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The work is devoted to the results of investigations of magnetoresistive properties of (Fe80Co20)xCu1−x

film alloy prepared by layer-by-layer condensation with post-annealing at the temperature of 550 K.
The total thickness of the samples ranged from 20 to 50 nm. It has been demonstrated that the
samples are homogeneous in thickness. At the concentration of Cu atoms of 50 at.%, as a result of
spin-dependent electron scattering, the isotropic nature of magnetoresistance with the value of 0.5–1%
is observed. It confirms the efficiency of the proposed method for the preparation of granular film with
giant magnetoresistance. The annealing of film alloys at the temperature of 700 K does not change the
nature of magnetoresistance. At the concentration of Cu atoms of less than 50 at.%, the anisotropic
magnetoresistance is fixed only.

topics: film alloy, crystal structure, annealing, magnetoresistance

1. Introduction

Over the past decades, magnetic thin films have
received considerable attention due to their scien-
tific interests and practical application in different
fields: electronics, magnetic sensors, nonlinear op-
tics, electromagnetic shielding, etc. ’[1–4]. As a re-
sult, magnetic materials like Fe and Co, and their
binary and ternary alloys are widely investigated,
with their magnetic, magnetoresistive, etc., proper-
ties experiencing rapid improvement [5–9]. For ex-
ample, bulk Fe–Co alloys are well-known soft mag-
netic materials. However, their coercivity or satura-
tion magnetization can be improved by their sub-
stitution into multilayer systems [10, 11] and het-
erogeneous granular systems [12, 13]. For example,
Tekgül A. et al. [10] demonstrated that the mag-
netic (the coercivity and saturation magnetization)
properties of the multilayers FeCo/Cu are signif-
icantly affected by magnetic layer thicknesses. Be-
sides, results presented in [10] indicate that the thin
non-magnetic layers with a thickness of 0.5 nm can
provide the FeCo/Cu multilayers to show the gi-
ant magnetoresistance (GMR) effect of 5.5%. In the
case of granular systems, the magnetic and magne-
toresistive properties are closely related to the com-
position of the films and features of magnetic grains
(size, shape, and distribution) [14, 15].

In this paper, we prepared the granular film al-
loy based on the Fe80Co20/Cu/Fe80Co20 three-layer
system by post-annealing at 550 K. The purpose of
our investigation is to study the efficiency of such
method for preparation granular film with GMR.

2. Experimental detail

The film samples based on ferromagnetic al-
loy Fe80Co20 and Cu were evaporated on a glass–
ceramic substrate using layer-by-layer electron-
beam evaporation from two independent sources
for Fe80Co20 and Cu in the vacuum chamber
(the base pressure p ∼ 10−4 Pa). Namely, at the
first stage of granular film alloy preparation,
Fe80Co20/Cu/Fe80Co20 three-layer films were ob-
tained. The thickness of the samples was controlled
by two independent in situ quartz resonators with
a precision of ±5 %. For the production of ternary
alloy, the method of post-annealing at the temper-
ature of 550 K was used. According to our previous
investigations, the annealing process leads to the
formation of a granular state [16]. As a result, a se-
ries of (Fe80Co20)xCu1−x/S film alloys with a total
thickness within the range from 20 to 50 nm and
a concentration of Cu atoms from 5 to 50 at.% was
formed. The component concentration ci was calcu-
lated based on the effective thickness of metal layers
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where di is the thickness of the Cu layer, d2′ and
d2
′′ are an effective thickness of the layers that can

be formed based on Co and Fe atoms, and ρi and
µi are the density and molar mass of elements, re-
spectively. The composition of the films was also
determined using a scanning electron microscope
(Tescan VEGA3) with an energy-scattering X-ray
(EDX) detector (Oxford Instruments).

The crystal structure was studied using transmis-
sion electron microscopy in electronography mode
(TEM-125K). A qualitative analysis of the ele-
mental composition of the films was performed by
secondary-ion mass spectrometry (SIMS) using a
mass-spectrometer MS-7201M. The data obtained
in layer-by-layer etching of the films with argon ions
were used to plot the concentration profiles along
with the sample depth.

The longitudinal and transverse magnetoresis-
tance (the magnetic field in the film plane) mea-
surements and thermomagnetic treatment of thin
films were carried out in magnetic fields in the range
of 200 mT in a special device in an ultrahigh oil-
free vacuum (the base pressure of 10−6–10−7 Pa).
The value of magnetoresistance (MR) was calcu-
lated from

MR = R(B)−R(Bc)
R(Bc)

, (2)
where R(B) is the resistance of the sample in the
magnetic field with induction B, and R(Bc) is the
resistance of the sample in the magnetic field with
a coercivity Bc.

3. Experimental results and discussion

The phases of (Fe80Co20)xCu1−x/S film alloy by
TEM, with the patterns, are shown in Fig. 1c. For
more detailed analysis, the additional investigations
of the Fe80Co20 film alloy phase state after anneal-
ing at 700 K (Fig. 1a) were done. For Fe80Co20
film alloy, all rings can be indexed to the body-
centered cubic structure (bcc) FeCo with a lattice
parameter a = 0.292–0.293 nm. The addition of
Cu interlayer and formation of (Fe80Co20)60Cu40
ternary alloy result in the eutectic state forma-
tion. The phase state corresponds to a combina-
tion of bcc-FexCo1−x and face-centered cubic solid
solutions (fcc-ss) (Fig. 1(c)). The lattice of the
solid solution (ss) has a tetragonal distortion, so
it can be interpreted as the fcc lattice (for more
details, see [16]).

Figure 1 shows bright-field TEM images
of annealed at 700 K Fe80Co20/S (b) and
(Fe80Co20)60Cu40/S (d) film alloys. In Fig. 1b,
the Fe80Co20/S film alloy consists of fine-dispersed
grains with an average size of 20–30 nm. Note that
substituting the Fe and Co atoms in the alloys
results in no sharp grain faceting. The formation of
(Fe80Co20)60Cu40/S film alloys (Fig. 1d) leads to
the formation of a granular structure in which fer-
romagnetic grains are embedded in a non-magnetic
matrix of ss Cu(Fe, Co). In this case, the narrow
parts of grains have sharp faceting with a stacking
fault. According to [17], such growth origin is most
likely for this type of sample. The grain size value
ranges from 30 to 50 nm.

Fig. 1. Diffraction patterns and bright-field TEM images of annealed at 700 K Fe80Co20 (a, b) and
(Fe80Co20)60Cu40 (c, d) film alloys with a total thickness d = 40 nm.
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Fig. 2. The concentration profiles of the
(Fe80Co20)50Cu50/S films (© — Fe, 4 — Cu, �
— Co) after annealing at 700 K. The concentration
of the i-th element at the thickness change is ci.
The maximum concentration of the i-th element is
c0i, and d stands for thickness.

Figure 2 shows the results of research on
the distribution of the concentration of the
(Fe80Co20)50Cu50/S film alloy components versus
the thickness of the sample. It was made based
on secondary ion mass spectrometry investigations.
The concentration profiles indicate that the ternary

alloys received by the method of layer-by-layer con-
densation with post-annealing up to 700 K are ho-
mogeneous in thickness. This result confirms the ef-
ficiency of the selected method of film alloy prepa-
ration.

The magnetoresistive properties of investigated
samples are highly dependent on the sample’s com-
position. Namely, the nature of the MR effect and
its magnitude for samples with cCu=20 at.% were
to be different from those of cCu=50 at.%. The mag-
netoresistive curve of (Fe80Co20)80Cu20/S film alloy
with thickness d = 40 nm is plotted in Fig. 3a. To
make the measurements, the magnetic field was ap-
plied both parallel and perpendicular to the current
flowing in the film plane to measure the longitudi-
nal and transverse magnetoresistance, respectively.
Note that measurements were done at room tem-
perature. As seen in Fig. 3, the longitudinal MR
value is positive, and transverse MR is negative.
So, the nature of the field dependence of magne-
toresistance is anisotropic. It can be seen that the
shape of MR(B) curves is similar to the correspond-
ing dependencies for pure ferromagnetic metals and
ferromagnetic alloys [18, 19]. Hence, in the case of
a low concentration of Cu atoms, the formation of
an infinite ferromagnetic cluster occurs.

Fig. 3. The field dependence of longitudinal (||) and transverse (+) magnetoresistance for film alloy
(Fe80Co20)xCu1−x/S with d = 40 nm, and cCu = 20 at.% (a) and 50 at.% (b–d) after formation (a, b)
and heat treatment at 700 K (c, d). The measurement temperatures are 300 K (a–c) and 120 K (d).
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Fig. 4. Temperature dependence of isotropic mag-
netoresistance for (Fe80Co20)xCu1−x/S film alloy
(cCu = 50 at.%, d = 40 nm) after formation (line 1)
and heat treatment at 700 K (line 2).

With an increase of the concentration of Cu
atoms to 50 at.% (Fig. 3b), the longitudinal and
transverse magnetoresistance decrease when the ap-
plied magnetic field increases, which means that
the MR effect has an isotropic nature. The value
of magnetoresistance of 0.5–1% was observed. The
reason for the appearance of isotropic magnetoresis-
tance is the granular state formation, as confirmed
by electron microscopic investigations. As a result,
the mechanism of spin-dependent electron scatter-
ing is realized.

The thermal stability of magnetic thin films is
still an important research topic due to their wide
practical application [20, 21]. Therefore, the inves-
tigations of the heat treatment effect in magne-
toresistive properties of the film ternary alloy were
done. For this purpose, the samples were annealed
at 700 K for 20 min in a vacuum chamber, then
cooled and investigated after annealing.

The annealing process at 700 K does not change
the nature of field dependence of magnetoresistance,
but their value decreases to 0.1–0.2 % (Fig. 3c). At
the same time, more differences between the values
of longitudinal and transverse magnetoresistance
appear. The reason for such differences is the in-
fluence of the anisotropic magnetoresistance of the
ferromagnetic component. The decrease in the mea-
surement temperature to 120 K leads to an increase
in the isotropic magnetoresistance value by 1.2–1.8
times (Fig. 3d).

The temperature dependence of isotropic mag-
netoresistance within the temperature range of
120–400 K was investigated. As an example, the
MR(T ) dependence for (Fe80Co20)xCu1−x/S film
alloy (cCu = 50 at.%, d = 40 nm) after formation
and heat treatment at 700 K are presented in Fig. 4.
As can be seen, the value of the isotropic magne-
toresistance is decreased by 2–2.3 times with an in-
crease in the temperature from 120 to 400 K. Note
that the MR value decreases close to linear law with
an increase in temperature.

There are two main contributions to the tem-
perature dependence of GMR magnitude, i.e., in-
elastic phonon scattering and magnon scattering.
The phonon scattering does not influence the elec-
tron spin. However, it is spin-dependent since the
density of electronic states at the Fermi level is
different for the majority and minority subbands.
Phonon scattering reduces the electron mean free
path, especially in a non-magnetic matrix. This re-
duces the flow of electrons between the ferromag-
netic granules, which leads to a decrease in the value
of the isotropic magnetoresistance. The contribu-
tion of magnon scattering at 300 K depends on how
much the Curie temperature of the magnetic ele-
ment differs from room temperature. Magnon scat-
tering causes the spin-flip of conduction electrons,
which leads to mixing between the two channels of
the spin current.

4. Conclusions

In this work, (Fe80Co20)xCu1−x/S film alloys
were successfully prepared by the method of layer-
by-layer condensation with post-annealing at 550 K.
The main findings can be summarized as follows:

• The (Fe80Co20)xCu1−x/S granular film alloy
at cCu = 5–50 at.% after annealing up to
700 K has a phase state, which corresponds
to the eutectic of the bcc FexCo1−x and fcc-ss
Cu(Fe, Co).

• The secondary ion mass spectrometry results
showed that received ternary alloys are homo-
geneous in thickness.

• Magnetoresistance measurements reveal that
samples with d = 20–50 nm and cCu =
50 at.% are characterized by isotropic mag-
netoresistance, which values depend on their
total thickness and the heat treatment tem-
perature.

• It is confirmed that the decrease of the mea-
surement temperature to 120 K allows to en-
hance the magnetoresistive effect 1.7–2 times.
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