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Abstract: The structural, magnetocaloric, and magnetic characteristics in Heusler NispMn35In;gXs
(X = Ga, Fe, and Al) alloys were examined using X-ray diffraction and field-dependent magne-
tization measurements. All samples exhibited a mixture structure of cubic L2; and tetragonal
L1y and underwent second-order magnetic transitions at Tc(Al5) = 220 K, Tc(Ga5) = 252 K, and
Tc(Fe5) = 298 K. The Gab alloy exhibited structural change as indicated by a thermal hysteresis that
may be seen in the saturation magnetic field in the M(T) dependences. The transition at the T¢ point
from a ferromagnetic to a paramagnetic state caused a drop in magnetization, supported by thermal
hysteresis, at a low magnetic field (0.01 T). On the other hand, the Fe5 alloy presented a gradual
decrease in magnetization with similar hysteresis behavior, also at a low magnetic field (0.01 T),
whereas at 0.1 T of field, no features characteristic of this transition were detected. This could be due
to a large difference in the metallic radius of Fe compared to that of In. Otherwise, magnetic investi-
gations demonstrated that the replacement of In with Al may cause the structural transformation
temperatures and T¢ to be shifted to low temperatures. The present results imply that the structural
transformation temperatures and the transition itself are highly dependent on chemical composition.
Furthermore, under a magnetic field change of 5 T, the maximum magnetic entropy changes of
0.6J/kgK, 1.4]/kg K, and 2.71 J/kg K for the Ga5, Fe5, and Al5 alloys, respectively, were deter-
mined by their Tc. Refrigeration capacity values were found to be 25 J/kg, 74 ] /kg, and 98 J/kg at
uoAH =5 T. These ribbons are viable candidates for multifunctional applications due to their cheaper
cost and their physical characteristics disclosed during the magnetostructural transition, which takes
place close to the room temperature.

Keywords: Heusler alloys; magnetic transition; magnetocaloric effect; magnetic refrigerant materials

1. Introduction

Great consideration has been committed to the study of materials that show reason-
able values of magnetic entropy change (ASy1) because they may be used as magnetic
refrigerant materials at close to room temperature (RT) [1,2]. Heusler Ni-Mn-In alloys
that undergo first-order temperature-instigated structural /martensitic transitions around
RT have drawn interest because of their remarkable magneto-responsive properties, like
the giant magnetocaloric effect (MCE), the shape memory effect (SM), exchange bias (EB),
and large magnetoresistance (MR) [3-9]. One of their potential applications is in magnetic
refrigeration systems, in which the application of an external magnetic field produces
changes in the material associated with the extraction or transfer of heat.

In these alloys, the crystalline structure can change from austenite phase (cubic L2;) at
high temperature to martensite phase (monoclinic 5M, orthorhombic, or tetragonal L1)
at low temperature, depending on the temperature and content. Typically, these alloys
undergo a temperature martensitic transformation (reversible and hysteretic austenite to
martensite) and a magnetic transformation (ferromagnetic (FM) to paramagnetic (PM)).
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Thus, the four combinations can be obtained as a function of temperature and compo-
sition (austenite FM or PM, martensite FM or PM). Likewise, sometimes also relatively
high-temperature atomic ordering (order-order or order-disorder) transformations or
magnetic transformations (low-temperature superparamagnetism, spin glass) are found.
For almost stoichiometric compositions, the magnetic coupling is ferromagnetic (FM), but
for compositions rich in Mn, it is short-range antiferromagnetic (AFM) [10,11]. Thus, the
magnetic transitions in these alloys have been reported at magnetostructural phase tran-
sition by Krenke et al. [11]. These materials may also be produced in a variety of shapes,
such as 1D microwires, 2D ribbons, or 3D bulks, making them desirable candidates for
multifunctional devices [12-14]. The structural martensitic transition for some Ni—-Mn-In
Heusler alloys was seen in Mn-based alloys, where both martensite and austenite phases
display an FM order [15]. Moreover, in these alloys, the magnetization of austenite and
its Curie temperature (Tc”) weakly change with the composition. On the other hand,
the Curie temperature of martensite (TcM) depends considerably on composition due to
the exchange interactions strongly dependent on interatomic Mn—Mn distances [11]. The
alloys NisoMns(_yIny exhibited a considerable Curie temperature (T¢) tumble from 310 K
(for x =20) to 290 K (for x = 25) [11]. As reported by Dubenko et al. [16], the doping of an
additional element or a change in the chemical composition of Ni-Mn-In Heusler alloys
can modify the hybridization of Ni(3d)-Mn(34d), the electron valence concentration (¢/a),
and the interatomic distance of Mn-Mn. These variables may have an impact on phase
transitions and related phenomena as well as the electronic band structure [17]. However,
knowledge of the precise processes behind the intriguing behaviors of Heusler Ni-Mn-In
alloys remains unsatisfactory. According to previous research, the concentration of X-doped
components greatly affects: (a) the crystalline structure, (b) the magnetic and functional
properties, and (c) the temperature interval of the transformations of Heusler Ni-Mn-In-X
alloys [16-18]. Thus, understanding the processes responsible for these chemicals’ par-
ticular behavior requires quaternary system research. In addition, due to the different
metallic radius and electronic structure of X element compared to that of In, a change in
characteristics can be expected.

In this work, we examine the impact of substituting the addition elements X for In
on the structural, magnetic, and magnetocaloric characteristics of melt-spun ribbons of
NisoMn3s5In;9X5 (X = Ga, Fe, or Al) Heusler alloys.

2. Materials and Methods

NisgMns5In19Gas, NisgMnssInggFes, and NisgMnssInggAls are the chemical formulas
(atomic percentage) for the polycrystalline alloys, named Ga5, Fe5, and Al5, respectively,
which were prepared by arc melting pure (99.98%) Ni, Mn, In, Al, Ga, and Fe elements
(Sigma-Aldrich, St. Louis, MO, USA) in an argon environment and water-cooled copper
crucible. For optimal homogeneity, the ingots were re-melted four times. An MSP10 melt-
spinning machine (Edmund Biihler, Bodelshausen, Germany) with an argon atmosphere, a
polished copper wheel rotating at a linear speed of 48 m/s, an orifice diameter of 0.5 mm, a
3 mm nozzle wheel distance, and an injection pressure of 500 mbar was used for producing
the ribbons. The produced ribbons were between 1-2 mm wide and around 1-3 cm long.

Structures were examined using X-ray diffraction (XRD) on a Briiker D8 Advance
diffractometer using Cu-K radiation. The MAUD program, which is based on the Rietveld
technique, was used to computer-refine the XRD patterns [19]. The chemical compositions
of the produced alloys were investigated using scanning electron microscopy (SEM, FEI
Quanta 450) outfitted with energy-dispersive X-ray spectrometry.

The vibrating sample magnetometer (VSM) module of the PPMS DynaCool Cryogen-
free System (Quantum Design, San Diego, CA, USA) was used to measure the isothermal
and thermomagnetic magnetization curves up to a 5 T applied field. A magnetic field was
applied in the direction the ribbon was rolling. The so-called “virgin effect” was removed
during M(T) measurements by lowering the sample’s temperature to 50 K in zero-field
prior to each M(T) measurement, and then the curves for zero-field cooling (ZFC), field
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cooling (FC), and field heating (FH) were methodically monitored [20]. In order to ensure
the precision of ASy; values, the so-called “loop procedure method” was used to gather the
isothermal magnetization M(H) curves [21]. The isothermal magnetization measurements
as a function of the applied magnetic field were used to compute the ASy; around the Tc.

3. Results and Discussion

Figure 1 shows the Rietveld refinements of XRD patterns for the Ga5, Fe5, and
Al5 alloys.
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Figure 1. Rietveld refinement of the XRD patterns of the studied Ga5, Fe5, and Al5 alloys. The
difference between the measured (dots) and calculated (line) patterns is shown below. The reliability
factors are: GOF = 1.843, Ryp (%) = 7.127, Ry, (%) = 4.885, and Rexp (%) = 1.854 in the case of the Ga5
sample; GOF = 1.771, Ryp (%) = 4.327, Ry, (%) = 2.976, and Rexp (%) = 2.442 in the case of the Fe5 alloy;
and GOF = 1.882, Ryp (%) = 4.936, Ry, (%) = 3.427, and Rexp (%) = 2.254 for the Al5 sample.

As a result of the samples’ rapid crystallization and growth dynamics during the
melt-spinning process, the XRD patterns present intense and thin peak characteristics of
a completely crystalline microstructure. A mixture of martensite (tetragonal L1y, space
group I4/mmm) and austenite (cubic L2;, space group Fm3m) phases was detected. The
coexistence of the austenite and martensite phases is caused by the temperature-induced
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first-order structural transition in both phases [22]. Such a mixed phase is typical in
Ni-Mn-In Heusler alloys when the martensitic transition (MT) takes place close to
RT [14,23]. Pathak et al. [10] reported the same structure. However, they only used a few
peaks in the XRD pattern to determine this, which only provides limited information. More-
over, the XRD patterns of these ribbons are similar to that of bulk NispMngs(In;_4Cry)15
Heusler alloys in the phase coexistence region, exhibiting a magnetostructural transition
near RT [24]. Since the metallic radius of Al (143 pm) is larger than that of Ga (135 pm) and
even than that of Fe (126 pm) when substituting In (167 pm), a shift in peaks toward lower
20 angles was detected, indicating an increase in the lattice parameters a and b, while seeing
a decrease in the lattice parameter c [10]. XRD analysis confirmed that the minor addition
(5 at.%) of an element modified the crystallographic structure. The lattice parameters were
seen to be, in the case of the Fe5 alloy, a L2; = 5.998 4 0.003 A,aLly=bL1)=3.821+0.004 A,
and ¢ L1y = 6.780 + 0.006 A and, in the case of the Ga5 sample, a L2;= 6.061 4 0.003 A,
alLly=bLly=4367 4+ 0.003 A, and ¢ L1j = 6.731 + 0.009 A. Meanwhile, in the case
of the Al5 alloy, the lattice parameters were seen to be a L2; = 6.066 + 0.005 A,
aLly=bLly=4368 + 0.001 A, and c L1y = 6.728 & 0.003 A. These parameters are
in great congruity with those of close chemical compositions, and recently detailed for
Heusler Nisp_xCoxMngz;_yFeyGajg and NispMngsInis_«Bix alloys [10,22].

Figure 2 displays the tetragonal L1y and cubic L2; crystal structures regarding the
elements’ sites. The stoichiometric Heusler alloys are ternary alloys with an atomic com-
position Xs50Y25755. The Heusler alloys usually produced are off-stoichiometric, searching
for an optimization of: (a) the functional response and (b) the temperature interval of the
transformations. In our study, Ni occupies the X sites (red), Mn the Y sites (green), and
in Z sites (blue) are expected the excess Mn and In, Fe, Ga, or Al. From the L2; phase,
the face-centered tetragonal L1y structure is formed by distorting the cubic lattice built
without modulation. All ribbons’ creation of the martensite L1y phase can be connected
to a high level of internal stresses and structural defects as a result of the melt’s quick
solidification, which leads to quick crystallization. Additionally, the non-modulated and
modulated martensite can have various structural variations depending on the production
method and chemical composition. Indeed, the results obtained in our alloys for the coexis-
tence of the cubic L2 and tetragonal L1j structures are comparable to those reported in
NisgMnssIn;5.4Bix ribbons by Aryal et al. [22].
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Figure 2. Illustration of cubic L2; and tetragonal L1 crystal structures (a, b, ¢ unit vectors).

Figure 3 presents the micrographs relating to the wheel surface of the ribbons. The
austenite L2; appears in the ribbon plane as an equiaxed form, despite the fact that the
martensite L1 is in plate shape and the martensite plates provided the semi-parallel
between plate interfaces. These ribbons quickly split along the direction opposite the
ribbon plane because they are mechanically weak. EDX microanalysis was collected to
assess for sample homogeneity. The compositions of the studied alloys are listed as follows:
50.1at.%Ni, 35.9at.%Mn, 9.2at.%In, 4.8at.%Ga; 51.6at.%Ni, 34.8at.%Mn, 8.9at.%In, 4.7at.%Fe;
and 52.3at.%Ni, 33.7at.%Mn, 9.4at.%In, 4.6at.%Al. For all ribbons, the deviations in the
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compositions were close to 0.05%. The compositional analysis revealed that the nominal
and experimental compositions of the as-spun ribbons were quite similar.

T.4K| .
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0.0K59 1.7 3.4 51 68 85 102 119 138 153
Cnts/Kev

Figure 3. Typical SEM micrographs of wheel surfaces for different studied ribbons and EDX microanalysis.

The magnetization, M(T), and its temperature dependence are shown in Figure 4 for
external magnetic fields of 0.01 T (black curves) and 0.1 T (red curves). The analysis of this
figure also confirms that the magnetic response (Curie temperature, magnetization) of the
produced specimens is highly dependent on the minor addition of the fourth element. The
minimum in the dM/dT vs. temperature graph, as illustrated by the inset in Figure 4, was
used to determine the Curie temperature. The sharp peak indicates the occurrence of a
martensitic transition at high temperatures. Additionally, austenite exhibits a ferromagnetic
transition at T¢ above its martensitic transition temperature. As seen in other Mn-rich Ni-
Mn-Z martensitic alloys [25], martensite has relatively modest magnetization, much lower
than that of FM austenite. This suggests that AFM coupling is prevalent in martensite.
We can note that for the Al5 alloy, the FM to paramagnetic (PM) transition occurs at
Tc =220 K, and for the Ga5 sample, this transition occurs at 252 K, while the Fe5 alloy
displays the magnetic transition at Tc = 298 K. The field-induced FM component in the
austenite phase can be used for identifying this change in Tc. One possible explanation for
the MT is the collective Jahn-Teller effect and, therefore, the density of electronic states at the
Fermi level (NF) [12]. Thus, the temperature of the MT may rise as a result of the increase
in NF brought on by applied magnetic fields. However, all examined ribbons exhibited
the normal ferromagnetic characteristic of decreasing magnetism with temperature. The
Gab5 alloy exhibited a reduction in magnetization and thermal hysteresis at a low magnetic
field (0.01 T), which is brought on by the magnetic transition from FM to PM state near the
Tc point. It should be emphasized that hysteretic behavior can be caused by a number of
magnetic phenomena connected to high magnetic shape anisotropy or domain structure. In
order to reduce the impact of a low magnetic field, the M(T) curves were measured under a
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M (emu/g)

strong magnetic field (0.1 T). Nevertheless, in the case of the Fe5 alloy, we can observe a
steady decrease in magnetization with similar hysteresis behavior at low magnetic fields
(0.01 T), whereas at magnetic fields of 0.1 T, no features typical of the FM/PM transition
were observed. This may be because there is a significant difference between the metallic
radii of Fe (126 pm) and In (166 pm), which may be one possible explanation for this
change. Also, the obtained maximum values of magnetization were found to be 1.5 emu/g
(Ga 5) and 2.6 emu/g (Fe 5) at a low magnetic field of 0.01 T. These results are equivalent
to those obtained above the structural phase transition from a PM martensitic state to a
PM austenitic state for the Heusler NisoMnj3g 5In13 5 alloy (0.6 emu/g, at 0.01 T) [26]. We
could deduce from the austenite phase’s low magnetization value that it stays in the PM
state at low magnetic fields at all temperatures over TM. As a result, the austenite phase’s
hypothetical T¢ is only a little below TM.
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Figure 4. Temperature dependence of the magnetization measured at magnetic fields 0.01 T and 0.1 T
for studied alloys. The insets show the corresponding dM/dT(T) curves, which clearly indicate the
transformation temperatures. Arrows indicate heating or cooling curves.

At magnetic fields smaller than 1 T, we can observe that the MT temperatures, TA,
and TM are almost constant, which is consistent with the literature [27]. Another situation
can be seen in the case of the Al5 alloy, a steady decrease in magnetization with hysteretic
behavior comparable to that of a weak magnetic field. In contrast, the thermodynamic
hysteresis was not detected when M(T) was measured in a high magnetic field (0.1 T). As a
result, the domain structure in weak magnetic fields or strong magnetic anisotropy may
be to blame for the hysteretic behavior, which is consistent with observations by other
authors [28].

The isothermal magnetization curves M(H) as a function of the applied magnetic field
up to 5 T around T¢ are shown in Figure 5.

In the M(H) curves at low temperatures, the ferromagnetic behavior in the ground
state may be observed. While the magnetization of the Al5 ribbon alloy reached saturation
at a magnetic field of 5 T, that of the Ga5 and Fe5 alloys did not reach saturation until a
magnetic field of 5 T. These curves demonstrate a notable magnetization change around
the Tc. It implies that the FM/PM transition temperature, which occurred at Tc, may have
been coupled with a significant shift in magnetic entropy. The magnetic entropy change
(ASpy) is related to the MCE in the magnetic system, which can be caused by an applied
magnetic field that causes a change in the magnetic order.

Based on the isothermal magnetization M(H) curves and by using the Maxwell
relation [29], the magnetic entropy change (ASy;) was determined. The Ga5, Fe5, and
Al5 alloys subjected to magnetic field variations up to 5 T are shown in Figure 6 to exhibit
the variation in —ASy; as a function of temperature.
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Figure 6. —ASy(T) curves for Gab, Fe5, and Al5 alloys under magnetic field changes up to 5 T.

We can see that near T¢, the maximum magnetic entropy change, —(ASp1)max, rises
with increasing applied magnetic field and reaches 0.59 ] /kg K for the Ga5 alloy, 1.23 J /kg K
for the Fe5 sample, and 2.71 J/kg K for the Al5 alloy (see Figure 7, for upAH =5 T). It
should be noted that the general trend of the increase in the maximum magnetic entropy
change versus ygAH is linear.
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Figure 7. The corresponding magnetic field dependence of —(ASp )max for the studied Ga5, Fe5, and
Alb5 alloys.

The obtained values for these alloys are equivalent to other magnetocaloric

and Heusler alloys, such as NisoMn3sIn;4Bi; ribbons (0.5 J/kg K for poAH = 5 T) [22],
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Ni5QMI’13QII’120 ribbons (205 ]/kg K for ‘M()AH =5 T) [29], Ni50Mn35In13,5Bil,5 ribbons
(0.2]/kg K for ugAH =5 T) [22], NisoMn3zSny ribbons (2.43 J /kg K for poAH =5 T) [29],
and NisgMnsa4Ini4Gay bulk (4 J/kg K for pgAH =5 T) [30].

From the abovementioned, we can note that these studied alloys have the potential
to be used as novel magnetocaloric materials. Particularly, doping Al in the In sites is
much better than doping Ga or Fe in the same sites, which increases the full-width-at-half-
maximum (ATpwrm) of the —ASy curve at Tc, hence improving the refrigeration capacity
(RC). To assess the magnetocaloric properties of these alloys, the RC is one more significant
factor, which is determined by the equation details in the following reference [31]. With the
increase in a magnetic field up to 5 T, the RC increases linearly, and large values of RC are
acquired with these alloys. The maximum RC in the vicinity of Tc under an applied field
of AH =5 T was found to be 25.72 ] /kg (Ga5), 74.38 ] /kg (Fe5), and 98.01 J/kg (Al5), as
shown in Figure 8. These are typical figures for materials that are candidates for magnetic
refrigeration systems because the refrigeration capacity is an indicator of the energy that
can be removed by cooling, and the magnetocaloric effect is at maximum close to the Curie
temperature. Likewise, the results of this work confirm the high influence of the minor
addition of a fourth element on the functional response.
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Figure 8. Relationship between RC and T¢ at ygAH = 5T for different alloys (data taken from this
work (Al5, Fe5, Ga5) and from references [32-40].

The calculated values of RC are comparable to those of rare-earth-based systems
near RT [32-37]. Also, these values are comparable to those of Heusler alloy ribbons
such as NisoMngsIn;39B1.1(140 ]/kg with AH =5 T) [38], NiggpMns5Iny4.25B0 75(43 ]/kg with
AH =5T) [39], and NiggMnsgIng3 (85 J/kg with AH =5 T) [40]. Thus, the obtained RC
and ASy values close to Tc make these studied alloys attractive as potential magnetic
refrigerant materials, observing the interest of studies linked to the minor addition of
elements to Ni-Mn-In based Heusler alloys [41]. As a result, Al doping induces chemical
pressure and disorder, provoking an enrichment of MCE under an applied magnetic field
of 5 T. These observations point to the possibility of this material being used as a solid
refrigerant in the future, able to be introduced in magnetic refrigeration devices as an
alternative to conventional gas-compression refrigeration devices. Magnetic refrigeration
is an eco-friendly technology.
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4. Conclusions

In summary, structural, magnetocaloric, and magnetic measurements were carried out
on NispMn35In;0X5 (X = Ga, Fe, or Al) under magnetic fields up to 5 T. All ribbons exhibited
a mixture of cubic L2; and tetragonal L1 structure and underwent second-order magnetic
transitions at 220 K, 252 K, and 298 K for Al5, Ga5, and Fe5, respectively. M(T) dependences
exhibited a thermal hysteresis at saturation magnetic fields, indicating the presence of the
structural change for the Ga5 alloy. The reduction in magnetization at a low magnetic
field (0.01 T) accompanied thermal hysteresis, which is brought on at the T¢ point by the
magnetic transition from the FM to the PM state. In contrast, the Fe5 alloy showed a grad-
ual loss of magnetization and similar hysteresis behavior at low magnetic fields (0.01 T),
whereas at high magnetic fields (0.1 T), no features corresponding to the FM/PM transition
were observed. This may be because there is a significant difference between the metallic
radii of Fe and In. Moreover, the structural transformation temperature and Tc may be
shifted to low temperatures if In is replaced with Al, according to magnetic measurements.
Indeed, chemical composition has a significant impact on both the temperature of structural
change and the transition itself. The ASy; curves showed a narrow temperature range at T,
resulting in values of RC for the Ga5, Fe5, and Al5 alloys of around 25 ] /kg, 74 ] /kg, and
98 ]/ kg, respectively. These materials are possible contenders for multifunctional applica-
tions because of the good physical characteristics displayed during the MT that takes place
close to RT and their affordable cost.
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