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The paper presents the results of the study of structural and hysteresis properties of permalloy films. The kinetics
of oxide formation on the film surface under different oxidation conditions has been studied. New experimental data
on the structure and magnetic properties of the synthesized compounds have been obtained. In permalloy films
oxidized in air, it was found that as the temperature of thermomagnetic treatment increases, NiFe,O4 oxides and
amorphous iron oxyhydroxide groups are mainly formed in the samples. As the annealing temperature is further
increased, the oxides formed on the surface of permalloy films are iron oxides (predominantly a-Fe,Osz). The
regularities of hysteresis properties change at varying annealing temperature have been determined. The conditions
of formation of the exchange shift of the hysteresis loop in oxidized permalloy films have been established.
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1. Introduction

Modern magnetic nanomaterials consisting of ultrathin
ferromagnetic (FM) and antiferromagnetic (AF) or ferri-
magnetic (FI) layers are of great interest to researchers.
Thus, for example, in a FM layer bound with an AF
layer in such laminar structures, unidirectional magnetic
anisotropy occurs due to exchange interaction at the FM/AF
interface. Magnetic hysteresis loop of such structure has
a higher coercive force (H.) and appears to be shifted
along the magnetic field axis at the exchange bias field
value (Hex). The unidirectional anisotropy effect is the
basis for practical applications primarily in storage systems
such as magneto-resistive random access memory and spin
valves. The exchange bias effect in these systems has a
crucial significance because it ensures a stable homogeneous
magnetized state [1-4]. However, for successful practical
application of laminar structures with exchange bias, it is
required to study the dependence of structural and magnetic
properties of the structures on the type and efficiency of
interlayer bonding that in turn is defined by the structural
and chemical state of layers and interlayer boundaries.

In particular, for NiggFeyg permalloy films that serve as
the basis for preparing various functional magnetoresistive
media [1,5], it has been shown previously that, depending
on the preparation, oxidation and annealing conditions, AF
and FI iron oxides with various valence (Fe;O3, Fe3Oy) are
formed in permalloy films, AF and FI nickel oxides (NiO,
NiFe,04) might be also formed, moreover, Ni hydroxides
are formed additionally during oxidation in air [6-10]. Thus,
the exchange bias effect may be implemented in permalloy-
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oxide systems. Magnetic annealing is one of the known
methods for forming AF/FM exchange coupling in lamellar
film systems.

This study investigates structural and magnetic properties
in oxidized permalloy films in various thermomagnetic
treatment conditions.

2. Experiment

Nanostructured NiggFeyo films were prepared by mag-
netron sputtering using the MPS-4000-C6 Ulvac sputtering
system on the (1012) AlL,Os single-crystal sapphire sub-
strates. Ta, Snm in thickness, was used as a buffer and
protective layer.

The following samples were prepared:

1. A1203/Ta(5)/NigoFe20(20)/Ta(5);

2. Al,03/Ta(5)/NigoFea0(20) then holding in a magnetron
chamber at an oxygen pressure of 10 Pa for 30 min. Then —
Ta(5) layer sputtering for protection against oxidation.

3. Al,O3/Ta(5)/NiggFez0(20) — these samples are not
covered with a protective Ta layer.

Numbers in brackets hereinafter denote layer thicknesses
in nm.

Structural investigations were performed using the PAN-
alytical Empyrean X-ray diffractometer in CoK, radiation.

The Solver Next scanning probe microscope was used to
determine surface topography and magnetic microstructure,
the recorded surface profile images were processed in
Image Analysis. Investigations were performed at room
temperature and humidity of 25—30%, silicon probes with
CoCr magnetic coating, standard tip curvature radius less
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than 30nm and cantilever resonance frequency 75kHz
were used. Magnetic-force images were obtained in non-
contact mode using a double-pass technique to visualize
nonuniformity of magnetic forces acting on the probe from
the sample surface without artefacts induced by the sample
topography. During the second pass, the cantilever was
lifted at each scan point at the distance d, = 200 nm from
the sample surface. Long-range magnetic forces contribute
to variation of the cantilever vibration phase in the second
pass and form the distribution of the z-component of the
magnetic force gradient over the sample surface.

Oxide formation kinetics in the samples was studied using
the Raman-scattering spectroscopy. Raman scattering (RS)
spectra were measured using the Confotec MR200 (SOL
Instruments) confocal Raman microscope with 532nm
laser excitation. Laser power on the sample surface was
76 mW. Integration time was 30—40s, number of averages
was 5. A 40x (Olympus) lens with numerical aperture 0.75
was used. Confocal opening diameter was 100 mm.
A 1200/600 line diffraction grating and electrically cooled
charged-coupled device detector were used for spectra
recording.

Thermomagnetic treatment of group 2 samples was
performed on an original design system at 10—4 Pa in 2kOe
constant magnetic field applied in the sample plane in the
temperature range of 150—550 °C during 30 min. The same
system was used for oxidation of group 3 samples in the
temperature range of 150—300°C at atmospheric pressure.
Thermomagnetic treatment time was 1h.

Hysteresis properties of films were studied using the
ABM-1 computer-assisted vibration magnetometer in the
auto mode at room temperature. Coercive force H. and bias
field Hex were defined from hysteresis loops as the loop half-
width and hysteresis loop center shift with respect to zero
along the magnetic field axis. Direction of the magnetic field
for measurement coincided with that of the magnetic field
applied during thermomagnetic treatment.

3. Findings and discussion

Figure 1 shows an X-ray diffraction pattern of
Al,O3/Ta(5)/NiggFea0(20)/Ta(5) sample 1. Besides reflec-
tions from the Al,O3 substrate, there is only one intense
reflection (111) from the NiggFeyp FCC lattice indicating a
crystal texture of the (111) type permalloy layer. NigoFeao
FCC lattice parameter a = 0.355nm corresponds to that
of permalloy [11]. Crystallite size determined using the
Scherrer equation [12] is approximately 20 nm.

Degree of perfection of the (111) texture was evaluated
using the rocking curve method. Figure 1 shows a rocking
curve measured with 20 fixed at the value corresponding
to the reflection of (111) NigoFey and with variation of
the initial beam incidence angle @. Form of the rocking
curve corresponds to the (111) axial texture. p determined
from the rocking curve as full width at half maximum and
characterizing the texture perfection or disorientation angle
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Figure 1. X-ray diffraction pattern of the ALO;/Ta(5)/

NigoFey(20)/Ta(5) sample The inset shows a rocking curve
measured on the (111) diffraction line ofNigoFexo.

of the [111] crystallite axes from the texture axis is equal
to 2.9°, which corresponds to the (111) high-perfection
structure formed in the test samples.

It is known that surface condition of nanocrystalline
films affects considerably their hysteresis properties [13].
Texture nonuniformity in lamellar polycrystalline films may
be due to the size of individual crystallites and to the
surface condition of a substrate or underlying layers. Small
thickness of the protective Ta layer suggests that the layer
follows the texture of the underlying permalloy layer and,
thus, indirect information concerning the microstructure
may be obtained in films using AFM. Numerical description
of surface texture, rms surface roughness R,, was used as a
criterion for surface condition assessment.

Figure 2 shows an image of the surface of sample 1
and an example of surface treatment to determine the
mean crystallite size. The samples have a low rms surface
roughness Ry = 0.25 nm, mean gran size is 20.8 nm, which
agrees with the X-ray measurement data.

Examination of the magnetic properties of sample 1
showed that saturation magnetization My was 86 emu/g
and coercive force was H, = 1.50e. The obtained values
are typical for permalloy films formed by magnetron
sputtering [14].

An oxide layer on the permalloy surface was formed
using a technique that was applied successfully by its
authors to the Fe/FeO system [15]. The technique is defined
as formation of an oxidized layer on the film surface by
holding in a magnetron sputtering chamber in gas mixture
in pre-defined conditions. The authors showed that a
FeO with a thickness of about 2nm was formed on the
surface of Fe film. The study used a similar technique
for oxidation of multilayer NigsFes/NiFeO films [6]. In
group 2 structures, after deposition of the tantalum and
permalloy layers, working gas — oxygen — was injected
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Figure 2. AFM-image of the surface of Al,O3/Ta(5)/NisoFex(20)/Ta(5) sample: (a) — initial condition; (b) — processing in Image

Analysis. Scan area size is 1 x 1 um.

into the magnetron sputtering chamber and, after holding
and evacuation, a Ta layer was sputtered to protect the
laminar structure against oxidation.

Investigation of the magnetic properties of group 2
samples showed that the saturation magnetization
(Mg = 79 emu/g) decreased insignificantly compared with
M of sample 1, and the coercive force remained unchanged
H. = 1.50e. The obtained data might be indirectly indica-
tive of a decrease in the volumetric fraction of permalloy
in the oxidized samples due to surface oxidation, and the
oxide layer thickness is probably 2nm maximum [6,8].
Film surface topography investigations (mean grain size
20.4nm, Ry = 0.23nm) gave similar data compared with
group 1 samples. The X-ray diffraction pattern has no any
additional reflections, besides the (111) reflection from the
NigoFey9 FCC lattice, which is probably due to the X-ray
amorphous state of the formed oxides.

Oxide formation was verified using the Raman-scattering
spectroscopy. Since a focused laser beam in the Raman-
scattering spectroscopy method can penetrate partly under
the detection surface through a thin protective Ta layer, then
it was possible to get information concerning the presence
of NiggFeyo film oxide vibrations. Raman scattering peaks
corresponding to vibrations of the following fundamental
phases were detected on the surface of test samples:
a-Fe;03, Fe304, NiFe;O4. Figure 3 shows the Raman
scattering spectra of sample groups 1, 2, 3 after sputtering.

For the Al,O3/Ta(5)/NigoFey0(20)/Ta(5) samples of
group 1 (spectrum a in Figure 3), no pronounced Raman
peaks were detected, which indicates that there are no
oxide phases on the permalloy film surface. On the other
hand, Raman peaks occur on the surface of group 2
sample (spectrum b in Figure 3) with the most intense
of them being vibration peaks at 557cm~! and 678 cm™!
that correspond to the NiFe,O4 phase [16,17] and confirm
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oxidation of the permalloy surface. Vibration peaks of the
a-Fe, 03, Fe;O4phases were also detected and were induced
by the interaction between Fe atoms (one of the NiggFes
film components) and oxygen and by formation of Fe oxides
with different valence [18]. No FeOOH phase vibrations
were detected. Thus, it is fair to say that a-Fe;03, Fe;Oy,
NiFe;04, with prevailing NiFe,O4, are formed on the
surface of NiggFeyo layer during oxidation in the magnetron
chamber in extra-pure oxygen atmosphere. Since the type
of magnetic ordering of the formed oxides differs from
FM (a-Fe;0; is antiferromagnetic and Fe3O4, NiFe,O4 are
ferrimagnetics), then formation of unidirectional anisotropy
might be expected in group 2 samples during magnetic
field annealing. For this, thermomagnetic treatment of
structures was performed in the temperature range from
100°C to 550°C for 30 min.

Magnetic hysteresis loops were obtained and temperature
dependences of hysteresis properties were determined. It
appeared that, as annealing temperature increases, the
coercive force varies insignificantly and there is no magnetic
hysteresis loop shift indicative of the presence of exchange
coupling at the interface. =~ The presence of exchange
coupling with AF would induce a shifted hysteresis loop
and/or increase in the coercive force of the ferromagnetic
layer. A small growth of H; to 100e at the annealing
temperature of 550°C is probably caused by changes of
film microstructure [19,20]. As the annealing temperature
increases, AM;/M? (AMg = My — M2, Mg is the saturation
magnetization of the sample after thermomagnetic treat-
ment, M? is the saturation magnetization of the initial
sample) remains the same showing that the volumetric
fraction of permalloy remains unchanged, thus, mutual
diffusion at the permalloy-oxide interface is excluded. The
absence of hysteresis loop may be due to a low thickness
of the oxide layer. According to the Michaeljohn and Bean
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Figure 3. Raman scattering spectra of the Al,Os/Ta(5)/
NigoFex(20) samples: @) group 1, b) group 2, c¢) group 3.
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Figure 4. Raman scattering spectra of the Al,O3/Ta(5)/
NigoFey(20) films after heat treatment: a) 200°C, b) 250°C,
¢) 280°C, d) 300 °C — 60 min.

model [5], the exchange shift of hysteresis loop occurs when
Kar - tar)Jex is satisfied, where Kap is the AF anisotropy
constant, tar is the AF thickness, Jex is the exchange
interaction energy surface density. It this condition is not
met, then there will be no loop shift, but the coercive
force will grow. However, H, doesn’t increase either. This
effect is probably due to a disordered magnetic state of the
formed oxides and, therefore, they don’t contribute to the
growth of H,.

Behavior of structural and magnetic properties varies
considerably in the Al,O3/Ta(5)/NigoFez0(20) samples from
group 3 during permalloy surface oxidation in air followed
by heat treatment. RS spectrum of sample 3 is qualitatively
similar to that of group 2 sample (Figure 3, spectra b and ¢),

however, vibration peaks at 558 cm~! and 680 cm~! of the
NiFe,O4 phase are less intense and wider compared with
the peaks of NiFe,O4 in sample 2, which is indicative of a
low concentration of NiFe,O4 on the permalloy film surface
during natural oxidation in air. Vibration peaks of the
a-Fe, 03, FesO4 phases were detected due to the interaction
between Fe atoms of the permalloy film and air. Moreover,
additional peak occurs at 739 cm~! due to vibrations of
amorphous oxyhydroxide groups of iron [21].

Figure 4 shows Raman spectra of sample 3 after annea-
ling at 200°C, 250°C, 280°C, 300°C — 60min. Thus,
after annealing at (T,) =200°C, RS spectrum (Figure 4,
spectrum a) is similar to that of the film after sputtering
(Figure 3, spectrum c): a peak at 680 cm~! of the NiFe,O4
phase is the most intense, there is also an oxyhydroxide
peak. However, peak intensity caused by the NiFe,O4
phase vibration at 324 cm~! becomes higher, which clearly
indicates the growth of concentration of this oxide during
annealing.

With further increase in T,, the view of Raman spectra
varies considerably. There are changes in peak positions and
height, which unambiguously indicates that film structure
and composition are different as heat treatment temperature
increases (spectra b, ¢, d in Figure 4). Thus, at T, = 250 °C,
a peak at 680cm~! corresponding to the NiFe,O4 phase
is also the most intense one, but intensities of Fe;Oy4
and a-Fe;03 (370cm~! and 408 cm~!) peaks increase
considerably at the same time, which is indicative of
the growth of concentration of iron oxides with different
valence. Oxyhydroxide peak at 740cm~! is faint. Raman
spectrum of the film after heat treatment at T, = 280°C
has a quick growth of intensity of the Fe3;O4 and a-Fe;O3
peaks at 370cm~! and 408cm~! and also increasing
intensity of oxyhydroxide phase vibrations at 740cm™!,
which is indicative of the growth of iron oxide phases
as the annealing temperature increases. Vibration peaks
of a-Fe;O3 (407cm~!) and of group NiO [22,23] in
the NiFe,O4 phase (559 cm_l) are most intense, which
indicates that iron and nickel oxides (individual components
of the NiggFeyy film) are formed. For the film annealed
at T, =300°C, a peak of a-Fe,O; at 407cm™! is most
intense, and an additional peak of a-Fe,Os also occurs at
277cm~!. A peak of oxyhydride group vibrations grows
and narrows considerably at 740 cm~!. Peaks at 553 cm™!
and 682 cm™! corresponding to NiFe,O4 at T, =300°C
broaden compared with the sample at T, = 280 °C, which
suggests a lower degree of crystallinity and deformation
of the NiFe,O4 phase as the annealing temperature grows.
Splitting of the peak at 553 cm™! is an interesting finding
that is associated with distortion of vibrations at various
lengths of atomic bonds Fe-O and Ni-O within the NiFe,O4
structure [24]. Intensity growth and narrowing of peaks
corresponding to the a-Fe,Os; phase at T, =300°C are
indicative of the growth of concentration of this phase
on the sample surface. Thus, according to the Raman-
scattering spectroscopy data, it was found that, as the
annealing temperature grew to 250°C, NiFe,O4 were
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Figure 5. ACM images of Al,O3/Ta(5)/NigyFey(20) films surface before (a) and after heat treatment at ) 150 °C, ¢) 200 °C, d) 250 °C,
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Figure 7. Temperature dependences H. and Hex (a) and DMs/MsO0 (b) of the Al,O3/Ta(5)/NigoFex(20) samples.

primarily formed in the samples. With further increase in
the annealing temperature to 300 °C, oxides being formed
on the NiggFey film surface are iron oxides (primarily
a-Fe;03). Prevailing formation of Fe,O3 compared with
NiFe;O4 and NiO may be due to a higher enthalpy of
formation of Fe,O3 (1.84 eV/atom) compared with NiFe,O4
(1.37 eV/atom) and NiO (1.01 eV/atom).

Figure 5 shows AFM images of the surface and values
of Ry for group 3 samples before and after thermomagnetic
treatment T, = 150, 200, 250, 280, 300 °C — 60 min.

As the heat treatment temperature increases, the surface
structure undergoes considerable changes: film surface
becomes rough, clusters, that are presumably oxide phases,
are formed and become larger. For the sample annealed
at T, =200°C, the size of such clusters is maximum
100—200 nm, while the sample at T, = 280°C is charac-
terized by higher columnar clusters with the base of about
400 nm and cylindrical needle-shape buildup on top. As the
annealing temperature grows to 300 °C, the surface texture
consists of evenly arranged ,flower-like® phases oriented
along the magnetic field applied during annealing. The
sample surface is structured and is characterized by the
largest Ry = 5.5nm. According to [25-27], such ordered
and oriented ,flower-like“ phases are a-Fe,Os.  Thus,
the atomic-force microscopy results support the Raman-
scattering spectroscopy data in that a-Fe,Os clusters are
mainly formed in the samples as the annealing temperature
increases.

Magnetic force microscopy (MFM) displays film mi-
crostructure. Figure 6 shows magnetic-force images of films
before and after thermomagnetic treatment. Contrast in the
MFM images is caused by local magnetization distribution
in the sample. Lighter areas correspond to regions with
higher magnetization.

Before annealing, the samples have an inhomogeneous
magnetic structure in the form of low-contrast bands (Figu-
re 6,a) typical of this material [28,29]. The bands are about
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0.7—0.8um in width. After T, = 150°C (Figure 6,b),
the banded magnetic structure is maintained, but magnetic
inhomogeneities become less contrast in the MFM image.
With further increase in T, (Figure 6, ¢, d, e, f), the magnetic-
force images take a form known as the ,magnetic rip-
ple [29]. Such type of magnetic structure in the magnetic-
force images is caused by the competition of irregular
magnetic anisotropies that facilitate the inhomogeneous
magnetization [30,31]. The film annealed at T, =200°C
is characterized by a larger magnetic ,ripple”, and for the
sample after T, =250°C, smaller dark areas contrasting
with the surface appear, which indicates that a magnetic
phase with lower magnetization is formed. Dark areas
in the MFM images correspond to oxide phases. Further
increase in T, to 280°C leads to larger changes of the
MFM contrast due to the increase in the fraction of oxide
phases on the sample surface. Finally, the sample after
T, = 300°C is characterized by a least contrast, smeared
magnetic microstructure due to the presence of ordered
oxide clusters and oxyhydroxide groups on the film surface.
The obtained data concerning structural transformations
resulting from annealing are followed by corresponding
modifications of the hysteresis properties of samples.
Figure 7,a shows the dependences of coercive force and
bias field on thermomagnetic treatment temperature. As
the annealing temperature increases, H, grows, and the
quick growth of H; occurs at T, =200°C (H. = 70Oe)
reaching the maximum value of 175 Oe at T, = 280 °C. Note
that growth of H, is followed by the decrease in AMg/M?
that characterizes the mutual diffusion and variation of
the volumetric fraction of permalloy after annealing. The
corresponding temperature dependence AMg/M? is shown
in Figure 7,b. At T, =280°C, the initial magnetization
decreases by 50%. Such changes of magnetic properties
might be attributable both to the interlayer diffusion effect
and decrease in the volumetric fraction of permalloy, which
is clearly indicated by the decrease in AM;/M?, and to
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formation of new magnetic phases leading to inhomogeneity
of magnetic properties and growth of H,. Formation of
new oxide phases is confirmed by the Raman-scattering
spectroscopy, AFM and MFM data, therefore it is suggested
that growth of H. is mainly caused by formation of
magnetic-ordered a-Fe,Osphase with the Néel temperature
(Tn = 675°C) [5]. The latter is supported by the fact that
starting from T, = 250 °C magnetic hysteresis loop shift oc-
curs, though small with respect to the hysteresis loop width,
it is reliably detectable. Thus, Hex = 50e at T, = 250°C
and He = 150e at T, = 280 °C. According to the model
in [32] that takes into account the grain size distribution in
AF, large grains contribute to the hysteresis loop shift and
smaller grains contribute to the growth of H.. Appearance
of the exchange bias at T, > 250 °C is probably caused by
the growth of energy of antiferromagnetic a-Fe,O3 grains
due to the increase in their size. It was found that as the
annealing temperature increases, not only increase in the
concentration of AF oxide, but also considerable growth
of oxide crystallites take place. At T, =300°C, oxygen
concentration in the film is maximum, which is indicated
by the decrease in AM;/M? by 100 %. It is fair to say that
the film contains only Ni and Fe oxides in such annealing
conditions.

4. Conclusion

X-ray diffraction, Raman-scattering spectroscopy, AFM
and MFM methods were used to study the structural prop-
erties of permalloy films formed by magnetron sputtering
on the Al,Oj3 single-crystal substrates. It was found that
a-Fe,03, Fe304, NiFe,O4, with prevailing NiFe,Oy4, are
formed on the surface of NiggFey during oxidation in the
magnetron chamber in extra-pure oxygen atmosphere. In
permalloy films oxidized in air, it was found that mainly
NiFe;O4 and amorphous oxyhydroxide groups of iron
are formed as the thermomagnetic treatment temperature
grows. With further increase in the annealing temperature,
oxides being formed on the NiggFeyo film surface are iron
oxides (primarily a-Fe;O3). Physical causes and patterns of
modification of hysteresis properties of films with varying
annealing temperature were determined. In particular, a
possibility of exchange bias of a hysteresis loop in oxidized
permalloy films is shown. Appearance of the exchange bias
is probably caused by the growth of antiferromagnetic grain
energy due to an increase in the grain size.
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