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A series of permalloy nanofilms on glass substrates was fabricated by use of magnetron sputtering. As-deposited
and thermally annealed in air oxidized nanofilms were characterized by the AFM and VSM techniques. For a
temperature range of 300475 °C, the magneto-optical figure of merit (FOM) altered in magnitude due to rise in
transparency and strong change in the Faraday rotation of the oxidized nanofilms. In the near infrared range,
FOM of the 425 °C-oxidized nanofilms was more than one order of magnitude larger than that of the as-deposited

ones. The observed magneto-optical properties were addressed to material and structural transformations of the

as-deposited nanofilms.

1. Introduction

Most of inorganic materials tend to form layers of oxides, sulfides etc.
at their surfaces in air even at room temperatures [1]. For example, a
silicon wafer is always covered by a native oxide layer of a few nano-
meters [2], the same is for metals including noble ones [3]. The material
we deal with in the present work is the Ni-Fe-Mo-Mn alloy-the wide-
spread alloy due to its unique properties (low coercive field, low mag-
netic anisotropy, high relative permeability, etc.); see Ref. [4] and work
10 in it for classification of Ni-Fe alloys. Long ago Ni-Fe alloys are
suggested for magnetic recording technology [5] and magnetic field
sensoring [6,7]. Recent works demonstrate applicability of such alloys
for electromagnetic shielding [8] and biosensors [9], spintronic [10,11]
and plasmonic [12] devises.

As for magneto-optical applications, Ni-Fe alloy-based plasmonic
nanostructures are of continuing interest. For example, the transverse
magneto-optical Kerr effect for a one-dimensional plasmonic grating is
considered for local magnetic field sensoring [13,14]. Among meta-
materials, the arrays of U-shaped Ni-Fe alloy scatterers are shown to
exhibit the magnetization-induced circular dichroism [15]. It should be
noted, however, that the magneto-optical figure-of-merit (FOM) of
Ni-Fe alloys is not much attractive for designing photonic nano-
structures since it is a highly absorbing material. For such application as
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magnetophotonic crystals [16], light absorbance in constituents is a
negative issue decreasing FOM.

A number of fabrication conditions can affect the thin film micro-
and nanostructure: method of sample deposition [17], pressure and
temperature during fabrication [18], power density, external fields, etc.
The roughness of the substrate significantly affects the magnetic film
properties—the coercive field of Ni-Fe alloy film increases with the
substrate roughness because of the surface-induced magnetic anisotropy
[19]. Optical and magnetic properties of magnetic thin films annealed in
an atmosphere significantly change [20,21]. For example, annealing
samples of as-deposited garnet thin films at different temperatures leads
to a growth of the Faraday rotation angle as a result of their different
crystalline structure [22]. Needless to say, exact knowledge on the
material parameters of a particular film is a determinant in developing
functional coatings and devices on the whole.

In our work, we study island nanofilms of the Ni-Fe-Mo-Mn alloy
with a thickness of ~20 nm. Properties of the as-deposited and oxidized
nanofilms (in air at 300-475 °C) were thoroughly studied. We discuss
below how the initially smooth amorphous nanofilms are transformed
into nanocrystalline ones upon annealing, what are the changes in their
ferromagnetic, optical and magneto-optical properties.
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Fig. 1. (a) and (b) AFM images of a 20 nm-thick as-deposited nanofilm and an oxidized one at 450 °C. In-plane (c) and out-of-plane (d) hysteresis curves: 1-as-
deposited, 2-oxidized at 300, 3-350, 4-425, 5-450 °C. Dashed line in plot (d) stands for an H-field magnitude at which the Faraday angle was measured.

2. Sample fabrication and experimental details

Island nanofilms of permalloy were deposited using magnetron
sputtering from a target 79NM consisting of 78.5-80% Ni, 13.73-16.8%
Fe, 3.8-4.1% Mo, 0.6-1.1% Mn, 0.3-0.5% Si, up to 0.2% Cu, up to
0.15% Ti, up to 0.15% Al, up to 0.03% C, up to 0.02% S, up to 0.02% P,
according to the Russian GOST standard. The nanofilms were deposited
on clean 1 mm-thick glass substrates with lateral dimensions of 10 x 10
mm. The substrates were located on a rotating holder above the target at
a distance of 200 mm. The optical control at a wavelength of 600 nm was
used for controlling the thickness of the as-deposited nanofilms; a con-
trol sample placed in the center of the holder was used. The vacuum
chamber was pumped out to a vacuum of 5¢10~* Pa. Argon was inlet by
means of the gas consumption regulator to a vacuum of 0.1 Pa in the
camera and was constantly pumped through a vacuum system during
sputtering. The target was sputtered off at a voltage of 700 V and a
current 0.5 A. The sputtering continued for about 8 min and stopped at a
transmissivity of 10% for the control sample. As-deposited nanofilms
were removed from the vacuum chamber and annealed in air in a
temperature range of 300-475 °C for 1 h at a heating rate of 750 °C/h;
we limited the temperature to prevent the substrate from melting.

Atomic force microscope (AFM) NT-MDT NTEGRA was used to
investigate the surface morphology and roughness of as-deposited and
oxidized nanofilms. The hysteresis loops were measured employing a
Lake Shore vibrating sample magnetometer (VSM 7400). The trans-
mission spectra of the fabricated samples were measured using a double-
beam spectrophotometer Shimadzu UV-3600 Plus. Magneto-optical
spectra were obtained by a home-made setup developed on the base of
an J.A. Woollam V-VASE ellipsometer in a range of 500-1600 nm and an
electromagnet generating magnetic fields up to H = £ 5 kOe. The
ellipsometric parameters ¥ and A represent the raw measurement from
an ellipsometer-the complex ratio of % = tan(¥)-¢* for the reflection
coefficients of the p- and s-polarized waves and illustrate a change in
polarization; ¥ stands for rotation of the polarization plane (or the main

axis of the polarization ellipsis) and A-for evolution of the polarization
state. This is why the angle of Faraday rotation (6r) can be determined as
w, where ¥( £H) is the ratio of the amplitudes E,/E; measured
at the opposite directions of the out-of-plane magnetic field for the
transmitted light having corresponding polarizations. The parameter of
A characterizing the phase shift between the p- and s-polarized waves
was also analyzed for obtaining the magnitude of ellipticity. Note that
the magneto-optical response of the initial or annealed substrates were
also measured and subtracted from responses of as-deposited or oxidized
nanofilms, thus obtaining their true magnitudes of 6p.

3. Results and discussion

AFM images of a 20 nm-thick as-deposited and oxidized nanofilms
are shown in Fig. 1, illustrating surface profiles before and after oxida-
tion-smooth over ten of micron (a) and nanostructured profile (b).
During annealing, the initially smooth surface of amorphous nanofilms
(RMS = 1 nm) transformed into an disordered array of nanopillars
having characteristic dimensions of order 45 nm x 160 nm (height x
diameter) and average distance between the pillars was about 1 pm.

For the nanofims, hysteresis loops illustrate an evolution of their soft
magnetic properties into harder ones; see the loops for the in-plane
magnetization (Fig. 1(c)). One can see that, for the in-plane magneti-
zation, the coercive force increased as the oxidation temperature rose
and the saturation field was less than 100 Oe. As for the out-of-plane
magnetization direction (Fig. 1(d)), it was the hard axis-the saturation
magnetization was observed at 2 kOe for the as-deposited nanofilm, it
decreased to 1 kOe in the case of 300 °C-oxidized nanofilm and again
increased for the nanofilms subjected to oxidation at the higher tem-
peratures. (The substrate had the diamagnetic type of magnetization
that was subtracted from the loops). For the out-of-plane geometry,
magnetization tended to its maximum for the 300-350 °C-oxidized
nanofilms and dropped down at temperatures of >450 °C. The changes
in magnetization behavior can be addressed to significantly increased
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Fig. 2. (a) The transmittance and (b) the Faraday rotation spectra of fabricated
nanofilms before (curve 1) and after annealing for 1 h at the series of tem-
peratures. Curves 2-7 correspond to 300, 350, 400, 425, 450, 475 °C, and curve
8-the substrate. The inset of plot (b) shows the ellipticity difference for as-
deposited and annealed at 425 °C nanofilms. Spectra 7 and 8 are divided by
two. Data were collected at H = 3.8 kOe.

roughness when the as-deposited nanofilm becomes complex fragmental
mixture of different in size and in crystal phase magnetic domains.
Increasing number of these domains having separation between not only
nanopillars but also intra-nanopillar domain walls between different
oxide phases is most likely the reason for the observed hardening.
Study of optical and magneto-optical spectra showed that the
oxidized permalloy nanofilms became more transparent as the anneal-
ing temperature increases. The transmittance of the sample annealed at
450 °C was about three times higher as compared with that of the as-
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deposited one. And, unexpectedly, the growth of 6r in the near-
infrared range was observed (Fig. 2(b)). Spectra of 6 revealed a sig-
nificant rise of the magneto-optical response for A > 800 nm. The
measured quantities of the specific Faraday rotation (degree/cm) can be
compared with the ones Fe@1.0 pm—5.1~105, Co@0.55 pm—3.64105 given
in Ref. [23]. It is worth noting that magnitudes of specific Faraday
rotation at 1.55 pm for the nanofilms under study: 0.15-10° for
as-deposited and 2.6-10° for 425 °C-oxidized nanofilm. It can be seen
well in Fig. 2(b) that the magnitude of 0 was about zero for 475
°C-oxidized nanofilm. Shown in the inset ellipticity demonstrated a rise
and an altering in its sign, illustrating anisotropy of polarized light
coupling to nanopillars.

It is known that another important characteristic of magneto-optical
materials is FOM = % or 6pv/T, where 6 is an angle of the Faraday
rotation, K-absorbance coefficient, T-transmittance of the nanofilm.
FOM versus wavelength for studied samples demonstrated that oxida-
tion at 450 °C provided larger magnitudes, see Fig. 3(a). A normalized
FOM of the nanofilms for selected wavelengths versus the oxidation
temperature is shown in plot (b), which is a ratio between FOM
(oxidized) and FOM(as-deposited) stating more than one order of
magnitude rise in the near infrared range.

To explain the observed changes in the magneto-optical response,
one should take into account that recrystallization of the as-deposited
nanofilms and growth of the oxide crystalline phase resulted in forma-
tion of nanopillars, which were a complex mixture of oxides NiO, Fe5Os,
spinel (Ni, Fe)304, etc. [24]. Work [25] reports on nanowires fabrication
and crystal phases upon oxidation of the iron foil, stating that Fe,O3
nanowires are better grown at 600 °C, and the Fe3O4 sublayers are rather
thick at 400&600 °C. Previous works discussing magneto-optical and
structural properties of iron oxides report that the 3dFe3* electrons are
responsible for polarization rotation in the UV range and that, if iron is
not fully oxidized, the Fe?" ions in octahedral sites contribute to the
rotation in the visible and near-IR ranges [ [26], see also Ref. 11 in it].
The study on magneto-optical properties of NiFe;O4 spinels reports on
formation of a maximum of 3 eV associated with Ni?*, i.e. in the UV
range [27]. Summarizing these data, one may conclude that the rise of
the Faraday rotation for our samples is due to formation of Fe3O4 (due to
Fe?" ions in octahedral site) followed by oxidation up to Fe,05 at tem-
peratures > 425 °C. However, we do believe that oxidation of as-grown
nanofilms containing more atoms results in a much complex nature of
the found effect due to the single intervalence charge transfer transitions
and intersublattice charge transfer transitions [28].

It is most likely that both the observed rise of magnetization and
longer effective optical path in oxidized nanofilms are responsible for
the FOM increase in the case of the nanofilms under our study. The
multipass regime was used-when light bounced several times off the
pair of mirrors, and thus passed repeatedly through a magnetic film
situated between them-to prove the nonreciprocal behavior, thus con-
firming the accumulation of the polarization rotation.
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Fig. 3. (a) Changes in FOM = 0pV/T for the nanofilms. (b) Normalized FOM for selected wavelengths versus the oxidation temperature.
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4. Conclusion

Nanofilms of permalloy subjected to oxidation in air were studied in
detail. Smooth surfaces of as-deposited nanofilms were transformed into
arrays of nanopillars. We demonstrate that structural and magnetic
properties of oxidized nanofilms are responsible for an unusual
magneto-optical response in the near infrared spectral range. For the
studied series of permalloy nanofilms, we found an oxidation condition
resulting in more than one order of magnitude rise of the magneto-
optical figure of merit. Note also that optical properties of the fabri-
cated films deserve special attention and will be reported elsewhere.
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