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In this report, peculiarities of magnetoresistive properties of nanostructured (NigoFezo)zAui—, thin
films containing from 10 to 60 at.% of Au were investigated. We focus on the samples with a thickness
of 45 nm fabricated by the method of electron-beam co-evaporation. The influence of Au atoms concen-
tration and the annealing process within the temperature range from 300 to 700 K on the microstructure,
magnitude, and nature of magnetoresistive effects has been discussed. The analysis of electronographic
studies showed that both face-centered cubic NigFe and Au phases are visible in the diffraction images.
Upon varying thin film compositions and annealing conditions, the phase state does not change. At the
same time, magnetoresistive properties of thin films demonstrated a strong dependence on both the
concentration of sample components and annealing conditions. Samples after deposition showed typical
giant magnetoresistance behavior at 20-46 at.% of Au, which is also typical for samples annealed at
400 and 500 K. The transition to the anisotropic nature of magnetoresistance occurs upon annealing
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at 500 K.
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1. Introduction

Nanostructured thin films based on ferromagnetic
alloy NiggFesy and noble metal Au are a typical
magnetic nanostructure that consists of nanometer-
sized ferromagnetic granules embedded into a non-
magnetic conduction matrix. The study of such
nanostructures is much more popular due to their
transport phenomena, magnetic and magnetoresis-
tive properties [1-3]. Notice, in particular, that the
discovery of the giant magnetoresistance (GMR) ef-
fect in granular nanostructures opened new oppor-
tunities for the production of sensing devices [4-6].
As GMR in such structures arises because of spin-
dependent scattering of conduction electrons either
within magnetic granules or at the interfaces of
magnetic granules and non-magnetic matrix, the
magnetic granule size and inter-granule distance are
very important parameters [7]. These parameters
significantly depend on the concentration of sample
components and annealing conditions [8, 9].

At present, there is a huge amount of ex-
perimental investigations concerning the magne-
toresistive properties (MR) analysis of granular
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nanostructures (NigoFesg),Mej_,, where Me is a
noble metal [10-12]. Nevertheless, the MR proper-
ties of nanostructured (NiggFesg)zAuj_, thin film
in correlation with structural properties have not
been widely studied. It is especially relevant for
granular nanostructures in the condition of the size
effect appearance. Nonetheless, the size effect can be
significant in MR when the thickness of the samples
is comparable to the average size of a single-domain
granule [13, 14]. So in this article, we focused on the
nanostructured thin (NiggFes),Aui_, containing
from 10 to 60 at.% of Au with a relatively low thick-
ness of 45 nm. To determine the stability of mag-
netoresistive properties upon annealing, the investi-
gations of MR behavior during the heat treatment
at incrementally increasing temperatures within the
range from 300 to 700 K were done.

2. Experimental detail

Nanostructured (NiggFeg),Auj_, thin films
with thickness d = 45 nm were sputtered on the
glass-ceramic substrates at room temperature by
the co-evaporation technique. The NiggFeoq target
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Bright field TEM images and diffractions patterns in the insert for nanostructured (NigoFezo)zAui—»

thin films at d = 45 nm and caw = 52 at.% (a), 40 at.% (b), and 20 at.% (c) after deposition.

(the weight ratio of Ni and Fe is 4:1) and Au tar-
get (99.99% purity) were separately installed on
two independently controlled electron-beam evap-
orators in a vacuum chamber with a base pressure
of 10~ Pa. All substrates were placed in a vacuum
chamber in a row. In such a location, each substrate
was placed at a different distance from NiggFesq and
Au sources. The condensation rate was 0.1 nm/s for
NiggFeog and Au. The thickness was monitored by
two “in situ’ quartz resonators. As a result, a series
of samples with a concentration of Au atoms in the
range of 10-60 at.% was obtained in one deposition
run.

Composition analysis of thin films was done using
a scanning electron microscope (TESCAN VEGA3)
equipped with an energy-dispersive detector to per-
form the X-ray spectrometry.

The magnetoresistive properties were measured
using a software—hardware complex with current-in-
plane geometries in an external magnetic field from
0 to 600 mT. All measurements were performed
at room temperature. The measuring current was
I =1 mA. The value of longitudinal (magnetic field
in the sample plane and parallel to current) and
transverse (magnetic field in the sample plane and
perpendicular to current) magnetoresistance have
been calculated by equation

R(B) — R(Bo)
Ry <”

where R(B) is the current value of resistance in the
magnetic field B; R(By) is the value of resistance of
the sample in the By field.

For investigation of the annealing temperature ef-
fect on magnetoresistive properties, samples were
annealed at incrementally increasing temperatures
within the range of T,,, = 300-700 K, staying at
each temperature for 20 min. The annealing was
carried out in a vacuum chamber with a pressure of
1073 Pa.

A transmission electron microscope (TEM-125K)
was employed to determine the phase state and
crystal structure of the samples.

MR =
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3. Results and discussion
3.1. Phase state and crystal structure

Since the phase state determines the peculiari-
ties of magnetoresistive properties of thin films, the
corresponding research was carried out for nanos-
tructured (NiggFeog)zAui_, thin films after con-
densation and annealing. Diffraction patterns and
bright field TEM images for (NiggFeag),Auy_; thin
films with various concentrations of Au atoms are
shown in Fig. 1. It is clear that all samples showed
diffraction rings corresponding to two face-centered
cubic (fce) lattices, namely, fcc-NigFe and fee-Au.
In addition, the diffraction ring (200) Au overlaps
with (111) NigFe, which leads to an increase in
the intensity of the second ring. Besides, for the
film with low and higher Au atoms concentration,
the phase state is the same. The lattice parame-
ters are 0.354 nm for fcc-NisFe and 0.406 nm for
fcc-Au. Note that according to [15-17], the com-
ponents of the samples (Ni, Fe, and Au) can al-
ready mix at the stage of their formation at room
temperature. As a result of this mixing, solid solu-
tions or intermetallic compounds based on Ni and
Au or Fe and Au can be formed. This is accom-
panied by a change in the lattice parameter val-
ues or the appearance of additional peaks in the
diffraction images. At the same time, we do not find
any additional diffraction peaks or other evidence
of the formation of solid solutions or compounds.
It can therefore be concluded that nanostructured
(NiggFesg)zAu;_, thin films have a two-phase state
fce-NigFe+ fee-Au.

The analysis of the morphology of magnetic
granules also allows us to carry out a more compre-
hensive investigation of MR results. According to
the data of electron microscopic studies, the struc-
ture of the thin films at cay, = 52 at.% in an
as-deposited state consists of magnetic granules sur-
rounded by an Au matrix (Fig. 1a). The granules
with size from 5 to 15 nm are uniformly dispersed
in the Au matrix. With the subsequent reduction
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Diffraction patterns (a)—(c), bright field TEM images (d)—(f), and the grain size distribution (g)—(i)

for (NigoFezo)sAui—, thin films at cayw = 30 at.% and d = 45 nm after deposition (a), (d), (g) and heat
treatment at 500 K (b), (e), (h) and 700 K (c), (f), (i).

of the Au concentration to 40 at.% (Fig. 1b) and
20 at.% (Fig. 1c), the grain size decreases monoton-
ically.

The modification diffraction and TEM images
after annealing at 500 and 700 K are shown in
Fig. 2. Panels (a)-(c) reveal that the phase state
did not change by annealing and corresponds to fcc-
NigFe+ fce-Au with a corresponding slight increase
of lattice parameters to 0.355 nm and 0.407 nm. It
should be noted that the phase state of annealed
films remains the same within the whole range of
Au atom concentration.

An evaluation of the crystal structure after an-
nealing for (NiggFegp),Auj_, thin films at ca, =
30 at.% is displayed in Fig. 2, panels (d)—(f). Based
on the bright-field TEM images, the grain size dis-
tribution was plotted (Fig. 2, panels (g)—(i)). It
is clear that ferromagnetic granules weakly grow,
and their average size L., increases from 9.4 nm
in the as-deposited state to 12 nm after anneal-
ing to 500 K. At the same time, the increase of
Tann up to 700 K stimulates an intensive recrystal-
lization process and more significant grains grows
(Lay = 23.8 nm) compared to as-deposited films.

3.2. Magnetoresistive properties

The field dependences of the longitudinal (LMR)
and transverse (TMR) magnetoresistance at differ-
ent Au concentrations for (NiggFeg),Aui_, thin
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films are shown in Fig. 3. At low Au concentra-
tion (canw < 20 at.%), the MR(B) dependences
have anisotropic character (Fig. 3a). The reason for
anisotropic magnetoresistance appearing is the for-
mation of ferromagnetic metal infinity clusters and
occurrence of the magnetic anisotropy in the film
plane. The part of the magnetic granules that grow
during the condensation process touches each other
to form a multi-domain magnetic structure. Hence,
the samples of this composition show properties
close to NiggFeg film alloy [18]. In the concentration
range cay = 21-36 at.% (Fig. 3b and ¢), the shape
of the LMR and TMR curves transforms. For both
geometries, the MR value increases linearly with the
field, without reaching saturation, and almost coin-
cides. So, in this case, the effect of giant magnetore-
sistance (GMR) is observed. As stated before, the
GMR is conditional by a spin-dependent scattering
of electrons either within or at the interfaces of mag-
netic granules and non-magnetic matrix. Therefore,
the size of granules and their distribution in the
non-magnetic matrix are important for GMR real-
ization. It was shown [19, 20] that single-domain
ferromagnetic granules affect the giant magnetore-
sistance for nanostructures based on ferromagnetic
alloys NizFe;_, and Cu or Au. As a rule, the mag-
nitude of GMR reaches a maximum value as the
systems approach the percolation threshold. Note
the percolation parameters are non-universal and
sensitive to the ferromagnetic granule distribution
and the conductive matrix topology [8]. Also, the
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Field dependences of longitudinal (LMR) and transverse (TMR) magnetoresistance for as-deposited

(NigoFe20)zAui_, thin films at d = 45 nm and cay = 20 (a), 30 (b), 36 (c), and 40 at.% (d).

preparation method has a great influence on the
magnetoresistive properties of nanostructured thin
films. With increasing ca, in the range from 21
to 30 at.%, the ferromagnetic granules gradually be-
come smaller, causing an increase in the number of
single-domain granules. It leads to growth in the
probability of spin-dependent electron scattering
and an improvement of the GMR effect. A further
increase in ca, up to 40% leads to the formation of
the cupola-like shape of MR vs B curves (Fig. 3d).
Field dependences of longitudinal and transverse
magnetoresistance show negligible hysteresis and do
not saturate in fields up to 600 mT. This behavior
indicates the presence of superparamagnetic gran-
ules that interacted weakly. With further increase
in cp, up to 40%, their density and the distance
between them increase significantly, which leads to
falling in GMR.

The dependence of the longitudinal and trans-
verse magnetoresistance as a function of the Au con-
centration for as-deposited (NiggFeqg)zAuj_, thin
films is presented in Fig. 4. LMR and TMR val-
ues increase with the Au atom concentration and
reach the maximum of 0.45% at ca, = 30 at.%,
after which they decrease dramatically with fur-
ther growth of cay. This result correlates with data
presented in [11], where it was reported that for
a sample based on NiggFeyy and Cu, the maxi-
mum GMR value is observed at cq, = 34 at.%. At
the same time, from previous studies [19, 21, 22|,
it is known that for as-deposited thin films based
on ferromagnetic alloys Ni Fe;_, and noble metal,
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Fig. 4. Longitudinal (LMR) and transverse
(TMR) magnetoresistance as a function of
the Au atom concentration for as-deposited

(NigoFez0)zAui—, thin films at d = 45 nm.

GMR reaches a maximum in the concentration
range of noble metal 60 < cp, < 80 at.%. In
our opinion, the shift of the maximum with the
concentration dependence of GMR has been asso-
ciated with the decrease in the total thickness of
thin films. As a result, the growth of ferromag-
netic granules is limited in one of the directions
in comparison with thicker films. The annealing ef-
fect on magnetoresistive properties of nanostruc-
tured (NiggFeso),Auj_, thin film is discussed by
the example of the sample with the highest ob-
served value of GMR (ca, = 30 at.%). The field
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700 K (d).

dependences of LMR and TMR of the sample af-
ter annealing to various temperatures are presented
in Fig. 5. The resulting curves of longitudinal and
transverse MR as a function of annealing tempera-
ture are shown in Fig. 6. From these curves, it can
be found that the growth of magnitude of MR is in-
significant upon annealing up to 400 K and 500 K.
This behavior can be explained by the following
physical viewpoints. According to the TEM investi-
gation, the ferromagnetic grain weakly grows due to
the presence of a non-magnetic matrix in their grain
boundaries and the low thickness of the samples.
As a result, the condition of spin-dependent elec-
tron scattering does not change appreciably. Hence,
the shape of the TMR(B) and LMR(B) curves stay
unchanged (Fig. 5a and b), and the nature of mag-
netoresistance remains isotropic. A growth of tem-
perature of annealing to 600 K causes the grad-
ual appearance of anisotropy at the MR(B) curves
(Fig. 5¢). The magnetoresistance anisotropy emer-
gence is caused by the growth and coalescence of
ferromagnetic granules. With the increase in an-
nealing temperature up to 700 K, the isotropy
at field dependence of magnetoresistance has van-
ished completely. The anisotropic behavior of mag-
netoresistance is observed. Upon high-temperature
annealing, the number of isolated ferromagnetic
granules decreases significantly, giving rise to the
reduction of spin-dependent interface scattering. On
the other hand, the growth of the size of ferromag-
netic clusters increases the possibility of the process

200 400 600

(LMR)
(NigoFe20)zAui—, thin films at d = 45 nm and cay, = 30 at.% annealed to 400 (a), 500 (b), 600 (c),
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Fig. 6. Magnetoresistance as a function of the an-
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of electron—phonon scattering. The pass of charge
carriers by granules prevents this scattering mecha-
nism. Hence, the probability of spin-dependent elec-
tron scattering is reduced.

To obtain more detailed analyses of GMR changes
under annealing, we analyzed the changes of re-
sistivity p and Ry — Rpmax with an annealing
temperature growth (Fig. 7). We used a value of
the resistivity after cooling from a given T,,, to
room temperature as p; Ry and Rp,.x are the resis-
tance in the fields of By and By,ax, respectively. As
shown in Fig. 7a, the value of resistivity irreversibly
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decreases 4.6 times with the increase in annealing
temperature. Such fall is a result of healing defects
and the recrystallization process in thin films. Si-
multaneously, the value of Ry — Rpy,ax first increases
1.6 times and then decreases with Tj,,. The rise
of Ry — Rmax value within the annealing tempera-
ture range 300-500 K can be explained by changing
conditions of the spin-dependent electron scatter-
ing. The combination of changes in values of p and
Ro— Ryax at Ty, = 300-500 K leads to the growth
of GMR. The increase in T, up to 700 K causes a
decrease in resistivity and the value of Ry — Rz,
so the MR ratio goes down. Note that MR ratio has
the same changing tendency as Ry — Rnax, indicat-
ing that magnetic resistivity Ry — Rmax is directly
responsible for the GMR effect.

4. Conclusions

In this article, concentration and annealing affect-
ing the magnetoresistive properties of the nanos-
tructured (NiggFeg),Auj_, thin film containing
from 10 to 60 at.% of Au were investigated. The
correlation between crystal structure and magne-
toresistive properties of samples with a thickness of
45 nm was studied. Such studies for systems based
on NiggFegg and Au with a wide range of compo-
nent concentrations prepared by a co-evaporation
method are practically absent in previously re-
ported work.
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In diffraction images, for samples as-deposited
and annealed at 700 K, there are two fcc lattices,
namely, fce-NigFe and fee-Au. According to TEM
investigations, all samples consist of magnetic gran-
ules surrounded by an Au matrix. Peculiarities of
the morphology of the samples lead to the isotropic
magnetoresistance appearing at ca, = 21-46 at.%.
The magnitude of the GMR effect reached a max-
imum at cp, = 30 at.% and insignificant growth
upon annealing up to 400 K and 500 K. The tran-
sition to anisotropic magnetoresistance is observed
upon annealing to 600 K. The growth of grains dur-
ing annealing increases the probability of the pro-
cess of electron—phonon scattering, prevents elec-
tron transmission from one ferromagnetic granule
to another, and declines the probability of spin-
dependent electron scattering.

It is also worth noting that a detailed analysis
of the influence of the annealing temperature on
the magnitude of the magnetoresistance was carried
out for nanostructured (NiggFesp),Auj_, thin film.
For this purpose, the dependences of the value of
the specific resistance and the value of AR on the
annealing temperature were obtained. The analysis
of these dependences makes it possible to correctly
analyze the reasons for the change in the magnitude
of the magnetoresistance after annealing.
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