of the primary beam (GIXRD), the
incident angle was 1°. Use of this geometry makes it
possible to obtain a more intense signal from the surface
layer, having low-textured polycrystalline structure. Main
diffraction peaks observed in Figure 7,a are related to
the crystalline phase a-Fe,Os. A non-mirror reflex from
substrate MgO (220) is also observed in the spectrum. Fi-
gure 7, b presents curves of reflection of X-ray reflectometry
before and after annealing. The period of oscillations in the
curve of reflection of the source specimen corresponds to
the total thickness of the film at 55 nm (at nominal thickness
at 52nm). The expressed Kiessign oscillations indicate
highly advanced interfaces with low roughness. The reflec-
tion curve of film reflectometry after T, = 250 °C-60 min
contains no oscillations, which seemingly means substantial
deterioration of interlayer boundaries and increase in the
interface roughness. At the same time the reduction in the
critical angle is observed, which is the expected result of the
near-surface Fe layer oxidation.

Figure 8 shows the spectrum of Raman light scattering of
the specimen after annealing at T, = 250 °C. The spectrum
includes high intensity narrow phonon peaks at frequencies
216, 235, 284, 400, 491, 600, 652, 809, 1065 and
1303cm™!, corresponding to the spectrum of pure iron
oxide «a-Fe,Os;, with high degree of crystallinity [24].
The peak at frequency 652cm™!, (marked with a star),
related to a-Fe,Os3 according to data of papers [25,26],
also complies with the frequencies of RS peaks in FeO
and Fe3;O4 oxides. Appearance of this peak is probably
due to the presence of the phase between Fe and a-Fe,O3

Physics of the Solid State, 2025, Vol. 67, No. 6



Study of structural and magnetic properties of epitaxial >’ Fe-enriched...

965

Table 2. Mossbauer spectra parameters (CEMS) of film MgO(100)/>’Fe(50 nm)/Cr(2nm) after annealing at T, = 250 °C. (G — widths
of 1st and 6th lines of sextets, § — isomer shift, Qs — quadrupole splitting, Hnr — hyperfine magnetic field, S — area of the line of each
sextet in % of the total area of the spectrum). Isomer shifts are given relative to a-Fe)

Spectrum components G, mm/s 6, mm/s Qs, mm/s Hur, kOe S %
a-Fe 0.240 £+ 0.009 0.005 4+ 0.005 —0.025 £ 0.009 330.0+£0.9 43.5+0.9
a-Fe;O3 0.290 £+ 0.009 0.350 4+ 0.005 —0.160 £ 0.009 513.0£ 0.9 453+0.9
, (Interface) 0.605 + 0.009 0.815 + 0.005 0.480 + 0.009 432.5+0.9 1.2+ 0.9
Fe™ in iron oxide
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Figure 8. Raman light scattering spectrum MgO/Fe(50 nm)/

Cr(2nm) after annealing at T, = 250 °C.
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Figure 9. Mbossbauer spectrum (CEMS) MgO/*"Fe(50 nm)/
Cr(2nm) after annealing at T, = 250 °C (t = 60 min).

with intermediate valency of iron. No chromium oxide and
oxyhydroxide phase vibrations were detected.

Figure 9 shows Mossbauer spectrum of the film after an-
nealing at T, = 250 °C. The points indicate the experimental
values, the model spectrum is indicated with a solid line.
CEMS spectrum parameters are presented in Table 2.

Physics of the Solid State, 2025, Vol. 67, No. 6

Good agreement of the experimental spectrum with
the estimated one may be obtained, if the spectrum is
presented in the form of three sextets, as shown in Fi-
gure 9. The Mossbauer spectrum, apart from the initial
sextet from a-Fe (relative area of which in respect to
the area of the entire spectrum is 43.5%), contains 2
additional sextets. Based on the modeling of Mossbauer
spectra, one may state that the first sextet relates to
antiferromagnetic iron oxide a-Fe,O3 (area — 45.3%,
Hpr = 513.0 + 0.9 Oe) [27,28]. Appearance of the second
one (area — 11.2%, Hpr=432.5+0.90e), is probably
due to atoms °’Fe, located in the interface area between
the oxide phase a-Fe;Os3 and iron RCC. According to the
literature data, it may be referred to Fe>* in the mixed iron
oxide Fe3;O4 and Fe,0s, having lower values of hyperfine
fields due to nanostate [29,30]. Its presence was expected,
since the interface between these phases due to substantial
difference in the lattice parameters is probably not fully
coherent, and, accordingly, will have the structure that
differs from the phases that form the interface [31].

Figure 10 shows AFM-image of film surface after an-
nealing. After thermal treatment the specimen surface
is structured, Ry is 5.0nm.  Ordered high columnar
clusters a-Fe,O3 with base size of around 100 nm having
cylindrical needle-shaped growths are formed on the sur-
face. The data obtained are in qualitative agreement with
the data of papers [32-34].

Therefore, the obtained results indicate the formation of
magnetic-ordered phase a-Fe;O3 in the specimen as a result
of annealing.

It should also be noted that no displacement of the
magnetic hysteresis loop in the entire studied interval of
temperatures was recorded. Absence of displacement,
probably, is due to low magnetic anisotropy a-Fe,Os.
According to the data of paper [35], the crystallites
having low magnetic anisotropy, do not have a stable
state, and their magnetic switching occurs jointly with
the FM layer, therefore causing growth H.. Increase in
anisotropy is possible by additional thermal treatment in
magnetic layer [36]. Besides, the state of the interface area
between two materials plays a key role in formation of
exchange coupling [37,38]. Presence of the interface area
according to the data of Mdossbauer spectroscopy (11%
of the spectrum area), with parameters different from Fe



966 V. Blinov, M.A. Milyaev, Yu.V. Korkh, T.V. Kuznetsova, I.K. Maksimova, A.V. Stolbovsky..

0
0 0204 06 0810121416 1.8
X, pm

Figure 10. AFM-image of specimen MgO/*’Fe(50 nm)/Cr(2 nm)
after T, = 250 °C.

and a-Fe, 03, probably, indicates its structural and chemical
heterogeneity, and possible presence of compounds that
reduce the efficiency of the interlayer bond.

4. Conclusion

Methods of X-ray diffraction, RS spectroscopy,
Mossbauer spectroscopy and AFM-microscopy
were used to study the structural properties of
epitaxial ~ film  structures  MgO(100)/°’Fe(50 nm)/
Cr(2nm) after thermomagnetic treatment in the interval
of 200—300°C. It was established that at annealing above
250°C the AF phase of hematite a-Fe,O3; is formed in
the films in the form of columnar clusters with the size
of around 100nm. Besides, oxygen penetrates mostly in
the grain boundaries of chromium oxide Cr,O3 and further
spreads to the iron layer using the mechanism of volume
diffusion. The presence of the interface phase was recorded,
which showed the imperfection of the interface. Changes
of the magnetic properties under thermomagnetic treatment
were studied. It was found that coercive force increases
from 40 to 1900e as annealing temperature increases
to 280°C, and there is no displacement in the magnetic
hysteresis loop.

Therefore, to create the materials with the controlled
magnetic characteristics based on iron-hematite system, it is
necessary to conduct additional thermomagnetic treatment
and study the dynamics of the change in the state of
interlayer boundaries in process of annealing.
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