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The crystal structure, magnetic and transport properties, including resistivity and thermopower, of
NisoMng 75Cug25Gass and Nigg goMns4 gslnys s4 Heusler alloys were studied in the (10-400) K tempera-
ture interval. We show that their physical properties are remarkably different, thereby pointing to dif-
ferent origin of their magnetostructural transition (MST). A Seebeck coefficient (S) was found to pass
minimum of about —20 uV/K in respect of temperature for both compounds. It was shown that MST
observed for both compounds results in jump-like changes in S for Ga-based compound and jump in
resistivity of about 20 and 200 uQ cm for Ga and In -based compounds, respectively. The combined
analyzes of the present results with that from literature show that the density of states at the Fermi level
does not change strongly at the MST in the case of Ni-Mn-In alloys as compared to that of Ni-Mn-Ga.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The ferromagnetic Heusler alloys with cubic crystal structures
of types L2, or B, constitute a class of magnetic materials that is
characterized by many physical properties generally related to
peculiarities in the electronic structure and magneto-elastic in-
teractions [1,2]. Remarkable behaviors such as temperature or
magnetic field induced first order structural (martensitic) transi-
tion (at T=Ty), magnetic shape memory effects, exchange bias,
giant magnetocaloric effects, magnetoresistance, and giant Hall
effects, etc., have been observed in such systems [3-8]. The
Heusler alloys have been of great interest for several decades for
thermoelectric, magnetic, half-metallic and many other interesting
properties [9-11]. Thus, such alloys are potentially attractive
multifunctional materials for applications in microactuators,
magnetic sensors, and magnetic refrigeration. In spite of the pro-
gress made in recent years in understanding the interplay be-
tween the multifunctional properties of Heusler alloys, the de-
tailed mechanisms responsible for their behavior are not well
understood. Due to the delicate balance between electronic, ionic,
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vibration, and magnetic energies, the properties of these alloys are
extremely sensitive to changes in intrinsic parameters, such as
chemical composition, type of crystal structure, type and volume
fraction of the doping elements, as well as on extrinsic parameters,
such as fabrication techniques and conditions, annealing tem-
perature, applied magnetic field, pressure, rate of heating and
cooling, sequence of measurements, and cycling. On one hand it
presents an opportunity to study the desirable properties at am-
bient temperatures and at accessible magnetic fields. On the other
hand, it makes it challenging to discern the factors responsible for
specific phenomena.

The NiMnGa and NiMnIn compounds crystalize in cubic
austenitic phases. Ni;MnGa transforms to a tetragonal martensitic
phase as a result of a temperature-induced first order structural
(martensitic) transition at about 220 K. The Ni,MnGa and Ni,MnIn
alloys are collinear ferromagnets below Tc=376 K and 314 K, re-
spectively, [12,13]. Changes in stoichiometry or chemical compo-
sition affect the temperature intervals of the martensitic/austenitic
phase stability and magnetic structures of the alloys. In some cases
see in Ref. [3,5,14-17], composition variation results in a magne-
tostructural phase transition (MST), i.e., in the simultaneous
transformation of crystal structure and magnetic state. Several
types of MSTs have been observed in Ni-Mn-Ga/In based Heusler
alloys [3,5,18,19]. However, in general Ni-Mn-Ga/In based Heusler
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alloys can be characterized by two types of MSTs. These are the
transitions with cooling between paramagnetic austenitic and
ferromagnetic martensitic states, and ferromagnetic austenitic and
low magnetization martensitic states. It is widely believed that
peculiarities in the electronic structure of the Heusler alloys are
responsible for the martensitic transition [1,2]. This mechanism,
which can be associated with a band Jahn-Teller effect [2], must
be accompanied with significant changes in the density of states
(DOS) at the Fermi level N (Ef). In spite of several calculations
confirming this scenario (see for example [20]) there is no ex-
perimental evidence for a much larger DOS N (Er) in the austenitic
relative to the martensite phase in Ni-Mn-In - based alloys. In
addition, recent data on the electronic specific heat [21], Hall effect
[22], and magneto-optical spectra [23] do not show significant
differences in the DOS at the Fermi level for austenitic and mar-
tensitic phases, at least for the Ni-Mn-In based alloys.

The second possible mechanism for the MST is the appearance
of a new vibrational mode originating from a disorder-induced
localization of crystal vibrations [24]. This mechanism is well
known in non-magnetic Heusler alloys but, as a rule, a new vi-
bration mode arises at quite low temperatures [24] and, therefore,
cannot directly explain MSTs at relativity high temperatures in
magnetic Heusler alloys.

Finally, the third possible driving force of the MST is the dif-
ference between magnetic energies in the austenitic and mar-
tensitic phases. Of course, all three mechanisms are inter-
connected because it is not possible to change the magnetic state
of the material without changing its electronic structure, and the
appearance of a new vibrational mode might cause changes in
both the electronic structure and magnetic interactions. Never-
theless, the question remains regarding the main driving me-
chanism of the MST in magnetic Heusler alloys.

It is clear that it is important to study physical properties
sensitive to the DOS near the Fermi level (Eg) in order to under-
stand the mechanisms responsible for the MSTs in magnetic
Heusler alloys. Among the transport properties, the thermoelectric
power (Seebeck coefficient) is the most sensitive to minute details
of the DOS in the vicinity of Eg. This is because, in the simplest
single-band model, the contribution to the Seebeck coefficient
(S) due to elastic scattering is proportional to the derivative of the
DOS with respect to energy at the Fermi level [25]. Thus, the
changes in the value of S induced by temperature and magnetic
field, or as a result of compositional variation, may be considered
as directly related to the changes in the DOS near Er. The ther-
moelectric power (TEP) of Ni, , ,Mn; _,Ga has been studied in Ref.
[26-28]. Negative values of the S-coefficient (of about—(10-20)
HV/K), indicating electron-type carriers in thermoelectric trans-
port, have been observed in the temperature interval of (4-400) K.
Sharp changes in the TEP with temperature hysteresis were ob-
served near Ty The Seebeck coefficient was also found to pass a
broader minimum in the interval (180-220) K which was attrib-
uted to the existence of a pseudo-gap in the DOS in these alloys.
The interpretation of the TEP data for magnetic alloys is not
straightforward because of the multiband character of their elec-
tronic structures at the Fermi level, sd-hybridization, spin polar-
ization, and inelastic scattering contributions. The latter was
completely ignored in discussions of the TEP in Ni,,,Mn;_,Ga
[26-28]. It is also true for the TEP interpretation for Ni-Mn-Sn
[29] and Ni-Mn-In alloys [30]. The TEP of NisoMns4ln;g has been
studied in Ref. [30]. It has been found that S(T) curve is char-
acterized by the very narrow peak and sharp changes in value just
below T¢ and Ty, respectively. By contrast to Ni-Mn-Ga alloys no
wide minimum was observed below Ty and S(T) was linear at 2.5-
150 K without any signature of phonon drag effect.

Here we report the results on the investigation of the crystal
structure, magnetic and transport properties, including resistivity

and Seebeck coefficient, of alloys with different types of MSTs,
specifically, those representative of Ni-Mn-Ga and Ni-Mn-In
based Heusler alloys. The aim of this work is to investigate and
compare the transport properties of  polycrystalline
Ni50MH18'75CU6'25G325 and Ni49'goMn34'6511’115_54 allOyS that undergo
a MST (with heating) from a ferromagnetic martensitic to a
paramagnetic austenitic state, and from a low magnetization
martensitic state to a ferromagnetic austenitic state, respectively,
in order to understand the basic mechanisms of the MST. The
chemical compositions of the alloys were chosen to ensure that
the MST was close to room temperature.

2. Experimental techniques

Polycrystalline  buttons of NisgMn;g75Cug25Gazs  and
Nigg 80Mn3466lN15,54 Were prepared by arc-melting in a high-purity
argon atmosphere using 4N purity Ni, Mn, Cu, In, and Ga. For
homogenization, the samples were wrapped in tantalum foil and
annealed at 850 °C for 24 h under vacuum, and then slowly cooled
to room temperature. The phase purity and crystal structures were
determined using room temperature X-ray diffraction (XRD)
measurements (Cu-Ko radiation). The magnetic properties were
measured at temperatures ranging from (10-400) K, and at mag-
netic fields up to 5T, using a superconducting quantum inter-
ference device magnetometer (SQUID by Quantum Design). The
temperature dependence of the magnetization, M(T), was carried
out during heating after the samples were cooled from 380K to
10 K at zero magnetic field (ZFC), and during a field-cooling cycle
(FCC). The M(T) curves were measured in applied fields of 0.01and
5T. The resistivity was measured using the four probe method in
the temperature interval of (10-350) K. For the Seebeck coefficient
measurements, the samples were cut into rectangular parallele-
pipeds with a typical size of 1.5 x 1.5 x 5.0 mm®. Seebeck voltages
were detected using a pair of thin Cu wires attached to the sample
with silver paint at the same positions as the junctions of the
differential thermocouples. All experiments were performed dur-
ing warming with a rate slower than 20 K/h. The reproducibility of
the Seebeck coefficient measurements were better than 2%, while
the absolute accuracy of about 15% that mainly arises from the
error in the determination of the sample size.

3. Results and discussion

Both NisgMnyg75Cug25Gazs and NigggoMnsseslnisss were
found to be in a mixture of cubic and tetragonal phases at room
temperature, as evident in Fig. 1. The presence of the mixed state is
a signature of the temperature-induced structural (martensitic)
first order transition originating from crystal phase temperature
hysteresis. The M(T) curves also clearly indicate a temperature
induced first order transition by the sharp changes in magneti-
zation at T=Ta/Ty and by the temperature hysteresis of ZFC and
FCC M(T) curves (see Fig. 2). Analysis of the M(T,H) curves showed
that the magnetic transitions at T=Ta are transitions from ferro-
magnetic to paramagnetic (for NisgMnyg75Cug25Gass), and low-
magnetization to high magnetization (ferromagnetic) states (for
Nigg goMn3466lN1554). Thus, the compounds under investigation
show different types of magnetostructural phase transitions.

The electrical resistivity p(T) curves of the samples are shown
in Fig. 3. The jump-like variation and temperature hysteresis in p
(T) is clearly visible near the MST. However, the change in re-
sistivity at the MST is much larger (by about three times) in the
case of NigggoMnsygelniss4 compared to that for
NisoMn;g 75Cug25Gazs. The residual resistivity (p(T=0)~
300 cm) was found to be about six times larger for
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Fig. 1. Room temperature XRD patterns of NisoMnyg75Cug25Gazs and
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Fig. 2. Temperature dependencies of ZFC and FC magnetization of

NisoMng75CUg25Gazs and Nigg goMns4gslnyss4 Obtained at H=100 Oe on heating
(open symbols) and cooling (closed symbols). Arrows indicate the temperatures of
direct (Ty) and inverse (T,) martensitic transitions and ferromagnetic ordering of
austenitic (Tc) and martensitic (Tcv) phases. Tey=Ta/Tu in the case of Ga-based
alloy.

Ni49_80Mn34_661n15,54. In the temperature interval above the MST
(T > 275 K), a resistivity of (100-150) pQ cm was observed for the
In-based alloy, which is smaller than the (230-250) pQ cm ob-
served for Ni50Mn18_75Cu6.250325.

Large differences between the compounds have been observed
in the differential thermopower, S(T), shown in Fig. 4. The S(T) of
NisoMnig 75Cug25Gays exhibits jump-like changes near the MST
and a broad minimum far below Ty, which is in qualitative and
rough quantative agreement with data reported for the ternary
alloys Niy_ ,Mn;_,Ga [26-28]. In the case of the Ni-Mn-In com-
pound, the minimum in S(T) was observed at the temperature of
the MST. The change of the slope of S(T) near Tc was clearly de-
tected for the Ni49_30M1'134_56]1'115.54 alloy (see Flg 4)

Two features of the p(T) behavior need to be illuminated before
discussing the TEP data. First, in spite of the high value of the
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Fig. 3. Temperature dependencies of resistivity for NisoMng75Cug25Gazs and
Nigg.goMn3z466lni554 Obtained on heating (open symbols) and cooling (closed
symbols). Arrows indicate the temperature of direct (Ty) and inverse (T,) mar-
tensitic transitions and ferromagnetic ordering of the austenitic (Tc) and marten-
sitic (Tem) phases. The Tey=Ta/Tv in the case of the Ga-based alloy.
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Fig. 4. The differential thermopower of Heusler alloys (1) NisoMn;g75Cug25Gazs
and (2) NigggoMns4e6lniss4 Obtained on heating (open symbols) and cooling
(closed symbols). Arrows indicate the temperature of the direct (Ty) and inverse
(Ta) martensitic transitions and the ferromagnetic ordering of the austenitic (Tc¢)
and martensitic (Tcy) phases.

resistivity of the In-based alloys ( > 300 pQ cm), metallic type of p
(T) behaviors were observed for T < Ta. This is contrary to Mooij
rule [31], according to which, in highly resistive metals with re-
sidual resistivity more than 150 pQ cm, the temperature resistance
coefficient should be negative. Apparently, this means that Mooij s
rule is not valid for ferromagnetic alloys, as has been noted in Ref.
[32], and indirectly indicates a weak localization mechanism for
this rule [33]. However, it is unclear why the weak localization
mechanism is active at relatively high temperatures. Secondly, the
resistivity of both alloys abruptly decrease in value, and the
changes in resistivity is much stronger for the Ni-Mn-In Heusler
alloy in the vicinity of the MST (i.e., the martensite—austenite
transition).

It is well-known that [25] the resistivity of a metallic system
can be written as:
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where 7 (Eg) is the relaxation time, a V is the scattering potential.
Thus, possible reasons for the decrease in the resistance at the MST
can be either the increase in the DOS at the Fermi level, or the
reduction of the scattering intensity. These two mechanisms will
be considered below in the discussion of the thermopower.

It is common to use Mott formula to describe the thermopower
(S) in Heusler alloys [25]:

21,2
Si= —”—"B—T[ilna(E)]
3 el | oE = 2)

where e is the electron charge, kg is the Boltzmann constant,
o = 1/p is the electrical conductivity. In the case of the single-band
model, and neglecting the possible dependence of the relaxation
time on the energy (see (1)), S; can be written as:
slmT[LiN(E)]

N(E) oE EEr 3)

In the case of a two-band model where the charge carriers are

electrons with spin indexes along and opposite to the magneti-
zation, (1) and ( |} ), respectively, S, can be written as:

UTS” + O'lSu

Sy =
2 [ + o] (4)

If s-electrons are considered to be unpolarized, the D-band is
partially filled and Ny, (Er) # Nq; (Er) when [34]:

ONg1(E)  oNg,(E)
N O T e st 2l
3 |e| 2EFF NdT(E)+Nd¢(E)

E=Ef (©))

It should be noted that, in all of these modifications of the Mott
expression, the Seebeck coefficient depends linearly on the tem-
perature, and a nonlinearity of S(T) can only be associated with the
temperature dependence of the DOS (or electron-phonon and
electron-magnon drag effects at low temperatures). Thus, it is
rather difficult to explain the presence of the wide minimum in
the S(T) curves (see Fig. 4) based on these expressions (2-5).
Moreover, the Seebeck coefficient calculated using Mott's model

2
happens to be about several pV/K (5;~ ’?T:), which is in good

agreement for the case of non-magnetic metals [25,33], but not
justified for Heusler alloys (see in Fig. 4). However, in addition to
contributions from elastic scattering (2-5) in crystalline and
amorphous ferromagnetic alloys, there is also a contribution as-
sociated with inelastic scattering, which is larger than the elastic
term and leads to a minimum in the temperature dependence of
the thermopower at (0.4-0.6)T¢ [35,36]. This contribution had
been considered in several works [34,35] and, following Korenblit
[36], it can be written as:

ks — 7
S,=Bn 0
Tt ©)

where t is the inelastic scattering relaxation time, and z; and 7 are
the elastic scattering relaxation times for spin-up and spin-down
electrons, respectively. The inelastic scattering relaxation times
have a tendency to approach infinity as T-0 K and, as a result, S(T—
0)— 0. At T»Tc, the spin polarization disappear and, as a result,
7y — 7, and S (T»T¢)— 0. Thus, the TEP for S, tends to zero with in-
creasing temperature for T> Tc and, therefore, passes through a
minimum at an intermediate temperature. In addition, the term

resulting from inelastic scattering is about S, ~ IZBTZ' ie, kEFT times
BIC

larger than from elastic scattering, and therefore may be considered

as the main contribution in ferromagnetic alloys [36].

Coming back to the experimental data on the thermopower,
both alloys show large TEP values that are difficult to explain in
the framework of the Mott formula for elastic scattering. Especially
considering that, according to the calculations of the electronic
structure of these alloys, no narrow peaks in the DOS have been
revealed near the Fermi energy [26,37]. For Ni-Mn-Ga-based al-
loys, the minimum of the S(T) curve was observed at a tempera-
ture of about (0.4-0.6)7 (see in Fig. 4) and Tc=Tx or Ty. The
minimum of S(T) at the temperature of (0.4-0.6)7¢ is typical for
ferromagnetic alloys and consistent with inelastic scattering me-
chanisms, see Eq. (6) and in Ref. [35]. Moreover, the resistivity of
Ni-Mn-Ga alloys shows no features in the vicinity of the mini-
mum of S(T) (see in Figs. 3 and 4). Thus, there is no experimental
evidence that this minimum is due to gradual changes in elec-
tronic structure with temperature. The inelastic contribution to
the TEP is not the only source. Slight changes in the curvature of
the TEP near the Curie temperature, and the spike- and jump-like
anomalies observed for Ni-Mn-Ga-based Heusler alloys in the
vicinity of the MST (Fig. 4) might be due to the elastic contribution,
namely, due to slight changes in the DOS. Indeed, one can see from
(1) and (2) that an increase in the DOS at the Fermi level for a
triangle peak or half-elliptical shape of the DOS should cause si-
multaneous decreases in both the resistivity and the TEP, and that
is the case. Therefore, these data confirm that the MST in the Ni-
Mn-Ga alloys is accompanied by slight changes in the DOS at the
Fermi level, which is possible because of the redistribution of s and
d states, and is consistent with a band Jahn-Teller model for the
MST.

The situation drastically changes in the case of the Ni-Mn-In -
based Heusler alloys. The position of the TEP minimum, or jump in
the TEP, is almost identical to the temperature of the MST (T, or
Twv), where the resistance decreases/increases by almost three-
fold. Is it possible that this behavior is entirely due to strong
changes in the DOS? The specific heat measurements in the Ni-
Mn-In alloys show that the difference in the DOS at the Fermi
level in the austenite and martensite is only about 10%, which
cannot explain the resistivity changes (see (1)). Such small differ-
ences are not consistent with the relatively deep minimum of the
TEP.

As mentioned earlier, the Hall Effect and magneto-optical data
do not show strong changes in the DOS at the MST in these alloys
[22,23]. Therefore, it is reasonable to conclude that the change in
resistivity at the MST in the Ni-Mn--n alloys is mostly due to
changes in the scattering intensity (see (1)). The large resistivity in
martensitic phase can be due to the scattering by the twin
boundaries. It might also be possible that the scattering potential
in the cubic AP is much smaller than in the MP with lower sym-
metry. Finally, the magnetic contribution to the resistivity in the
Ni-Mn-In alloys can be extremely large in martensitic phase due
to antiferromagnetic correlations resulting in low magnetization
state below T, or Ty (see Fig. 2). One can therefore see that there is
no definite answer regarding the origin of the sharp decrease of
resistivity at the MST, and further investigations are needed.

The TEP behavior is much more complicated in Ni-Mn-In, and
is due to several contributions: inelastic scattering, elastic intra-
band s-s, d-d and s-d scattering. The temperature of the mini-
mum of the S(T) is about 0.7T¢ of the austenitic phase, as can be
expected for the inelastic contribution. The low magnetization
state of the martensite is a mixture of austenitic and martensitic
phases with strong antiferromagnetic correlations, which changes
to a ferromagnetic martensite with decreasing temperature
(Fig. 1). Therefore, spin polarization might exist at T< Ty and
might change at the MST, which is the main factor responsible for
the inelastic contribution (6). The large value of S also indicates the
importance of this contribution. But the non-monotonic TEP
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behavior near the MST, and the change of slope at T, of the aus-
tenite show that contributions from elastic scattering (3) or (4)
add to the inelastic contribution.

Thus, the combined analyzes of the present results with that
from literature show that the DOS at the Fermi level does not
change strongly at the MST in the case of Ni-Mn-In alloys as
compared to that of Ni-Mn-Ga.
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