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Abstract

The effects of substituting Cu for Mn on the magnetocaloric, transport, and thermomagnetic properties of NisoMnssxCuxlni4B
(x = 0, 1.25, 2.0) Heusler alloys were studied. It has been found that the magnitude of the magnetization jump at the
martensitic transformation decreased with increasing Cu concentration. Smaller magnetic entropy changes (ASwm) were
observed for the alloys with higher Cu concentrations. A decrease in the resistivity was observed with increasing Cu
concentration. The magnetoresistance was dramatically suppressed with increasing Cu concentration due to the weakening of
the antiferromagnetic (AFM) interactions in the martensitic phase. The experimental results demonstrate that Cu in NisoMnss.
xCuxInisB Heusler alloys suppresses the AFM interactions and enhances the ferromagnetic (FM) interactions in these alloys.
Possible mechanisms responsible for the observed behavior are discussed. Copyright © 2017 VBRI Press.
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Introduction

The Mn-based full-Heusler alloys have drawn significant
interest in recent years due to their unique magnetic
properties that can be utilized in energy related
applications [1, 2]. These stoichiometric Heusler alloys
are ternary intermetallic compounds with the composition
X2YZ in which X and Y are 3d elements and Z is a group
I1IA to VA element. Among these compounds, the Ni-
Mn-In based alloys exhibit multiple transitions: (i) a low-
temperature transition from a ferromagnetic to
antiferromagnetic or paramagnetic phase at the Curie
temperature of the martensitic phase (Tcwm), (ii) from a
low magnetic state (antiferromagnetic/paramagnetic) of
the martensitic phase to a ferromagnetic austenitic phase
at the martensitic transition temperature Ty, and (iii) from
a ferromagnetic austenitic phase to a paramagnetic
austenitic at the Curie temperature of the austenitic phase
at Tc [3-7]. The first-order structural transitions of the
martensitic phase at Twm in off-stoichiometric Ni-Mn-In
alloys can be accompanied by a sharp change in
magnetization and multiple magnetic states that often
result in pronounced phenomena such as giant normal and
inverse (negative) magnetocaloric effects [8-10], large
magnetoresistance [11, 12], giant Hall effects [13], and
shape memory effects [14].

It has been suggested that the specific features of
electronic band structure of the Heusler alloys are
responsible for the magnetostructural transition (MST)
[15]. The phase transition temperatures and types of
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magnetic ordering of the different structure modifications
are extremely sensitive to the alloys’ electronic structures
and therefore depend strongly on the chemical
compositions. Therefore, the alloy composition, the
concentration of valence electrons per atom (e/a),
interatomic distances, and crystal structure homogeneity
are interconnected major factors affecting the phase
transitions and the related phenomena. It has been
discovered that the Ni-Mn-In-B systems show an
asymmetric resistance switching in small magnetic fields,
i.e., a large low-field magnetoresistance (MR) [16, 17]. It
has also been shown that Ni-Mn hybridization is a major
factor determining the magnetic properties, especially
antiferromagnetic (AFM) interactions in the martensitic
state [18]. Therefore, a stronger Ni-Mn hybridization
result in the suppression of ferromagnetism. The partial
substitution of Mn by Cr in NisgMns7xCrxSbiz Heusler
alloys shows in the destabilization of the martensitic
phase due to the weakening of Ni-Mn hybridization [19].
Recently, we studied the influence of small
compositional changes through the substitution of In by
isoelectronic B in NispMnsslnis alloys, and it has been
found that the concentration dependences of the MST can
be explained by the decrease in crystal cell volume and
distortion of the local atomic environment [20]. It was
reported that the MST (Tw) increases with increasing
pressure in NiCoMnSh Heusler alloys [21]. Hence to
explore the effects of pressure on the transition
temperatures and to observe the change in the magnetic
and magnetocaloric properties through the small
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compositional changes, we report the experimental
investigations on Ni-Mn-In Heusler alloys. Here, we try
to optimize the Heusler series Ni-Mn-In-B to explore
how the magnetic properties of this alloys change with the
Cu substitution.

In this work, experimental studies of magnetic,
magnetocaloric, and magnetotransport, properties have
been carried out for NisgMnss.xCuxlni4B:1 Heusler alloys.
The experimental results reveal an enhancement of
ferromagnetism through the substitution of Cu for Mn in
the NisoMnass.xCuxInisB1 aIons.

Experimental techniques

Bulk polycrystalline samples of NisoMnassxCuxInisB:
(x=0, 1.25, and 2.0) were prepared by arc-melting under
the constant flow of “ultra-high” purity argon using a
water-cooled bronze crucible and tungsten electrode. The
samples were re-melted more than four times to establish
homogeneity. The difference in mass before and after
melting may be due to the loss of Mn because of the high
volatility of Mn compared to other components, an
amount of Mn of about 1 wt. % of the total sample mass
was added to compensate for Mn loss during melting [22].
The melted samples were annealed in high vacuum (~ 10°
torr) at 850°C for 48 hrs. The magnetic properties were
measured at temperatures ranging from 5-400 K and in
magnetic fields up to 5 T using a Quantum Design
superconducting quantum interference device
magnetometer ~ (SQUID).  The  resistance  and
magnetoresistance (MR) of the samples were measured
using the four-probe method in the temperature interval
5 - 400 K and in magnetic fields up to 5 T. In the
measurements under hydrostatic pressure, Daphne (7373)
oil was used as the pressure-transmitting medium and the
value of the applied pressure was calibrated by measuring
the shift of the superconducting transition temperature of
Pb used as a reference manometer (Tc~7.2 K at ambient
pressure). The differential scanning calorimetry (DSC)
measurements were carried out employing a Perkin-Elmer
DSC 8000 instrument (with the ramp rate of 20 K/min
during heating and cooling) in the temperature range of
123-473 K.

Results and discussion

The temperature dependence of the magnetization, or
M(T) curves for NispMnss.xCuxlInisB1 (x=0, 1.25, and 2.0)
measured during heating and cooling, in the presence of
magnetic field of 100 Oe is shown in Fig. 1(a). All of the
compounds show a thermal hysteresis in magnetization
during cooling and heating. The presence of hysteresis
and the jump-like change in magnetization signifies first
order structural (martensitic) transitions. For all of the
alloys, a first order magnetostructural transition (MST)
from a ferromagnetic austenitic (FA) to low magnetic
moment state (antiferromagnetic martensitic (AFM) or
paramagnetic martensitic (PM)) and a second order
transition from a paramagnetic austenitic (PA) to a
ferromagnetic austenitic (FA) phase was observed.
Splitting of the zero-field-cooled (ZFC) and field- cooling
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(FC) magnetization curve was observed for the alloy with
x=0 slightly above the blocking temperature (Tg) which is
evidence of the exchange bias phenomena [23, 24]. It was
suggested that this type of behavior in bulk Heusler alloys
arises from the presence of both AFM and FM fractions in
the systems [25].
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Fig. 1. (a) Temperature dependence of the magnetization in the presence
of a 100 Oe magnetic field during heating and cooling for NissMngs.
«CuxInyB;. The inset shows the M(T) curves of NisgMns375CUy25IN14B1
obtained at H = 5 T for different applied pressures (P). (b) DSC heat
flow curves as a function of temperature measured at a rate of 20K/min
during heating and cooling.

The partial substitution of Cu shifts both the martensitic
transition temperature (Twm) and Curie temperature (Tc) to
lower temperatures. A change of Cu concentration from
x=0 to 1.25 results in a shift of the MST from 300 K to
215 K, as determined from the maximum change of
temperature dependent dM/dT in the magnetization
heating curve. From Fig. 1(a), we can see that the
magnitude of the magnetization jump at the martensitic
transformation  decreased  with  increasing  Cu
concentration. The change in magnetization at the
martensitic transition temperature is related to the
suppression of antiferromagnetic (AFM) interactions of
the martensitic phase for Mn rich Heusler alloys [26]. The
inset of Fig. 1(a) shows the M(T) curve of
NisoMns3 75Cu1.251N14B1 obtained at magnetic field of 5 T
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for different applied pressures P. The application of
external pressure results in a substantial shift in the
martensitic  transition temperature towards higher
temperature and a weak increase in Tc with ATW/AP =
98.5 K/GP and ATc/AP = 3.4 K/GP. Hence the
application of hydrostatic pressure increases the
temperature stability of the martensitic phase. Our results
are also consistent with those reported for Ni-Co-Mn-Sh
Heusler alloys [21].

The first-order MST was also observed in the DSC
measurements which are shown in Fig. 1(b). The well-
defined endothermic/exothermic peaks, observed during
heating/cooling cycles, are related to the latent heat of the
first-order magnetostructural  transition from low
magnetization to the ferromagnetic structure. The
temperature hysteresis of the heat flow of about 18 K
between heating and cooling cycles detected from DSC
measurements are consistent with the magnetization
results. A broad maximum in the heat flow has been
detected for all of the samples. The exothermic and the
endothermic peaks shift toward thelower temperature with
increasing in Cu concentration. Hence, we can see that the
first order transition temperature decreases with
increasing in Cu concentration.
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Fig. 2. Magnetization (M) as a function of magnetic field (H), at T =5
K. The inset shows M as a function of H for different applied pressures

(P).

The field dependence of the magnetization M(H) curves
of NispMnss.xCuxlniaB1 (x=0, 1.25, and 2.0) at 5 K are
shown in Fig. 2. All of the compounds were found to
exhibit the ferromagnetic type behavior. The saturation
field was observed to increase for increasing Cu
concentration (see Fig. 2). Also, the saturation
magnetization at 5 K increased linearly with the
increasing Cu concentration which demonstrates an
enhancement of ferromagnetic (FM) interactions and a
suppression of AFM interactions. The M(H) curves
obtained under the application of applied hydrostatic
pressure at 5 K for NispMnss75Cu125In14B1 are shown in
the inset of Fig. 2. The magnetization was found to
increase under the application of pressure. Hence, the
M(H) curves obtained under applied pressure demonstrate
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behavior consistent with a non-collinear ferromagnetic
state with a weak tendency for saturation in magnetic
fields.
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Fig. 3. Magnetic entropy changes (ASw) as a function of
temperature for (a) NisoMngsInisBs, (b) NisoMngz75CUs 251N14B1, and
(c) NisoMn33CusIn.4Bs.

The magnetic entropy changes, ASwm, as a function of
temperature for the various applied fields (AH) are shown
in Fig. 3. The ASu(T, H) was estimated from the
isothermal magnetization curves near the martensitic/
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magnetic transition temperature using the Maxwell
relation [27].

Asw=f,' (5) HaH

At the FOT, NispMnssInisB1 exhibits a large positive
ASw of 32 J-kg-K™ (at T = 290K) (see Fig. 3 (a)), and a
negative ASwm of 6.6 J-kg™-K'! in the vicinity of the SOT
in a magnetic field changes of 5 T. These values of ASwy
are higher than that obtained from Ag doped Ni-Mn-In
Heusler alloys [28]. The splitting of the ASym curves into
two maxima were observed for the samples with x= 0 and
1.25. The low temperature maximum of ASy may have
originated from an arrested austenitic phase, i.e., from
magnetic cycling during the reverse field-induced MST
[29].

With the increase in Cu concentration, ASw at both the
FOT and SOT decrease significantly (see Fig. 3 (b) and
Fig. 3 (c)). The small value of ASw at the FOT could be
due the fact that martensitic transition is not as sharp as in
the parent alloy. The magnitude of the magnetization
change decreased dramatically with increasing the Cu
concentration due to the enhancement of ferromagnetism
(see Fig. 1(a)). Since, magnetocaloric effects depends on
the magnitude of the magnetization change for Mn rich
Heusler alloys, high values of ASw can be expected where
the system shows a large value of AM at the first order
field-induced transition. This observed magnetization
behavior is similar to those reported for Ni-Mn-Cr-Sh
Heusler alloys where it has been detected that the
suppression of antiferromagnetic interaction  with
increasing Cr concentration [26].

The temperature dependence of the resistivity for the
NisoMnzs.xCuxInisB1 alloys are shown in Fig. 4 (a).
Abrupt drops in the resistivity and the respective slope
changes were observed for all of the alloys in the
vicinities of Tu. The step-like drops of the resistivity at
Tw is evidence of the first order nature of the martensitic
transformation in Mn-rich Heusler alloys. The large value
of the resistivity observed for martensitic phase is most
likely related to a change in the electronic band structure,
which alters the density of states near the Fermi surface,
and therefore strongly affects the electronic transport
properties of the system. As it can be seen from the Fig. 4
(a) the resistivity of the NisoMnssxCuxIni4B; alloys in the
martensitic phase abruptly drops with increasing Cu
concentration. This effect is similar to those observed for
Ni-Mn-In-Ag and Ni-Mn-Cr-Sb Heusler alloys where the
resistivity decreases with increasing doping concentration
[21, 28]. The drop of resistivity with The shift of Ty to
lower temperature upon the application of magnetic field
results in a large magnetoresistance {MR =([R(H, T) —
R(0,T)]/R(0,T))x 100 % }values of which are shown in
Fig. 4(b). For the alloy with x=0, a maximum MR values
of about —27% was found at Twm. Because of the field
induced structural transition from a low temperature
martensitic to high temperature austenitic phase resulted
in the large value of MR at Twm [30]. Thus, the larger the
difference of magnetization between martensitic and the
austenitic phases at a certain magnetic field at Tw, the
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larger the MR is observed. The peak MR decreased
significantly with increasing Cu concentration (see
Fig. 4(b)) due to the decrease in the magnetization at T
(see Fig. 1(a)). Since the resistivity and MR in Mn-rich
Heusler alloys depends on the strength of AFM
interactions at Twm [26], a decrease of resistivity and MR
with increasing Cu concentration demonstrate the
suppression of AFM interactions and the enhancement of
FM interactions.
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Fig. 4. (a) Temperature dependence of the resistivity for
NisoMnss.«CuxIng4B; at H=0 T. (b) Magnetoresistance for a field change
of 5 T for NisoMnss«CuxIni4B; alloys.

Conclusion

In conclusion, the impact of Cu substitution on the
magnetic, magnetocaloric, and transport properties of
NisoMnssxCuxInisB:  Heusler  alloys  has  been
systematically studied. A shift in the martensitic transition
temperature (Twm) to lower temperature was observed with
the increasing Cu concentration, while the saturation
magnetization at 5 K increased. The magnitude of the
magnetization change decreased dramatically with
increasing Cu concentration which resulted in smaller
ASm for the alloys with higher Cu concentrations. A
decrease in resistivity and MR with increasing Cu
concentration was observed due to the weakening of the
antiferromagnetic interactions in the martensitic phase.
Hence the effects of increasing Cu concentration revealed
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a suppression of AFM interactions and an enhancement of
FM interactions.
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