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Abstract: The magnetic and electrical characteristics of Ni-Mn quinary Heusler alloys are studied in
the current work. The results concern the materials’ magnetic and electrical behavior. The physical
property measurement system (PPMS) and superconducting quantum interference device (SQUID)
were used at various magnetization levels to determine the results. The addition of Fe helps to form
the alloy into a smart memory alloy with magnetocrystalline anisotropy, twin border mobility, and
varied magnetic and martensite transition temperature characteristics. Character changes in the
superparamagnetic (SPM) and paramagnetic (PM) alloys occur between 26 and 34 °C. The curves are
supported by the alloy’s martensitic transition temperature change. A large refrigeration capacity
is identified in the alloy. These properties are an indication of the alloys” application prospects.
Entropy change helps to detect the inverse magnetocaloric effect in the alloy, whereas adiabatic
temperature change helps identify the origin and validity of reverse magnetic properties. The
transition temperature changes occur when austenite’s sigma is larger than that of martensite, and
as the magnetic field increases, the temperature declines. Isothermal magnetization curves, a large
(MR)/B value at low and high magnetic fields, and temperatures near the transformation point
suggest that small-crystal Heusler alloys have tremendous promise for low and high magnetic field
magnetoresistance applications.

Keywords: magnetization; magnetocalory; magnetoresistance; electric property; Heusler alloy

1. Introduction

The growing demand for alternate cooling technology has encouraged researchers to
look for alternatives, and among these are smart memory alloys (SMA) [1,2]. These alloys
tend to show interesting properties around their transformation temperatures that can
be suitable for refrigeration-related applications. The magnetic, magnetocaloric, inverse
magnetocalory, and isothermal magnetization properties are some of the properties that are
of great interest among researchers [3—-6]. Among the alloys, Ni-Mn-based alloys are most
commonly used since they show tremendous application prospects [7-10]. The complete
Ni-Mn-based Heusler alloys are the most investigated Heusler alloy systems. In terms of
magnetocalory, an essential series of ferromagnetic shape memory (FSM) alloys is the ferro-
magnetic Ni-Mn-based Heusler alloys. These alloys undergo a martensite transition from a
high-temperature parent austenite phase to a low-temperature martensite phase across a
wide composition range. Magnetic and structural transitions coexist in this transition, as
does a small thermal hysteresis [11-13]. The SMAs exhibit the expected magnetocrystalline
anisotropy, strong twin border mobility, and tunable magnetic and martensite transition
temperatures. The transformation temperature is greatly controlled by the composition
and electron concentration, and heating procedure also has a considerable impact on the
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stability of the martensitic structure and transformation temperature in ferromagnetic
shape memory alloys. Researchers investigated the impact of a longer annealing period
on the magnetic order and martensitic transition temperatures of Ni-Mn alloy. They dis-
covered that annealing had a significant effect on both the magnetic order and martensitic
transition temperatures of Ni-Mn-based alloy. Numerous researchers have determined
that the temperature range of 3 h for 700-800 °C is the optimal range for annealing Ni-Mn-
based Heusler alloys. As martensite transition is observed in the cubic L2 type crystal
structure to orthorhombic four-layered martensite (40) Heusler alloys, there has been a
great deal of interest in investigating the structural transitions, magnetoelastic properties,
and magnetic conductivity properties in the materials in the past few years. The crystal
structures as well as the characteristic temperatures of the mutual reversible transition are
extremely sensitive to the e/a value, which varies depending on the microstructure of the
crystal [14-18]. Because of its increased characteristics, application aspect, simplicity of
availability, and cost efficiency, Ni-Mn-Sn-based Heusler alloys have long been popular
within the Heusler alloy family [19-22]. The heat treatment characteristics of quinary
Heusler alloys based on Ni-Fe-Mn-Sn-In are being researched because they exhibit strong
shape memory and thermal properties [23-25]. The composition of the alloy determines
its martensitic transformation characteristic [8-13]. Additionally, the annealing time and
temperature are of greater importance with regard to the martensitic transformation of the
alloy [26-28].

In this manuscript, we investigate the extension of our previous results of mechanical
characteristics to the magnetic and electric property testing of the alloy. We have seen that
the addition of Fe as the constituent element significantly enhances the alloy’s mechanical
properties. This paper gives an in-depth analysis of these properties, and the dependence of
the compositional change on the alloy’s behavior and a co-relation amongst it is established.

2. Materials and Methods

These alloys” magnetocaloric performance is optimized primarily via compositional
analyses, mainly as the transition temperatures are largely composition dependent. For
instance, the martensitic transition in the Ni-Mn alloy series rises as the electron per
atom concentration (e/a) increases. The electron concentrations in the outer shells can be
calculated according to Equation (1).

e/a= (10 x (Niat.%) +7 x (Mn at.%) + 4 x (Sn at.%) + 8 x (Fe at.%) + 3 x (In at.%))/100 1

Samples of alloys weighing 5 g each were created in an argon environment utilizing
justa vacuum arc melting furnace in a water-cooled copper (Cu) crucible. After determining
the concentrations of Ni, Mn, Fe, Sn, and In (99%), the specimen was loaded into the hearth
chamber and the chamber was prepared by removing any traces of oxygen. To minimize
mass loss during the melting process due to the evaporation of the component metals with
low melting points, the pure metals were layered in a crucible in decreasing order of their
melting temperatures. This helps in the melting of low melting temperature metals by
absorbing the heat from the melt of a high melting temperature metal laying on top of
them. The specimens thus formed were later subjected to annealing at 800-850 °C for 48 h,
after which the furnace was turned off and the specimen allowed to drop gently to room
temperature. To bring the temperature down to room temperature, the cooling procedure
takes 2024 h.

To determine the magnetic property of the alloy, the physical property measurement
system (PPMS) 14 T from Quantum Design was used. A vertical scanning magnetometer
(VSM), electrical transport option (ETO), resistivity, heat capacity, and thermal conductivity
tests were conducted. The superconducting quantum interference device (SQUID) magne-
tometer and magnetic properties measurement system (MPMS) equipment were used in
the study. The operating temperature range was within the range of —271 to 126 °C with
an operating magnetic field range of & 14 kOe. The phase transitions, magnetic resonance,
and electronic transport in alloys were determined as a function of two physical factors, B



J. Compos. Sci. 2023, 7, 5

3of 14

and temperature. A tiny rectangular bar (10 X 2 X 1 mm) of a flat sample was employed
for these measurements. The sample was handled carefully to ensure adequate contact
between the four probes and the surface. The magneto resistance (MR) properties of the
alloys was investigated in detail using a PPMS that enabled the measurement of the value
in magnetic fields up to 10 T across a broad temperature range of —271 to 126 °C. A direct
current of 100 mA was supplied parallel to the length of a bar in both alloy series.

To investigate the magnetocaloric effect (MCE), the heat capacity of the alloys was
measured using the PPMS throughout a temperature range at zero field and in fields up to
14 T. After chilling a sample in a zero magnetic field, the measurements were made. Despite
the MCE, the heat capacity measurements give important information on a sample’s lattice,
electronic, and magnetic characteristics. Heat capacity measurements directly probe a
material’s electronic and magnetic energy levels, allowing for the comparison of the theo-
retical and experimental data necessary for determining the mechanism of magnetocaloric
characteristics. Practically speaking, every material utilized in the construction of thermal
devices such as freezers or cryostats must be properly described in terms of heat capacity,
enthalpy change, and a variety of other physical properties.

The PPMS regulates the amount of heat delivered to and withdrawn from a sample
during a measurement, while measuring the resultant temperature change at a constant
pressure. A consistent quantity of heat is applied to the sample for a specified period,
followed by a cooling cycle of the same length. The measurement entails determining the
sample’s total heat capacity. Two measurements, one with and one without a sample on
the sample platform, are required to obtain a result with a 0.01 mJ/gK error bar. To obtain
an accurate reading, we put a small quantity of grease on the sample platform, just enough
to retain the sample, and then tested the heat capacity of both the grease and the platform.
Following that, we mounted a sample of 3 mg mass on the platform by pushing it against
the grease and then measured the heat capacity extremely accurately within an error bar of
0.01 mJ/kg.

3. Results

The alloy’s mechanical and martensitic transformation characteristics have been previ-
ously studied extensively in [28-31]. The following test results are presented to establish
their relationship with the previous study.

3.1. Isothermal Magnetization

To determine the superparamagnetic (SPM) and paramagnetic (PM) nature changes
in the alloys with respect to 0-B curves, the curves are measured at temperature range
between 26 and 34 °C as the temperature range covers the martensite to austenite transition
with B(T) from 0-5 T, as shown in Figure 1. A selective temperature interval range is taken
to determine the martensitic transformation occurring in the material. All of the formed
curves show a ferromagnetic shape memory over the temperature range. The data were
derived by heating the ZFC alloys samples from a set temperature point to a point below
the transformation temperature. We see that the alloy with x = 4 shows a ¢ of around
30 emu/g from a temperature of 20-30 °C at 5 T. From the literature, a refrigerant capacity
(RC) Formula (2) is identified where RC helps in measuring the heat transferred between
the cold and hot sink in one refrigeration cycle of the specimen.

T2
RC= [ AS,(T)BdT @)
T1
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Figure 1. Isothermal magnetization plots for alloy sets where for Niso_xFexMnzpSnyp—yIny, 1 <x < 4;
2<y<8alloyand(a)x=1,y=2;(b)x=2,y=4;(c)x=3,y=6;and (d)x =4,y =8.

For the change in flux AB =5 T in (2), we obtain RC =130 J/kg at TA = 33 °C point
in the alloy with x = 4. Such a large RC value and the change in entropy (AS;,) arise in
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correlation to the residual strain, which is relieved mainly when an alloy comprises single-
phase mall crystallites, as per Prasanna et al. [32]. Such crystallites convert from austenite
to martensite nearly completely. A substantial residual strain (3.5%) in a mixed-phase alloy
(x = 3) reduces AS,,;, a main cause of its loss, to 3.5 ] /kg-K. When austenite and martensite
coincide, the inverse MCE effect in the martensite transition is reduced. Only a single-phase
martensite alloy may produce a big AS;;,. As predicted, the isothermal curves show a larger
value of 0. Thus, we observe that the larger RC value found in alloys with x = 4 substitution
is mainly useful in refrigeration applications. It can also be co-related to the larger AS,,
value seen associated with it that further strengthens the observation.

3.2. Temperature Dependence of Heat Capacity

The temperature variation of the heat capacity (Cp) is used to determine both entropy
change (Sm) and adiabatic temperature change (T,q4) in the alloys. The value of Sy, helps
in identifying the value change of the inverse MC effect in the alloy, and the adiabatic
temperature change along with o helps in identifying the origin and the validity in the
magnetic properties, as shown in Figure 2i. here, the Cp vs. T variation of the various
sets of alloys is shown: a) depicts the alloy at x = 4 and y = 8, over a temperature range
of —200 to 150 °C while the alloy is in a pure martensitic state during both the cooling
and heating cycle at 0, 5, and 10 T field. From the plot, it is seen that the transformation
of M-A occurs at As of around 15 °C and moves towards 24 °C. The sigmoid shape of
the plot shows that the Cp value reaches a peak of 600 J/kg °C with a steady rise from
0.5]/kg °C. At the point of transition, there is a decrease in the slope and it approaches a
value of around 500 ] /kg °C. A peak forming in the Cp during the martensite to austenite
transition becomes suppressed during cooling in a reverse transition.
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Figure 2. (a) Cp vs. temperature for alloy with Fe, concentration; (a(i)) represents the magnified image.

The plot shows a peak in the zero-field heating for the Cp at around 590 J/kg °C.
While the specimen is reheated at a higher field rate, we see a shift in the peak to around
575 J/kg °C. When the specimen is applied with a suppressive B to attain a ferromagnetic
order, we see a shift in the curve and the curve attains stability. The zoomed-in region
of the curve clearly shows dips in the change in the transformation temperature with the
variation in the field applied from 0 to 10 T, as seen in Figure 2a(i).

The variation in the transformation temperature with the variation in Cp varies with
the change in B. Such a predominant shift is observed when the sigma value of the austenite
phase is higher than the martensite phase. The martensite phase transition is formed by the
phonon variation at the transformation temperature point. The increase in the sigma value
with B favors the transformation phase of the cubic structure, finally leading to a gradual
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reduction of the phonon instability due to linking between the magnetic and vibrational
degree of freedom [33]. This is depicted by the reduction in the transition temperature
along with the increase in B, as shown in Figure 3.
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Figure 3. Cp vs. temperature for (b) alloy with Fej3, (c) alloy with Fe,, and (d) alloy with Fe; concentration.

3.3. Field Dependence Inverse Magnetocalory

The ASy, and T4 graphs, as seen in Figure 4, are plotted over temperature, obtained
from Equations (2) and (3), for four alloy compositions.

ASy =S(T)gr — S(T)so 3)

ATaq = T(S)gr — T(S)BO 4)

where BF and BO are the initial and final values of the applied field B, and S(T)gr and
S(T)po are calculated using the indirect method measure equation as in Prasanna et al. [33].
Expectedly, ASp, is the highest in single-phase crystallite alloys. The values peak at the TM
(or TA) transition point, showing rapid atomic redistribution in tiny crystallites. Concurring
two austenite-martensite alloy phases in a lower Fe-containing sample (x =1 and x = 2)
reduces Sm. Small values persist because the transition generates a non-equilibrium state,
hindering spin dynamics. Even with a higher field B = 10 T, the Sy, value is less than in
x = 1 and x = 2 substituted alloys. The cooling and heating cycle effect from ASy, and
AT,q was also studied. As the transition mechanism lacks reversible spin ordering, only
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67-92% of a cooling cycle’s value emerges in a heating cycle (identical conditions). The
two AS, readings match within 0.2 J/kg-K. The large thermodynamic parameters ASy,
suggest that an alloy with x = 4 substitution with its crystallites might be used as a magnetic
refrigerant. In Figure 4, the two sets of acquired findings are shown with the x and y
values representing their stoichiometry. The changes in the values are relatively close to
one another, showing the validity of the model’s thermodynamic relations in these alloys
condensed into microscopic crystallites [32-34].

3.4. Electric Transport and Magnetoresistance

To determine the electric transport properties of the alloy, the alloys were formed into
small sections and the resistivity (p) value was measured as a function of temperature
across a temperature range from —271 to 120 °C at various field ranges from B from 0 to 10
T, as shown in Figure 5. The obtained results are plotted. To form the plot, the samples were
measured in the zero-field cooled from the temperature range from —271 °C before the p
values were measured during the applied magnetic field. On cooling the samples from the
temperature of 120 °C for x = 4 and y = 8, the value for p remains in the region of around
the resistivity (u()-cm) of 400, while the martensite start (Ms) temperature is around 37 °C.
Once the M-A transition occurs, the change in p is seen to have a steep rise. While the
sample is reheated to 271 °C, the samples continue to retain the value of «. The austenite
start (As) temperature initiates at the M—A transition and terminates at the austenite finish
(Af) temperature. When the heating is continued, the austinite phase retains the initial p
above the Af temperature. Under an increased field of 5 and 10 T, the p value reduces to a
lower section. Even during this phase, the temperature range of the section is similar to
that of the zero-field p-T plot.
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When considering the case of Figure 5, we see that the change in stichometry concen-
tration in the p value increases the martensite phase in the alloy by 12%. The various other
transition parameters for the p vs. T plot are shown. The plot enables the identification
of the curve behavior during the transformation in the martensite phase, the transition
zone, and the austenite phase. The dependence of p on the transition and the temperature
changes that occur accordingly are also seen.

3.5. Negative Magnetoresistance

The temperature fluctuation of the negative MR in the alloys is shown using the
conventional relationship {(pB — po)/ po} x 100, where pB and po are the p in an applied
field B and zero field, respectively. The MR values at the transition region are at the lowest
(=273 °C) and highest (126 °C) temperatures used in the current measurements. At x =4,
y =8, and B =5 T, an MR value acquired in this manner has a magnitude of (—)20% in
the M-A transition (TM °C), but a comparatively decreased magnitude of (—)17% in the
reversed transition throughout the heating cycle. While we see that in case of x=1,y =2,
the magnitude of MR% is at 14% and 11% for the cooling and heating cycle, respectively, as
shown in Figure 6.
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Figure 6. Negative magnetoresistance at the 5 T applied field for Niso_xFexMn3pSnyo_yIny, where
1<x<42<y<8alloyand (a)x =1, (b) x=2, (c) x=3, and (d) x = 4.

In such a case, the spin disorder scattering from the domains is rapidly reduced and the
likelihood of scattering by the formed strips is virtually zero. Eventually, the instantaneous
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negative value decreases, resulting in an MR value that is essentially enormous. The alloy
specimen must undergo a transformation from a spin-disordered PM state to a reordered
FM state, as well as from the well-grown martensite phase to the austenite phase, during
the M-A transition. Clearly, the suppression rates of spin-disorder scattering and twin-
boundary scattering decrease, resulting in a significantly reduced MR value. This is due to
the high irreversibility of spin reordering during the M-A transition. The irreversibility of
MR is critical for magnetic memory systems, which store information by generating a low
resistive state with an appropriate magnetic field.

3.6. Isothermal Magnetoresistance

To obtain a better understanding of the magnetic resonance behavior of the alloys at
a particular temperature and to confirm the findings obtained from the p-T curves, the
function of the magnetic field B swept up to 10 T at temperatures ranging from —173 to
70 °C was analyzed. The measurement was conducted after cooling the sample to —173 °C
from room temperature using zero-field cooling. Plots of the MR values obtained from the
p-B data versus B can be seen in Figure 7.

0 m::;uuml:.'
8y,
X L
xxlvv uu,a___
AL vy, Soee un
A, ' Vy, oy mE
“a, vy, ®o0e
Ay, Ty
\;
-5 A Yy,
A Vy.
@ E——— AA Vvv
e s -73°C N v'vv
© —-23°C =W
= o A
—a—426°C a,
° A
104 v +76°C A,
-1 5 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11
B(T)
(a)
04 PR
‘l: ‘A"“m' "u.u.u““
Ay vVvv U
A Vv, o
5 A, v,
AL Yy,
a, v
A‘A V'
—=-10 Aa vy,
X o AL Y,
< ~—=—-73°C ' vy
x e -23°C A Yy
= o AA Yy,
15 4 A +26 °C AA‘ vy
v +76 °C AL .
A
A ~
-20 4 Aa
-25 T T T T T T

MR (%)

04 ul”mmum“.||.
A YVyy 3y
AAA vav "'..I
‘A 4 ..'gz...l.
AL v ®oo, "mm
A vv 9,
A Yy .
A, \ S o0
-5+ a, v,
A v
A, Yy
= -73°C A“A Yy
e -23°C A N 'v‘,
—A—+26 °C AAA ¥
v +76 °C Aa,
-10 A,
A
A,
A
A,
_1 5 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 M
B(T)
(b)
0 { sgewvypqupypEea
A Vy. J00o
] T vv"vv SevEsEyy
i A V¥
A Vv.
A Vv,
10 - A, vy
A W
A Yv.
-15 Y A 'Vvv
'y
— a,
E-201 _—a.73°C A
x ] e -2:3°C S,
A 426 °C A .
.30 4 v— +76 °C AAA
AAA
-35 4 A,
A
AA
-40 4 A
-45 4+— T T T T T T T T T

Figure 7. Isothermal magnetoresistance for Nisg_xFexMnzpSnyg—yIny, where 1 <x <4;2 <y <8
alloy and (a) x =1, (b) x =2, (c) x =3, and (d) x = 4.

All samples indicate a linear relationship between the negative MR and B with a
temperature-dependent slope A(MR)/B. At low temperatures, when the sample is in the
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martensite phase, the value of (MR)/B is minimal due to its paramagnetic (SPM) state.
For instance, in the alloy with x = 4 and y = 8 at a temperature of T = —173 °C, when
the sample is in the PM state, the (MR)/B is 1.12%/T. This value is almost the same in
the PM regions, i.e., at T = =73 and —23 °C. At the SPM to PM transition temperature
of —23 °C, the value rises significantly by 26%. The (MR)/B is still more than 2.4%/T at
T =46.85°C and 2.64%/T at T = 66.85 °C in the magnetically and structurally unstable
martensite transition area. A significant shift in the magnetic and electronic structures
associated with the martensite transition might present itself in the form of a big (MR)/B
value or a large negative MR.

The MR values shown versus the temperature show similar tendencies for the other
alloy compositions with tiny crystallites. When the alloy (x = 3 and y = 6) is heated to the
austenite phase of 26 °C, the (MR)/B ratio is 16% less than that seen around the martensite
transition point of 19 °C. This is clearly due to the spin ordering present in the austenite
phase. The presence of a rather substantial (MR)/B value at both low and high magnetic
fields and temperatures near to the TA point indicates that the current Heusler alloys
composed of tiny crystallites have considerable promise for both low and high magnetic
field MR applications.

4. Discussion

The results clearly indicate that with the change in the stochiometric composition of the
alloy by the inclusion of Fe, the alloys tend to behave as an SMA. The alloys tend to exhibit
the expected magnetocrystalline anisotropy, strong twin border mobility, and tunable
magnetic and martensite transition temperatures. For the study on superparamagnetic
(SPM) and paramagnetic (PM) nature changes in the alloys with respect to the o-B curves,
the curves show the deviation in between 26 and 34 °C. Since the alloy also shows a
martensitic transformation temperature change in the same temperature range, this serves
as a justification for the curves formed. Large changes in ASm and a higher RC value at x =4
are desirable properties for applications in magnetic refrigeration. It is observed that the Cp
is used to determine Sy, and T,q in the alloys. The value of Sy, helps in identifying the value
change of the inverse MCE effect in the alloy, and the adiabatic temperature change along
with o helps in identifying the origin and the validity in the magnetic properties to establish
the reverse magnetic characteristics. The transition temperature varies with Cp and B; when
austenite’s sigma value is larger than martensite’s, this shift occurs. Phonon fluctuation
at the transformation temperature causes the martensite-phase transition. Increasing the
sigma with B favors the phase change of the cubic structure and reduces phonon instability
by coupling the magnetic and vibrational degrees of freedom. With the increase in the
value of B, the transition temperature drop is seen.

In isothermal magnetization curves, the presence of a rather substantial (MR)/B value
at both low and high magnetic fields and temperatures near to the TA point indicates that
the current Heusler alloys composed of tiny crystallites have considerable promise for
both low and high magnetic field MR applications. The inverse magnetocaloric curves
also establish that the alloy shows desirable results around the transformation temperature
and thus these alloys, if extrapolated on a larger scale, can be an ideal replacement for
refrigeration applications.
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