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Abstract—The magnetic and magnetotransport properties of thin Heusler alloy Ni49.7Fe17.4Co4.2Ga28.7 films
deposited onto MgO(100) substrates are studied over a wide temperature range, which includes a martensitic
transition (MT). For this composition, the MT is not accompanied by a magnetic phase transition, since the
martensitic and austenitic phases are ferromagnets with similar magnetizations. The electrical resistivity does
not undergo sharp changes during the MT. The magnetoresistance is negative, decreases in magnitude with
increasing temperature in the range 100–250 K corresponding to the MT, and then increases to –1%. The
field dependences of the Hall effect resistivity have the shape that is characteristic of homogeneous ferromag-
netic alloys. The coefficients of the normal and anomalous Hall effects are determined. The anomalous Hall
effect coefficient is shown to be described by the relation Rs = αρ + βρ2, where ρ is the electrical resistivity
and the second term is lower than the first, which indicates an important role of the interference impurity–
phonon scattering mechanism.
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1. INTRODUCTION
Heusler alloys have unique multifunctional proper-

ties important for a variety of practical applications,
which determines the continuously increasing interest
in these systems [1, 2]. Alloys of the Ni–Mn–X (X =
Ga, In, Sb) family of a certain concentration compo-
sition undergo the martensitic transition (MT) from a
high-temperature cubic phase (austenite) to a low-
temperature phase with tetragonal distortions (mar-
tensite) at characteristic temperature TM and vice versa
at temperature TA when the temperature increases,
and this transition is accompanied by a temperature
hysteresis. This transition is responsible for many
properties, in particular, giant deformation [3], the
giant magnetocaloric effect [4], the giant anomalous
Hall effect (AHE) [5], and the magnetic shape mem-
ory effect [6]. Recently, skyrmions [7, 8] and the cor-
responding topological Hall effect [9] were found in
Ni–Mn–Ga and Ni–Mn–In alloys. The MT is con-
sidered to be associated with the collective Jahn–
Teller effect, in which the gain in energy due to a
decrease in the lattice symmetry is compensated by the
loss in the energy of the electronic subsystem.
Although a number of experimental facts (see, e.g.,

[10]) and theoretical calculations (see, e.g., [11]) sup-
port this concept, there are data that contradict it. For
example, the electron contribution to the heat capac-
ity in Ni–Mn–In alloys, which is proportional to the
density of states (DOS) at the Fermi level, changes
slightly during the MT [12], the changes in the magne-
tooptical Kerr effect are also low [13], and the electron
contribution to the magnetocaloric effect has not been
found [4]. These facts indicate a rather complex and
not fully understood nature of the rearrangement of
the electronic structure during the MT. Magne-
totransport effects, such as magnetoresistance and the
Hall effect, are among the most effective indicators of
phase transitions and changes in electronic and mag-
netic structures. These phenomena, especially the
Hall effect with separated normal and anomalous
components, were studied only for some Heusler alloy
compositions, which undergo well-pronounced MT.
A change in the carrier type during MT [14], a redis-
tribution of the d spin-up and spin-down states [15],
and strong antiferromagnetic correlations [16] were
revealed. The study of the AHE, which is central in the
group of spontaneous galvanomagnetic phenomena
and a prominent representative of spin-dependent
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transport phenomena, in Heusler alloys is also of
independent importance, since discussions about the
role of various mechanisms in the formation of this
effect are still ongoing [17]. For example, the authors
of [18] recently stated that the AHE in Ni–Mn–Ga
alloys is associated with skew scattering, and the
authors of [14–16] showed that neither skew scattering
nor the side jump mechanism or the intrinsic mecha-
nism can explain the experimental data obtained for
Ni–Mn–In–based alloys and the Ni47.3Mn30.6Ga22.1
alloy.

In this work, the magnetic properties, the electrical
resistivity, the magnetoresistance, and the Hall effect
resistivity of thin Ni49.7Fe17.4Co4.2Ga28.7 films are stud-
ied over a wide temperature range, including the MT
region. The choice of this alloy composition, which
belongs to the class of magnetic shape memory alloys,
is determined by the following factors. First, the struc-
tural properties of this composition have been studied
in detail [19, 20]. Second, the MT in these alloys is not
as pronounced as that in Ni–Mn–In or Ni–Mn–Ga
alloys, the transport properties of which were studied
earlier. Moreover, the MT in this alloy occurs in the
ferromagnetic phase; i.e., there are no sharp changes
in the magnetization or resistance at MT, and we can
say that this is an example of “hidden” MT. Third, the
high Curie temperature due to the presence of cobalt
and the MT temperature range above the liquid-nitro-
gen temperature allow us to study the AHE over a wide
temperature range. We demonstrate that the behavior
of magnetoresistance, Hall effect resistivity, and the
coefficients of normal and anomalous Hall effects in
Ni–Fe(Co)–Ga films differs radically from that in
Ni–Mn–In and Ni–Mn–Ga alloys.

2. EXPERIMENTAL

2.1. Samples

Polycrystalline 1-μm-thick films of the
Ni49.7Fe17.4Co4.2Ga28.7 (at %) Heusler alloy were pre-
pared by sputtering of an initial target onto MgO(001)
substrates heated to a temperature of 773 K. The
details of film preparation and the structural proper-
ties were described in [19, 20]. Based on structural
measurements by X-ray diffraction analysis, X-ray
photoelectron spectroscopy, magnetic circular
dichroism, and ferromagnetic resonance [19, 20], we
found that the forward and reverse MTs in the films
occur without changing the type of magnetic ordering
(i.e., MT occurs inside the ferromagnetic phase) and
the films are characterized by three ferromagnetic
phases, namely, a cubic L21-ordered austenitic phase,
a tetragonal martensitic phase, and disordered cubic γ
phase.
JOURNAL OF EXPERIMENTAL AN
2.2. Magnetic and Transport Measurements
The magnetization measurements were performed

on a Lake Shore VSM vibrating-sample magnetome-
ter in the temperature range 80–400 K and magnetic
fields up to 16 kOe. Below, we determine magnetiza-
tion M as the magnetic moment of a Hall sample in the
form of a 2 × 6 mm strip. A magnetic field was applied
perpendicular to the thin-film sample plane, i.e., in
the Hall geometry.

The magnetotransport properties were measured
by the standard four-probe method in magnetic fields
up to 21 kOe at 80–400 K. To exclude magnetization
even effects in determining the Hall coefficients, the
Hall effect resistivity measurements at each tempera-
ture were carried out for two opposite field and current
directions.

3. RESULTS AND DISCUSSION
3.1. Magnetization

The temperature dependences of the magnetiza-
tion M(T) in magnetic fields of 50 Oe and 16 kOe are
shown in Fig. 1a and correlate well with the results of
earlier studies of these films (see Fig. 3 in [19]). The
MT starts at 250 K (Fig. 1a), and the magnetization
changes slightly and monotonously during the MT.
The MT is completed at T < 80 K, which is also con-
sistent with the results of [19]. The MT manifests itself
only in weak magnetic fields. It should be noted that
the magnetization at low temperatures and 16 kOe is
almost twice as large as of that at 50 Oe, which indi-
cates the presence of noncollinear structures in weak
fields at low temperatures; these structures are caused
by the competition of ferromagnetic and antiferro-
magnetic exchange interactions.

Figure 1b shows the field dependences of the mag-
netization. These data are used to determine the coef-
ficients of the normal and anomalous Hall effects.

3.2. Electrical Resistivity and Magnetoresistance

Figure 2 shows the temperature dependence of the
resistivity during heating and cooling.

The MT is very weak in the temperature depen-
dence of the resistivity. The divergence of the curves
upon heating and cooling occurs at approximately
250 K, i.e., at the same temperature as in the tempera-
ture dependence of the magnetization. We note the
following two features of the electrical resistivity.
First, it is low, less than 150 μmΩ cm at all tempera-
tures; that is, these alloys are low-resistance despite
the fact that they are polycrystalline, four-compo-
nent, and multiphase. Second, the temperature coef-
ficient of resistivity is almost constant over the entire
temperature range.

Figure 3 shows the temperature dependence of the
magnetoresistance MR = (ρ(H) – ρ(H))/ρ(0).
D THEORETICAL PHYSICS  Vol. 132  No. 3  2021
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Fig. 1. (a) Temperature dependences of the magnetization
of the thin Ni49.7Fe17.4Co4.2Ga28.7 films upon (1) heating,
(2) cooling in a magnetic field of 50 Oe (inset, the same at
16 kOe), and (3) heating after zero-field cooling. (b) Field
dependences of the magnetization at temperatures of 150,
225, and 340 K. 
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Fig. 2. Temperature dependence of the electrical resistivity
of the Ni49.7Fe17.4Co4.2Ga28.7 films upon (1) heating and
(2) cooling. 

ρ, μΩ cm

16

18

20

22

24

26

28

30

14

12

2

1

100 150 200 250 300 400350
T, K
The magnetoresistance is negative and lower than
1%: when the temperature increases, magnetoresis-
tance first decreases and then increases above 250 K,
demonstrating a wide minimum. This behavior is
unusual, since the magnetoresistance in the vicinity of
structural phase transitions usually has well-pro-
nounced extremum in the transition region.

3.3. Hall Effect

Figure 4 shows the field dependences of the Hall
effect resistivity ρH at temperatures of 150, 225, 340 K,
i.e., in the vicinity of the MT and in the austenitic
phase above the MT. The behavior of the Hall resistiv-
ity is typical of homogeneous ferromagnets rather than
multiphase samples or Heusler alloys with a well-pro-
nounced MT. The Hall resistivity first increases with
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
the field, following the change in the magnetization,
and then levels off in the same fields as the magnetiza-
tion.

Let us begin a discussion of the experimental data
with the electrical resistivity. The resistivity of the
samples is approximately the same as for the crystal-
line alloys based on Ni and Fe [20]. The strong tem-
perature dependence of the resistivity, which is deter-
mined by scattering by phonons and magnetic inho-
mogeneities, is close to linear. The phonon and
magnetic contributions to the resistivity of ferromag-
nets are known to be linear in temperature in the tem-
perature ranges above the Debye temperature and
below the Curie temperature. For our composition,
the Curie temperature is about 400 K (see Fig. 1a),
and the Debye temperature, by analogy with the data
obtained for Ni2MnGa and Ni2MnIn alloys (see Table 6
in [21]), can be estimated at 200–250 K. The most
important fact is a very weak change in the resistivity
at the MT. If the MT is associated with a change in the
electronic structure, the density of states (DOS) at the
Fermi level, g(EF), should change, which is confirmed
by the theoretical calculations [22]. However, this
does not manifest itself in the resistivity, which
depends on the DOS, according to Mott’s expression
[23], as |V2|/g(EF)3, where V is the scattering potential.
Apparently, the change in the DOS is compensated by
a change in the scattering potential. Unfortunately, the
electronic structure calculations were performed only
for T = 0; therefore, a direct comparison of the theory
with the experiment, which does not take into account
the temperature changes in the DOS, is impossible.
Since the magnetization changes slightly, the transfor-
mation of the d states should be insignificant, which
YSICS  Vol. 132  No. 3  2021
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Fig. 3. Temperature dependence of the magnetoresistance
of the Ni49.7Fe17.4Co4.2Ga28.7 films. 
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Fig. 4. Field dependences of the Hall resistivity of the
Ni49.7Fe17.4Co4.2Ga28.7 films at 150, 225, and 340 K. 
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means that the s–d scattering does not change funda-
mentally at the MT in the case under consideration.

The negative magnetoresistance is associated with
the suppression of spin f luctuations and a magnetic
disorder by a magnetic field. According to this mech-
anism, this contribution to the magnetoresistance
increases when the Curie temperature (400 K) in the
austenitic phase is approached, i.e., above 250 K. The
decrease in the magnetoresistance at 100–250 K, i.e.,
in the MT region, looks unexpected. It is also note-
worthy that the magnetoresistance at low tempera-
tures is of the same order as that at high temperatures,
although it should be much lower for magnon scatter-
ing. We attribute this behavior of the magnetoresis-
tance to the presence of antiferromagnetic correlations
leading to noncollinear local structures. The scattering
by such structures is suppressed in a strong magnetic
field; therefore, the magnetoresistance is quite high at
low temperatures, where the competition between the
antiferromagnetic and ferromagnetic interactions is
significant. As the temperature increases, such non-
collinear structures disappear gradually due to the for-
mation of the austenitic phase and the cubic γ phase
[19], which leads to a decrease in the magnetoresis-
tance.

In the general case, the Hall resistivity is described
by the relation

(1)
Here, the first term describes the normal Hall

effect (NHE) appearing due to the action of the
Lorentz force, R0 is the NHE coefficient, and Bz is the
z component of the magnetic induction. The second
term in Eq. (1) characterizes anomalous Hall effect
(AHE), which appears due to the spin–orbit interac-
tion, and Rs is the AHE coefficient. The third term

ρ = + π + Δρ0 4 .H z s z HR B R M
JOURNAL OF EXPERIMENTAL AN
describes the possible topological and antiferromag-
netic Hall effects (see, e.g., [16]). The field depen-
dence of the Hall resistivity (Fig. 4) has a standard
shape for ferromagnetic alloys and correlates well with
the field dependence of the magnetization without any
signs of the topological Hall effect or the antiferro-
magnetic Hall effect, and this contribution is not con-
sidered further. Then, approximating the data for the
field dependence of the Hall resistivity (Fig. 5) by the
field dependence of the magnetization (see Fig. 1b)
and following the definition of the Hall effect resistiv-
ity (Eq. (1)) without the last term, we can determine
the NHE (R0) and AHE (Rs) coefficients. This tech-
nique of separating the contributions of these effects
was described in [14]. The result of this separation of
the NHE and AHE coefficients is shown in Fig. 5.

The NHE coefficient is relatively weakly depen-
dent on temperature as compared to the earlier studied
Heusler alloys undergoing MT [14, 16]. The AHE
coefficient increases monotonically with the tempera-
ture, as that in low-resistance metals and alloys. For
Ni, the AHE coefficient is negative; however, it
changes its sign in alloys with other metals in the
region of medium concentrations [24]. Therefore, the
positive sign of this coefficient in the case under con-
sideration with 49.7% Ni does not contradict this ten-
dency. For the temperature dependence of Rs, the rela-
tions of the form Rs ∝ ρn, where n =1 for skew scatter-
ing and n = 2 for the intrinsic mechanism and the
intrinsic mechanism and the side jump mechanism
[25], are not applicable. For the current case, the
approximation procedure leads to n = 0.7, which con-
firms the inapplicability of the relation Rs ∝ ρn to
describe the temperature dependence of Rs. For the
D THEORETICAL PHYSICS  Vol. 132  No. 3  2021
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Fig. 5. Temperature dependences of the NHE (R0) and
AHE (Rs) coefficients of the Ni49.7Fe17.4Co4.2Ga28.7
films. (dashed line) Approximation by the relation Rs =
αρ + βρ2 at α [G–1] = 4.92 × 10–8 + 2.34 × 10–22 and β
[(Ω cm G)–1] = 4.48 × 10–9 + 4.52 × 10–25.
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temperature dependence of Rs in ferromagnetic alloys,
the authors of [26] proposed the dependence

(2)

Here the first term describes the skew scattering by
impurities and the interference contribution of impu-
rity–phonon scattering, and it is higher than the sec-
ond term, which describes scattering by phonons and
the contributions of the side jump mechanism and the
intrinsic mechanism. Taking into account magnetic
scattering, i.e., scattering by the temperature f luctua-
tions of the magnetic moment, at elevated tempera-
tures does not change the form of Eq. (2). Figure 5
shows that Eq. (2) describes the experimental data well
and the second term is really lower than the first one.
Thus, we conclude that the AHE in low-resistance
Heusler alloys undergoing a hidden MT behaves simi-
larly to that in homogeneous ferromagnetic alloys and
that the temperature dependence of Rs is determined
by skew scattering and interference scattering by pho-
nons and impurities.

4. CONCLUSIONS
The MT in Ni49.7Fe17.4Co4.2Ga28.7 films is hidden,

since it occurs over a wide temperature range and is
not accompanied by a magnetic phase transition and
the magnetizations of the martensitic and austenitic
phases differ slightly. Nevertheless, the MT is clearly
pronounced in the behavior of the magnetoresistance,
which decreases in the range 100–250 K with increas-
ing temperature in the martensitic phase and then

= αρ + βρ2.sR
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increases in the austenitic phase. This behavior is asso-
ciated with the suppression of antiferromagnetic cor-
relations at low temperatures and scattering by mag-
netic moment f luctuations. The AHE coefficient is
well described by the relation Rs = αρ + βρ2, which is
typical of homogeneous ferromagnetic alloys. The
second term in this relation corresponds to scattering
by phonon, the intrinsic mechanism, and the side
jump mechanism and is substantially lower than the
first term. This fact indicates the dominant role of
skew scattering and interference impurity–phonon
scattering for the low-resistance composition under
study. The experimental data point to insignificant
changes in both the total DOS at the Fermi level and
the distribution of d spin-up and spin-down states
during the MT.
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