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Magnetotransport properties of an Fe48Mn24Ga28 Heusler-based ferromagnetic shape memory alloy are tracked
in a temperature interval that covers both martensitic and austenitic phases. A large temperature hysteresis
indicative of a coupled magnetostructural transition from ferromagnetic martensite to paramagnetic austenite is
observed on the temperature dependencies of magnetization and electrical resistivity. The temperature dependency
of the anomalous Hall-effect coefficient in Fe48Mn24Ga28 cannot be described in terms of skew scattering,
side-jump, and intrinsic mechanisms of the anomalous Hall-effect theory. The Hall-effect resistivity in the
martensitic state is smaller, but is of the same order of magnitude as in the case of the giant Hall effect
in a half-metallic Co2MnAl. Specific features of the temperature dependencies of magnetization, resistivity,
magnetoresistance, and ordinary and anomalous Hall-effect coefficients are discussed and the possible routes for
increasing Hall-effect resistivity are suggested.
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I. INTRODUCTION

Mn-based ferromagnetic Heusler alloys are of considerable
experimental and theoretical interest due primarily to a high
spin polarization in the half-metallic alloys and giant magnetic-
field-induced strains in the ferromagnetic shape memory alloys
(see, for review, Refs. 1–5).

Recently, much effort has been devoted to the study of
magnetotransport properties of Heusler alloys, particularly
the anomalous Hall effect (AHE) in the Heusler-based half
metals6–9 and ferromagnetic shape memory alloys.10–13 For
both classes of materials, a giant Hall effect has been
found,6,9,11 which can be used in magnetic sensors6,9 and
also in the search for giant spin Hall effect because of
their common origin. For the former class of materials,
different mechanisms of AHE such as skew scattering7

and intrinsic contribution8 were considered to be the most
important, despite the fact that these compounds belong to
the high-resistivity alloys whose AHE, as a rule, exhibits
behavior which cannot be explained in the framework of these
mechanisms.14 For the latter class of materials, a number of
intriguing features in the Hall effect have been reported to take
place in a martensitic phase,10 as well as in the martensitic
transformation interval where the low-temperature martensitic
and high-temperature austenitic phases coexist.11,12 Specifi-
cally, a very large exponent n in a correlation between the
saturated anomalous Hall resistivity ρA and the longitudinal
resistivity ρxx , ρA ∼ ρn=4.2

xx , has been suggested to originate
from the presence of large Mn-rich clusters which enhance
spin-dependent electron scattering in the martensitic phase of
Ni-Mn(Fe)-Ga melt-spun ribbons.10 Peculiar magnetic field
dependence and giant values of Hall resistivity observed in the
two-phase coexistence region of a polycrystalline Ni-Mn-In
alloy have been ascribed to a partial magnetic-field-induced

conversion of martensite into austenite and the existence
of nanosized clusters of austenite whose concentration in
the martensitic matrix is close to a percolation threshold,
respectively.11,12 Recently, the ordinary and anomalous Hall-
effect coefficients have been determined for Ni-Mn-In(Si)
alloys and it has been shown that there are no abrupt changes
in electronic structure at the martensitic transition.13 These
findings indicate that ferromagnetic shape memory alloys
are worth studying with respect to their magnetotransport
properties.

One of the recently reported ferromagnetic materials
undergoing martensitic transformation is Fe-Mn-Ga Heusler
alloys.15 Magnetic and structural characterizations of a sample
with an Fe43Mn28Ga29 nominal composition showed that the
martensitic transformation takes place from a paramagnetic
L21 cubic parent phase to a ferromagnetic L10 tetragonal
product phase.15 Magnetic measurements performed on an
Fe44Mn28Ga28 single crystalline sample revealed that the
c axis of martensite is an easy magnetization axis.16 In
the Fe-Mn-Ga alloys, a large thermal hysteresis of about
70 K between direct and reverse martensitic transformation
is presumably conditioned by a comparatively large volume
change at the martensitic transformation, �V ≈ 0.7–1.35%
(Refs. 15 and 16).

The only reported result on the measurement of transport
properties in Fe-Mn-Ga has shown that electrical resistivity ρ

of the tetragonal martensitic phase is lower than that of the
cubic austenitic phase.17 Moreover, in the high-temperature
cubic phase, ρ demonstrates a slight tendency to decrease
with increasing temperature. Such features are in apparent
contradiction to transport properties of other Heusler-based
ferromagnetic shape memory alloys. Therefore, there is a need
for a deeper investigation of transport properties of the Fe-Mn-
Ga alloy system.
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II. SAMPLE PREPARATION AND MEASUREMENTS

Polycrystalline ingot of Fe48Mn24Ga28 nominal composi-
tion was prepared by induction melting under a protective
Ar atmosphere. Polycrystalline samples were obtained by hot
rolling at 1273 K and subsequent annealing at 1273 K for
168 h. The x-ray diffraction pattern taken at room temperature
showed that Fe48Mn24Ga28 has a cubic structure. Due to the
fact that Fe-Mn-Ga polycrystalline samples are very brittle, the
specimen used for the measurements of magnetic and transport
properties was a single crystalline grain taken from the
polycrystalline sample. Magnetic measurements were carried
out by a vibrating sample magnetometer (Lake Shore VSM
7400 System) in a temperature interval 80–400 K and by a
magneto-optical setup in the geometry of the transverse Kerr
effect. Longitudinal electrical resistivity, magnetoresistance,
and Hall resistivity were measured by a standard four-probe
technique in a temperature interval 80–320 K. Prior to the
magnetic and magnetotransport measurements, the samples
were subjected to at least three heating-cooling thermocycles
in a temperature range 400–80 K. The magnetotransport
measurements were carried out upon heating protocol after
cooling the samples from 400 K to the starting temperature at
zero magnetic field that corresponds to the zero-field-cooled
(ZFC) measurements.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Shown in Fig. 1 are the temperature dependencies of
magnetization M measured upon heating and cooling in a
magnetic field of 5 kOe. The drastic increase in magnetization
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FIG. 1. (Color online) Temperature dependence of the magneti-
zation M measured in a magnetic field μ0H = 5 kOe. Shown in the
inset is a magnetic hysteresis loop taken at 300 K.
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FIG. 2. (Color online) Temperature dependence of the magneti-
zation M measured in a weak (0.1 kOe) magnetic field.

upon cooling and the decrease upon heating apparently reveals
that the martensitic transition has a large thermal hysteresis.
The large thermal hysteresis between the heating and cooling
curves indicates that this transition is of a first order. Ac-
cording to the results of previous studies of Fe44Mn28Ga28,
Fe51Mn22Ga27, and Fe50Mn22.5Ga27.5 compositions,15,17 this
behavior corresponds to a coupled magnetostructural phase
transition between ferromagnetic martensite and paramagnetic
austenite. In our case of Fe48Mn24Ga28, the magnetization
M of martensite at 80 K in magnetic field 5 kOe is
M ≈ 48 Am2kg−1, which is about two times smaller than
that for Fe50Mn22.5Ga27.5 (Ref. 17). This is not a surprise
because the magnetic properties of Fe-Mn-Ga alloys strongly
depend on the chemical composition. Due to the presence
of a residual martensite, the sample being heated from low
temperatures exhibits ferromagnetic behavior even at room
temperature. This is clearly seen from both magneto-optical
measurements and from the measurements of the magnetic
hysteresis loop (inset in Fig. 1). The magneto-optical response
at 293 K saturates at μ0H = 3 kOe (not shown), which
is quite reasonable for martensite inclusions with a small
magnetocrystalline anisotropy. It means that in the interval
of thermal hysteresis (between 80 and 320 K) and perhaps
even in a wider temperature range, martensitic and austenitic
phases coexist and their volume fractions gradually change
during heating and cooling.

It is interesting to note that the magnetization measured in
a weak magnetic field of 0.1 kOe (Fig. 2) demonstrates two
marked changes in the slope at heating and only one at cooling.
The low-temperature anomaly of M seen on the heating curve
at ≈150 K can be ascribed to the Curie temperature of the
austenitic phase T A

C . This suggestion is supported by a phase
diagram of Fe72−xMnxGa28 (23 � x � 29) which showed that
in this alloy system, T A

C ≈ 150 K is virtually independent
of composition.18 The fact that this anomaly disappears in
the stronger magnetic field (Fig. 1) and the absence of any
peculiarities on the temperature dependence of the resistivity
around 150 K (Fig. 3) indicate that the volume fraction of
the residual austenite is rather small at this temperature.
Characteristic temperatures of the martensitic transformation,
austenite start and finish, As and Af , and martensite start
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FIG. 3. (Color online) Temperature dependence of the electrical
resistivity.

and finish, Ms and Mf , can be estimated from the low-field
magnetization data (Fig. 2) as As ∼ 143 K, Af ∼ 290 K and
Ms ∼ 210 K, Mf ∼ 141 K, respectively. It must be noted
that this is a rough estimation because the results of magnetic
measurements (Fig. 1) indicate that a fraction of the martensite
exists even at T > Af .

The results of electrical resistivity measurements (Fig. 3)
correlate fairly well with the magnetic measurements (Figs. 1
and 2) and are in good qualitative agreement with the data
reported in Ref. 17. Specifically, it is seen from Fig. 3 that
at heating, the electrical resistivity ρ increases linearly with
temperature up to T = 210 K. According to the low-field
magnetization data (Fig. 2), this temperature corresponds
to the middle of the reverse martensitic transformation. At
T > 210 K, the volume fraction of the high-temperature
paramagnetic austenite exceeds that of the low-temperature
ferromagnetic martensite which is accompanied by a rapid
growth of ρ. At temperatures above 280 K, the resistivity
again demonstrates linear temperature dependence. Upon
subsequent cooling from the high temperatures, the linear
trend in the resistivity extends down to T = 205 K, below
which the resistivity rapidly decreases due to the formation
of the low-temperature ferromagnetic martensitic phase. The
width of thermal hysteresis seen on the ρ(T ) dependen-
cies (Fig. 3) accords very well with that revealed by the
magnetic measurements (Fig. 1). Temperatures at which the
resistivity demonstrates a well-defined change in the slope
upon heating and cooling, T = 280 K and T = 205 K,
respectively, are in qualitative agreement with Af and Ms

temperatures determined from the low-field magnetization
data (Fig. 2).

It is evident from ρ(T ) measured upon cooling (Fig. 3)
that electrical resistivity of the austenitic phase, though weak,
demonstrates a clear tendency to increase with decreasing
temperature, which is not typical for metals. According to the
Mooij correlation (for a review, see Ref. 19), ∂ρ/∂T < 0 for
high-resistivity metals for which ρ > ρ∗, where ρ∗ is usually
equal to ≈150 μ� cm but can vary from 100 to 300 μ� cm.

90 120 150 180 210 240 270 300

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

Δρ
/ρ

 (
%

)

Temperature (K)

Fe
48

Mn
24

Ga
28

μ
0
(ΔH) = 13 kOe

FIG. 4. (Color online) Temperature dependence of the magne-
toresistance in a magnetic field μ0(�H ) = 13 kOe.

This correlation has recently been successfully explained
by the weak localization in the high-resistivity metals.20

Since the weak localization is suppressed by external or
internal magnetic fields, the Mooij correlation is valid only for
nonferromagnetic metals. Since ρ in the paramagnetic state of
the studied Fe-Mn-Ga alloys is indeed large (ρ = 140 μ� cm
in our sample and ρ = 220 μ� cm in the sample studied
in Ref. 17), our results are in agreement with this point
of view. It is interesting to note that several other Heusler
compounds demonstrate negative temperature coefficient of
the resistivity, but only in the paramagnetic state.7,21 To the best
of our knowledge, the only Heusler compounds demonstrating
negative temperature coefficient of the resistivity in a weak
ferromagnetic state are as-prepared thin films of Co2MnGe,
Co2MnSi, and Cu2MnAl with very high (up to 500 μ� cm)
resistivity.7 But these thin films in the as-prepared state
have very low magnetization (and correspondingly very low
internal magnetic fields) and their temperature coefficient
of the resistivity becomes positive after annealing when the
magnetization increases. This is an additional confirmation
that semiconducting behavior of ρ in the high-resistivity metals
is due to the weak localization.

The temperature dependence of the magnetoresistance
�ρ/ρ measured upon heating protocol for a magnetic field
change of 13 kOe is shown in Fig. 4. It is seen that �ρ/ρ is
negative in the whole temperature interval of the measurements
and ranges from −12% at low temperatures to −0.02% at high
temperatures. A local minimum of �ρ/ρ = −0.15% seen
at T ∼ 150 K correlates well with the additional anomaly
of magnetization M measured in the low magnetic field
(see Fig. 2). This result clearly indicates that the spin-
disorder scattering persists in the whole studied temperature
interval.

Examples of Hall resistivity ρH of Fe48Mn24Ga28 as
a function of the applied magnetic field measured in a
temperature interval 80–280 K are shown in Fig. 5. Despite
the fact that the reverse martensitic transformation takes
place in this temperature range, no abnormal dependence
of ρH on the magnetic field has been detected. Since the
nontrivial behavior of ρH reported for Ni-Mn-In (Ref. 11) and

174410-3



V. V. KHOVAYLO et al. PHYSICAL REVIEW B 87, 174410 (2013)

0 2000 4000 6000 8000 10000 12000
-8

-6

-4

-2

0

 80 K
 120 K  255 K
 185 K  266 K
 230 K  280 K

ρ h (
μΩ

 c
m

)

Magnetic field (Oe)

FIG. 5. (Color online) Hall resistivity as a function of the applied
magnetic field at different temperatures. Solid lines are a fit to the
experimental data.

Ni(Co)-Mn-In (Ref. 12) is due to magnetic-field-induced phase
transformation, which is quite common for the ferromagnetic
metals shape of the Hall resistivity curves, implies that the
magnetic-field-induced phase conversion is virtually absent
in the studied Fe48Mn24Ga28 alloy. In fact, this is natural
to expect, considering that in the alloy studied the magnetic
field promotes growth of the ferromagnetic martensite at the
expense of paramagnetic austenite.

The distinct feature of the Fe48Mn24Ga28 alloy in the
low-temperature martensitic phase is a large value of the Hall
resistivity ρH (Fig. 6). In the magnetic field of 13 kOe, ρH ≈
−5.5 μ� cm is virtually constant in a temperature interval
80–140 K. At higher temperatures, the absolute value of ρH

demonstrates a slight decrease up to 240 K where a rapid drop
is observed as the temperature is further increased (Fig. 6). The
temperature T = 240 K at which ρH starts to decrease rapidly
can also be distinguished at the temperature dependencies
of the magnetization M (Fig. 1) and the magnetoresistance
�ρ/ρ (Fig. 4). Taking into account the results of magnetic
and transport measurements (Figs. 1–4), it can be concluded
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FIG. 6. (Color online) Temperature dependence of the Hall
resistivity in different magnetic fields.
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FIG. 7. (Color online) Ordinary R0 and anomalous Rs Hall
coefficients as a function of temperature.

that the rapid decrease of ρH at T > 240 K is governed by a
dominating contribution of the paramagnetic austenite to the
Hall resistivity of Fe48Mn24Ga28 in the region of the phase
coexistence.

The Hall resistivity ρH in ferromagnets can be written
as a sum of two terms, ρH = R0Bz + RsMz, where the
first term describes the ordinary Hall effect (OHE), which
is related to the Lorentz force, and the second term is
the anomalous Hall effect (AHE) resistivity. R0 and Rs

are OHE and AHE coefficients, respectively. Assuming that
these coefficients do not depend on magnetization Mz and
magnetic induction Bz, which is quite reasonable as a
first approximation (at least for low magnetic fields), it is
possible to determine these coefficients from experimental
ρH and Mz data by a fitting procedure. The temperature
dependencies of the thus-determined coefficients are shown in
Fig. 7.

The temperature dependence of Rs clearly shows that
the widely used relations Rs ∼ ρ2 (side-jump mechanism or
intrinsic contribution; for review, see Ref. 14), Rs = aρ + bρ2

(skew scattering14), or proposed (but not approved by theory)
Rs ∼ ρ4.0 (see Ref. 10 and references therein) for the side-
jump mechanism in the case of scattering by large clusters
or granules are not valid for the case of Fe48Mn24Ga28. For
example, as the temperature increases from 240 to 280 K,
|Rs | rapidly decreases (Fig. 7), whereas the resistivity ρ

increases (Fig. 3). This confirms that there is no universal
correlation between Rs and ρ in composites or inhomogeneous
ferromagnetic alloys.22 The observed behavior of Rs can be
explained qualitatively in the framework of the effective-
medium theory11,22 as follows. Let us consider our sample as
a mixture of austenite and martensite. As follows from Fig. 7,
the AHE coefficient for austenite is small. With increasing
temperature from 80 to 240 K, the resistivity and the volume
fraction of austenite grow simultaneously. These two factors
act oppositely on the magnitude of Rs in the Fe48Mn24Ga28

sample. Since Rs is a linear function of the austenite fraction
but by definition is proportional to ρ2, the AHE coefficient Rs

increases with temperature. On the contrary, in the temperature
range from 240 to 280 K, the amount of austenite increases
much more rapidly than the resistivity does and, as a result,
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Rs decreases. The general trends in the behavior of Rs and
R0 are similar if one considers the shape of the |Rs(T )| and
R0(T ) curves. However, R0(T ) changes more gradually in the
temperature interval from 240 to 280 K. It should be noted that
since the OHE coefficient is two orders of magnitude smaller
than the AEH coefficient, and because R0 may depend on
magnetic field and magnetization,13 our results on the behavior
of R0 can be considered as qualitative ones.

IV. CONCLUSION

The study of magnetic, transport, and magnetotransport
properties of the Fe48Mn24Ga28 Heusler alloy undergoing
coupled magnetostructural phase transition revealed several
peculiar features of this material. Specifically, electrical
resistivity of the austenitic phase decreases with the increase
in temperature, which is uncommon for metals. This feature
has been explained as due to the weak localization in the
high-resistivity metals.20 The local minimum of the magne-
toresistance seen at T ∼ 150 K originates from the enhanced
spin-disorder scattering around the Curie temperature of

the austenitic phase T A
C which, according to the low-field

magnetization measurements (Fig. 2) and the phase diagram
of Fe72−xMnxGa28 (Ref. 18), is equal to ≈150 K.

The value of Hall resistivity ρH in Fe48Mn24Ga28 is quite
large but several times smaller than in the case suggested for
applications Co2MnAl (Refs. 6 and 9) and nanocomposites23

with giant Hall resistivity. But there are at least several ways
to increase ρH significantly, e.g., by increasing magnetization
and/or resistivity. For example, it can be done by doping
of Fe48Mn24Ga28 with Co and/or by a fabrication of high-
resistivity thin films.
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