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Abstract

®
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In this study, we report the structural, magnetic, and magnetocaloric properties of B substitution
on the Mn site in NigsMnge—, B, In;;(x = 0.5, 1.0) Heusler alloys. Crystal structure analysis
using room-temperature x-ray diffraction data reveals both samples have mixed phases
composed of cubic and tetragonal phases. The structural and magnetic phase transition
characteristic temperatures are determined using differential scanning calorimetry, isothermal
magnetization (MT), and isofield magnetization (MH) measurements. Both alloys exhibit
inverse and direct magnetocaloric effects in the vicinity of their magnetostructural transition and
Curie temperature (7¢), respectively. For NigsMnys 0B oIn;; a maximum magnetic entropy
change of 25.06 J kg~! K~ is observed at 250 K for a magnetic field change of 5 T.

Keywords: magnetic shape memory alloys, martensitic transformation, magnetocaloric effect,

inverse magnetocaloric effect, Heusler alloys

1. Introduction

Magnetic shape memory alloys (MSMASs) are a class of smart
materials that exhibit a unique combination of magnetic, shape
memory, and mechanical properties. These alloys can undergo
large strains when subjected to magnetic fields, making them
suitable for various applications, including actuators, sensors,
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and energy-harvesting devices. The strong magneto-structural,
thermo-mechanical, and magneto-thermal coupling of NiMnX
(X=In, Ga, Sn, Sb, Al) MSMAs have been shown to exhibit
a wide range of unique features over the past ten years.
The investigated phenomena comprise magnetization reversal
through magnetic field-induced martensite reorientation [1—
4], thermal energy generation and absorption via reversible
phase transformation latent heat [5, 6], magnetic field-induced
martensitic transformation leading to large reversible macro-
scopic shape change [3, 7, 8], magnetic exchange bias effects
[9, 10], as well as giant magnetoresistance [11]. One par-
ticularly exciting application of MSMAs is magnetocaloric
cooling, which involves manipulating a material’s temperat-
ure using a magnetic field. This phenomenon is based on the

© 2023 The Author(s). Published by IOP Publishing Ltd
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magnetic entropy change (ASy) that occurs upon applying or
removing a magnetic field. MSMAs exhibit large ASy values,
which makes them promising candidates for magnetocaloric
cooling applications. Owing to its environmental friendliness
and superior efficiency, magnetic refrigeration based on the
magnetocaloric effect (MCE) of specific substances is a prom-
ising substitute for the conventional cooling technology based
on vapor compression, which generates ozone-depleting or
greenhouse gases and in the literature, there exist several stud-
ies reviewing the MCE [5, 12-20]. The development of high-
performance magnetocaloric materials is critical for pushing
forward the magnetic refrigeration technology that has been
receiving a great deal of attention lately.

MSMAs undergoing a structural (martensitic) transition
which involves a change in both structural and magnetic
properties of the solid. Associated with this first-order mag-
netostructural transition, these materials display large MCE
[21]. Among the MSMAs, Ni-Mn-X based Heusler alloys are
MSMAs and exhibit interesting magnetic and magnetocaloric
properties and these properties of Ni-Mn-X based Heusler
alloys strongly depend on their chemical composition and
crystal structure. Typically, these alloys exhibit a ferromag-
netic order and show a high degree of spin polarization, which
makes them ideal candidates for various magnetic applica-
tions, such as spintronics, magnetic recording, and magnetic
refrigeration [3, 13, 16, 22]. Due to the large magnetiza-
tion difference between the martensite and austenite phases
in these alloys, the magnetic energy during the phase trans-
ition causes a great contribution to the change of the Gibbs
free energy, thus causing the magnetic field forced phase trans-
ition to be observed. Consequently, during phase transition,
the magnetic field is driven by the enormous thermodynamic
propulsive force that is generated by the significant magnet-
ization difference between the two phases in these alloys [3].
These materials’ physical properties are significantly affected
by their chemical composition, enabling the coupling of the
second-order magnetic transition with the first-order structural
change, thereby amplifying the MCE [23]. In addition, the
competition of structural and magnetic entropy change con-
tributions was reported in recent studies where lattice entropy
is dominating and magnetic entropy is non-synergetic with it,
ultimately revealing the dilemma of inverse magnetocaloric
materials [24, 25].

The full Heusler NisoMnysInys has a cubic structure
and undergoes a martensitic transformation upon cooling
below its transformation temperature and the alloys with
In content in the range 15 < x < 16 show magnetic-field
induced structural transition [26]. Previous studies have repor-
ted in Ni-Mn-In and Ni-Mn-Sn changing composition from
full Heusler type (X;YZ) to off-stoichiometric alloys with
excess Mn content affect the magnetization difference. It
has been shown that initial Mn atoms appear in the Y
sublattice A meanwhile excess Mn atoms prefer to be loc-
ated in the Z sublattice, thereby one can observe strong
Mn-Mn antiferromagnetic interactions. Ni-Mn hybridization
bond distance plays an important role in addressing the
magnetic interaction strength. Several studies reported the
large MCE when the ferromagnetic austenite transforms into

a weak magnetic (antiferromagnetic/ferrimagnetic) martens-
ite, undergoing first-order magnetostructural transformation, a
significant latent heat can be obtained, which is beneficial for
achieving large magnetic entropy change (AS,,) or adiabatic
temperature change (AT ,q) upon the application of a magnetic
field [27-32]. One of the most common ways of changing fer-
romagnetic interactions is non-magnetic transition metal sub-
stitution instead of Mn which leads to change in ferromag-
netic interactions that adversely affect the total entropy change
[33-36]. Furthermore, it was stated that NigzsMnygIn; under-
goes structural transition with temperatures of Ms = 318 K,
M; = 291 K, A; = 308 K, Af = 324 K, and the Curie tem-
perature of the austenite phase was observed at 325 K [36].
It was reported in several studies that, substituting of Mn
with non-magnetic transition metal affects the lattice size, e/a
ratios, which in turn influenced the Mn—Mn exchange interac-
tions, magnetic properties, and martensitic transitions [33, 34,
36-39]. Eventually, increasing B-content decreases both the
martensitic transition temperatures and the Curie temperature
[34, 37-39]. In this paper, we reported the effect of partially
substituting of Mn by B on the structural, thermal, phase trans-
formation, magnetic behaviors, and magnetocaloric properties
in Ni43Mn46_xBxIn|] (X = 05,10) MSMAs.

2. Experimental details

High purity nickel (99.99%), boron (99.90%), manganese
(99.99%), and indium (99.99%) elements were used to pre-
pare NigzMnyg_,B,In;; (x = 0.5, 1.0) polycrystalline alloys.
Conventional arc melting technique used in an argon atmo-
sphere in a water-cooled Cu crucible. To ensure better homo-
geneity of the samples, ingots were inverted and melted again
and the processes were repeated four times. The weight loss in
the samples was found to be less than %3 of the initial weight.
The ingots were annealed in (evacuated) quartz tubes with
argon at 1073 K for 120 h and then quenched into ice water.
Microstructures of the samples were studied with the scan-
ning electron microscopy (SEM) technique using both sec-
ondary electrons (SEs) and back-scattered electrons (BSEs)
signals. The compositions of the NigsMnys—, B, In;; (x = 0.5,
1.0) alloys were determined by energy dispersive x-ray spec-
troscopy by using the ZEISS EVO 40 system. X-ray diffrac-
tion (XRD) experiments were performed using a Rigaku D-
Max 2200 with Mo-K« radiation at room temperature, determ-
ining the crystal structures of the alloys. The data obtained
were analyzed using the profile-matching program FullProf
based on the Rietveld method. The thermal martensite and
magnetic transitions of the samples were identified (character-
ized) by differential scanning calorimetry (DSC) where a rate
of 10 K min~! was used for the cooling and heating cycle.
For temperature and magnetic field-dependent magnetiza-
tion measurements, a physical property measurement system
(Quantum Design), equipped with a vibrating sample magne-
tometer, was employed. The temperature and magnetic field
sweep rates were at 2 K min~! and 0.2 mT s~!, respectively.
Sample mass was determined with 0.01 mg accuracy before
the magnetic measurements and placed into plastic capsules
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and measured with a contamination-free half-cylinder brass
sample holder. Contamination and the reproducibility of the
measurements were regularly controlled as described in [40].

3. Results and discussion

Figure 1 shows SE and BSE images for SEM analysis from
NigzsMnye_,BIn;; (x = 0.5, 1.0) alloys. Table 1 illustrates
the average composition calculated from collected data from
three different selected areas on the samples. As can be seen
from the table 1, the compositions of the NigjzsMnyg—,B,In;;
(x=0.5,1.0) alloys did not differ much from the intended one,
except that, for NigzsMnys sBgsIn;; alloy boron content was
detected a little more than the purposed rate. In figure 1 stripes
were due to insufficient polishing of the material. Meanwhile,
black points refer to minor a third phase. Thereby, the substi-
tution of B resulted in the formation of a third phase, namely,
with the B content increasing, the amount of the third phase
increased, observed as black spots in figures 1(c) and (d)
for Nig3sMnys 3B 7In;; and NigzsMnys 0B oIng; alloys, respect-
ively. As the boron ratio increased, the more spots detected.
Figure 2 presents the room temperature powder XRD data
and the Rietveld refinement results of the NigjzMnys3Bg7Iny;
and NigzsMnys 0B oln;; alloys. The lattice parameters, Rp,
Rwp, and x2 values for the investigated alloys are given in
table 2. The crystal structure Nig3sMnygln;; alloy showed a
single phase with tetragonal (martensite phase) [36], while
boron-doped alloys had cubic (austenite phase) and tetra-
gonal (martensite phase) crystal structures. As boron content
increased we observed a small increase in the unit cell para-
meter for tetragonal structure. Meanwhile, for cubic structure
we observed an increase in unit cell parameters with increas-
ing boron content. This might be due to the attributed to the
increase in the third phase or boron atoms prefer to occupy
into the interstitial sites rather than occupation of the Mn sites
in the unit cell [41]. At room temperature, the dominant phase
in the NigzsMnys3Bg7In;; and NigzsMnys 0B oIng; alloys was
found to be tetragonal, while there are still visible traces of the
cubic phase near the (202)y; peak. According to the room tem-
perature XRD data, the dominant phase in NigjzsMnys3B¢ 7In;;
and NigzsMnys 9B oIn;; alloys is found to be tetragonal, while
traces of the cubic phase can also be observed, for instance in
the (202)y peak shown in figure 2. In addition, the data given
in figure 2, enables us to observe the (202)y small martens-
ite peak intensity near the (220), main cubic phase peak
for NigzsMnys3Bo7In;; and NigzMnysoBjoln;; alloys indic-
ating that martensitic phase transition is close to room tem-

perature. We calculated phase ratio of austenite/martensite
12200

Toym *
culated that there existed 93% austenite and 7% martensite for

Niy3Mnys 3Bg7In;; alloy and 56% austenite and 44% martens-
ite for NigzsMnys B olny; alloy. The transition from the par-
ent phase to the martensitic phase typically follows a nucle-
ation and growth process, and the transformation is influenced
by various factors such as temperature, stress and material
composition. It has also been observed that some NiMn-based
alloys, including NiMnlIn, especially non-stoichiometric ones,

according to the peak intensity Consequently, we cal-

exhibit ‘pre-martensitic’ or ‘incipient martensitic’ behavior.
This means that some regions within the material may have
already undergone martensitic transformation due to factors
such as thermal history, local stress or the presence of pre-
existing nuclei. These pre-existing martensitic regions can be
considered as ‘martensitic variants’ or ‘martensitic embryos’
formed during previous thermal cycles or due to local stress
conditions. The transformation temperature of these zones
may be higher than the overall bulk transformation temperat-
ure due to size effects or other factors affecting transformation
kinetics [17, 42-45].

Figures 3(a) and (b) shows the DSC curves for the
Ni43Mn45,3B0,7In]1 and Ni43Mn45.0B],OIn” alloys, respect-
ively. The austenite-martensite phase transformations are
shown by the exothermic and endothermic peaks, respect-
ively. The results of the tangent method’s analysis of
the structural phase changes are shown in table 3. The
thermal hysteresis, which is calculated using the formula
ATy = ((As + Ap)/2 — (M + My)/2) suggests that phase
transformation is first-order. We were not able to monitor the
T as we had oscillations during the manual pouring of liquid
nitrogen.

Figures 4(a) and (b) shows the temperature depend-
ence of magnetization (M(7T)) obtained for zero-field
cooling (ZFC), field cooling (FC), and field-heating
(FH) cycles at applied magnetic fields of 100 Oe of
Ni43Mn45,3B0,7In]1 and Ni43Mn45.0B],OIn” alloys, respect-
ively. For NigzsMnys 3B 7In;; alloy, while cooling a jump-like
increase in magnetization was observed at the Curie tem-
perature (T¢c = 314 K) from the ferromagnetic austenitic
to the paramagnetic austenitic. Upon further decrease the
temperature martensitic transition temperature 7y = 245 K
(T = (Ay + Mjy)/2) concomitantly followed by sharp
decrease was observed for magnetization from the ferro-
magnetic martensite/austenitic to the antiferromagnetic/fer-
rimagnetic martensitic phase. The same scenario is valid
for NigzMnys 0B olng; alloy, with Ty and T¢ of austenite
observed, at 253 K and 299 K, respectively. During the cool-
ing, the magnetization increased with decreasing temperat-
ure and then decreased abruptly at the martensitic transition
Ms =267 K and Mf = 240 K, for Ni43Mn45,0B1.QIn” alloy.
When compare the structural temperatures and Curie tem-
perature of undoped parent alloy and boron doped alloys
investigated in this study, it is clear as B ratio increased
not only martensite structural transformation temperatures
decreased but also Curie temperature decreased towards
lower temperatures. Thermal hysteresis is a fingerprint of
first-order structural (martensitic) transitions observed in
such systems and we calculated thermal hysteresis as 10.0 K
and 24.8 K, for Ni43Mn45_3B0,7In” and Ni43M1’145'0B1_OIH]1,
respectively. Among the thermal hysteresis the discrepancy
between DSC and M(T') data may have resulted from different
specimen sizes, slightly different compositions, or different
heating and cooling rates. Moreover, the T¢c — T\ values
of NigjzMnys3Bg7In;; and NigzMnysoB oIng; was calculated
as 69 K and 46 K, respectively. In addition, prior studies
explained the decrease of martensitic temperatures as a con-
sequence of the decrease in the e/a ratio which is valid in
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Figure 1. SEM analysis images for (a) and (b) SE and BSE images of Nis3Mn4s3B¢7In;; alloy and (c) and (d) SE and BSE images of

Ni43 Mn45.0B 1.01111 1 alloy.

Table 1. Compositions of Nis3sMnys 3B¢7In;; and NigzMnus gBj oIn;; alloys determined by EDX analysis.

Alloy Ni Mn

B In ela

Ni43Mn45,3Bo_7In11 4292 + 1.1 45.17 + 1.0 069 + 0.1 11.22 + 06 7.797
NigzsMnysoBioln;; 43.01 = 1.1 4495+1.0 1.02+0.1 11.02£0.6 7.788
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Figure 2. XRD patterns at room temperature for (a) Nis3Mnys3Bo7In;; and (b) NissMnus oB1oIny alloys.

this study [26, 46]. Namely, the e/a ratio of the parent alloy,
Ni43Mn45.3B0_7In11 alloy, and Ni43Mn45,oB1_OIn11 alloy is cal-
culated as 7.855, 7.797, and 7.788, respectively. In addition,
for the Ni-Mn hybridization, any change in the Ni or Mn

concentration during fabrication will influence the Ni—-Mn dis-
tance and hence the hybridization strength. Thus, the martens-
itic transformation will shift to lower or higher temperatures
[37], in this work, B-substitution into the Ni-Mn-In system
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Table 2. Unit cell parameters for NigsMnys 3Bo 7Iny; and NigzsMnys 0B oIn;; alloys obtained by Rietveld refinement and comparison to

Ni43Mn46In11 [28] alloy.

Crystal structure a(A) b (A) ¢ (A) V (A%) R, Rwp xX*  References
NigzMnygIng Tetragonal (I4/mmm) ~ 5.566 (3)  5.566(3) 6.884(3) 21336(2) 85 112 179 [36]
NigzMnys3Bo7In;;  Cubic (Fm-3m) 5987(2) 5.987(2) 5987(2) 21467(22) 69 9.6 130  This work
Tetragonal (I4/mmm) 5.586 (3) 5.586 (3) 6.822 (3) 214.16 (3)
NigzsMnysoBioln;;  Cubic (Fm -3m) 6.003(2) 6.003(2) 6.003(2) 21630(2) 7. 9.6 133  This work
Tetragonal (I4/mmm) 5586 (3)  5.586(3)  6.841(3)  213.46(3)
(2) Heating (b)
Cooling
= -
= =
= g
= 3
z =
E o
= £
- =
g 3
= =
T T T T T T T T T T T T T
150 200 250 300 350 400 150 200 250 300 350 400
T (K) T (K)

Figure 3. DSC curves for (a) Ni43Mn45‘3Bo,7In1] and (b) Ni43Mn45_0B1,01n11alloys.

Table 3. Characteristic austenite and martensite phase transformation temperatures obtained from heating and cooling DSC analysis.

Alloy As (K) Af(K) M (K) Mp(K) ATy (K) AS: kg’1 K1)
Ni43MI145_3B(),7I[111 256 295 267 231 32 18.14
N142 Ml’l45'0B 1 '()Inl 1 258 294 260 229 33 26.75

indicates the enhanced Ni—Mn hybridization, cause to shift
of martensitic transition (7)) shift to lower temperatures.
As table 4 shows, there is a significant difference between
the Curie temperature of the parent alloy (NigsMngglny)),
Ni43Mn45.3B0_7In11, and Ni43Mn45,0B1_QII‘111 alloys. The reason
for this difference might be related to the change in antifer-
romagnetism between Mn-Mn atoms, and this situation has
also been observed in NiMnlIn [36], NisoMn37_,Cr,Sb;3 [47]
and many NiMnZ (Z=Ga, In, Sn and Sb) systems [48, 49].
The insets of figures 4(a) and (b) shows the low-temperature
range M(T) data. Interestingly, at low temperatures, there
exists the presence of a peak in the ZFC plot is attributed
as a spin glass peak [50, 51], Tg of NigzsMnys3Bg7In;; and
NigzsMnys 0B oln;; was observed at 96 K and 91 K, respect-
ively. The existence of spin glass peak was explained to be

due to the result of mixed magnetic interactions between fer-
romagnetic and antiferromagnetic clusters [50, 51]. Among
the other things, there exist a hysteresis between FC and FH
curves for all applied magnetic fields which is quite evident
for 100 Oe measurement reported in our previous studies
[25, 52]. Moreover, it is reported that antiferromagnetic
exchange leading to local noncollinear spin structures, which
can pin the ferromagnetic domains in different configurations
[53]. Therefore, we think that this hysteretic behavior is not
an actual hysteresis which might be due to complex magnetic
behavior or an experimental error. Indeed, it is not possible to
determine from the present data what the exact nature of the
magnetic coupling is at these temperatures. Further studies
using neutron techniques would be required to understand this
aspect of the problem.
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Figure 4. Zero field cooled (ZFC), field cooled (FC), and field heated (FH) mode temperature-dependent magnetization curves in a
magnetic field 100 Oe (a) Ni43MIl45A3B0.7In11 and (b) Ni43Mn45AoB1'()IIl11 alloys.

Table 4. Thermomagnetic (M(T)) analysis results for Nis3Mnys3Bo 7In;; and NigsMnys oBj oIny; alloys.

Alloys H M (K)  Mi(K)  A(K) A (K) ATy, (K) Tc (K) T (K) Tc — T (K)
NissMnyeIng 0.01 318 291 308 324 10 325 299.5 25.5
NissMnys3Bo7Ing; 0.01 276 230 260 305 10 314 245 69
0.5 275 229 264 302 33 314 244 70
1.0 274 228 260 301 33.6 314 244 70
3.0 272 220 260 300 35 327 240 87
5.0 267 211 249 298 374 327 229 98
7.0 263 203 243 293 38 327 223 104
NigsMnus.oB1 oIny 0.01 267 240 265 298 24.8 299 253 46
0.5 260 240 272 290 28.5 311 256 55
1.0 260 240 270 287 29 314 255 59
3.0 257 232 262 286 30 314 247 67
5.0 251 229 259 282 30 327 244 83
7.0 241 216 245 275 30 338 233 105

Figures 5(a) and (b) shows the thermomagnetization curves
M(T) at higher magnetic fields of 0.5 T, 1 T, 3 T, and 5 T of
NiyzsMnys3Bg7In;; and NigzsMnysoBjoln;; alloys, respect-
ively. From the data in figures 5(a) and (b), it is apparent
that with the application of a higher magnetic field, a lar-
ger magnetization difference (AM) was observed while the
martensitic transition. For instance, with the application of
7 T magnetic field, we observed 71 emu g~! and 76 emu g~!
AM for Ni43Mn45_3B0,7In11 and Ni43Mn45_0B1.()IIl11 while
heating. Interestingly AM during cooling was larger than dur-
ing heating. XRD refinement studies (table 2) demonstrate
that the B-doping of the alloy causes the lattice to contract,
leading to a decreased Mn-Mn distance. This is substanti-
ated by the fact that the AM in the NigzsMnys B oIn;; alloy
is higher than Nig3Mnys3Bg7In;; alloy. The stoichiometric
alloy (Ni;Mnln)’s magnetic behavior is dependent on Mn-
Mn, Mn-Ni, and Ni-Ni hybridization, while Mn makes up
the majority of the magnetic moment. In Ni,MnlIn alloy, a

significantly long Mn-Mn distance promotes indirect interac-
tions such as RKKY or Anderson s-d interactions to mediate
ferromagnetism [34, 54]. There are two forms of coupling
among Mn atoms in non-stoichiometric alloys with excess Mn
residing in In sites: intra-site coupling (between Mn atoms at
Mn site) and inter-site coupling (between Mn atoms at Mn
and In sites) [54]. The latter is antiferromagnetic, whereas the
former is ferromagnetic. The combination of these interac-
tions causes the martensite phase’s non-collinear spin structure
[55]. Recent research has demonstrated that inter-site contact
is stronger in the martensite phase, resulting in its antiferro-
magnetic ordering, whereas intra-site interaction is stronger
in the austenite phase, which is primarily ferromagnetic [56].
Consequently, any variation in the Mn-Mn distance due to
the change in the crystallographic configuration can influ-
ence the magnitude of the interactions, resulting in differ-
ent magnetic exchange. Therefore, the bigger AM in the
NiyzsMnys 0B oIn;; alloy can be credited to the spontaneous
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Figure 5. Thermomagnetization (M(7')) curves of (a) Nis3Mnys3Bo7In;; alloy and (b) Nis3sMnys oB1oIn;; alloy under the magnetic fields
of 0.5T,1T,3T,5T, and 7 T. The martensitic transformation temperatures were determined from the M(7T') curves (c) Nis3sMnus 3Bo 7In1;
alloy and (d) NigzMnus ¢B10In;; alloy. Lines correspond to linear regression to the data.

structural transition better linked with
transition.

Moreover, from the data in figures 5(a) and (b), with
increasing magnetic field, the martensitic transition shifts
towards lower temperatures, in agreement with the mag-
netic field stabilizing the large magnetization cubic (aus-
tenite) phase. The characteristic temperature of My, My, As,
and Af linearly decreased with the applied magnetic field
at a rate of —1.83 K T~!, —420 K T~!, —3.46 K T,
and —1.31 K T! for NissMnus3Bg7In;, alloy depicted in
figure 5(c). Meanwhile, for Nig3sMnys 0B gIny; alloy they were
calculated as —2.19 K T, —=340 K T~ !, =346 KT !, and
—1.82 K T~! shown in figure 5(d). In addition, as shown
in table 4, the thermal hysteresis increased with the increase
of magnetic field. It was shown that the width of the hyster-
esis changes linearly with martensite-to-austenite proportion
[57], therefore, the increase of thermal hysteresis with increase
of applied magnetic field might be due to the difficulty of
phase front motion between the martensite and austenite
strengthened.

It is somewhat surprising that with the applied magnetic
field in the temperature interval T¢c > Ty, we observed a large
shift of T¢ to the higher temperatures, namely, T¢ shifted
28 K and 39 K for Ni43Mn45‘3B0,7In] 1 and Ni43Mn45.0B]‘()II11]
alloys, respectively. These results agree with the findings of
other studies, in which this behavior was explained by the
existence of a non-collinear ferromagnetic structure in the

the magnetic

austenitic state [22]. Increasing the external magnetic field will
cause a strengthened ferromagnetic component in the austen-
itic phase and hence an increase in the ferromagnetic com-
ponent in the austenitic phase, and therefore in the increase of
T{ [22]. Figure 5(a) inset shows that there exists an anomaly
around 250 K with the application of 1 T magnetic field. This
anomaly shifted to a higher temperature with the application
of a higher applied magnetic field. This anomaly was less
clearly observed for Nig3sMnys 0B oIn;; alloy in figure 5(b).
That anomaly might be related to the mixed magnetic phase
as stated by previous studies [22, 50].

Figures 6(a) and (b) illustrates the isothermal magnetiz-
ation curves M(H) for the magnetization and demagnetiza-
tion directions of Ni43Mn45.3B0,7In1 1 and Ni43Mn45,0B1.OIn] 1s
respectively. Figures 6(a) and (b) demonstrates the M(H)
curves were carried out with a temperature protocol which
is called loop process suggested by Anon Caron et al
[58] to avoid spurious results induced by the hysteresis of
transformation, namely, first samples were initially cooled
down to the martensitic transformation temperature in zero
magnetic field then the sample heated up to the desired
temperatures. In figure 6(a) a metamagnetic transition is
observed in the temperature range of 250 K-300 K. The
metamagnetic transition manifests the field induced struc-
tural transition from the low magnetic martensite phase to
the high magnetic austenite phase. In figure 6(b), meta-
magnetic transition is observed in the temperature range of
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Figure 6. M(H) curves for (a) NissMnys 3Bo7In;; and (b) NigzMnus 0B oIn;;. Magnetic field-induced entropy change (magnetocaloric
effect) as a function of temperature for selected values of the magnetic field (1, 2, 3, 4, and 5 T) of (c¢) NigzMnys3Bo7In;; and (d)

Nig3Mnys 0B1olny;.

245 K-265 K. The sharpness of the metamagnetic trans-
ition in the Niy3MnysoBjoIn;jalloy doped alloy is higher
than in the Niy3Mnys3Bo7In;; alloy, which may be due to
the sharp martensite transition (figure 5). The critical field
to induce the metamagnetic transition for NigzsMnys B oIny;
alloy declined with increasing temperature, the critical field
for Nig3sMnys 3Bo7In;; alloy was virtually constant (~3.5 T).
Moreover, at practically all metamagnetic transition tem-
peratures, the maximum magnetic hysteresis of 4.0 T was
recorded for the NiyzsMnys3Bg7In;; alloy. Meanwhile, for
Nig3zMnys 0B oln;; alloy, the greatest magnetic hysteresis of
4.0 T was noted at 250 K, and it was reduced for other temper-
atures. Both samples did not saturate even under the magnetic
field of 5 T. This might be related to the coexistence of anti-
ferromagnetic exchange within the ferromagnetic matrix due
to excess Mn in the crystal structure is the essential source for
non-saturation [53].

In addition, the magnetic entropy changes (ASy)
as a function of temperature for various applied fields
(uoAH) are shown in figures 6(c) and (d). We numeric-
ally estimated the magnetic field-induced entropy change
(AS) around magnetic transition using the relationship
ASw (Tx,0 — H) = <[ [/ My, dH — [, M7,dH) from the
M(H) isotherms which is presented in figures 6(a) and (b).
The maximum magnetic entropy change values in a mag-
netic field change of 0-5 T calculated as 7.65 J kg~ ! K~!
and 17.54 J kg~ 'K~! for magnetization direction and
8.19 J kg7'K~! and 25.06 J kg~! K~! for demagnetization
direction Ni43Ml’145_3B().7IIl11 and Ni43MH45,0B1_()In11 alloys,
respectively. For both samples, the sign of ASy is positive in

the range of MT. In Ni-Mn based Heusler alloys, the mag-
netic moments are mainly anchored to the Mn atoms and the
exchange interaction is strongly dependent on the Mn-Mn
distance. Consequently, any alteration in the Mn-Mn distance
resulting from a change in the crystallographic configura-
tion can influence the strength of interactions, leading to
varying magnetic exchanges [59]. Thus, the higher AM in
NigzMnys 0B oln;; alloy could be attributed to the spontan-
eous structural transition coupled with the magnetic transition.
The inverse nature of the MCE is consistent with the mag-
netic field stabilization of the cubic phase and the maximum
value of ASy; increases with increasing magnetic field. From
figures 6(c) and (d) it is clear that close to T¢ alloys show neg-
ative namely conventional MCE since AM/AT < 0 around
the second-order magnetic transition.

The calculated values of ASy value of the
Ni43 Ml’l45 ‘OB 1 '()In] 1 alloy is hlgher than those of
Nig3Mnys 3B 7In;, which may be due to: (i) the better coup-
ling of structural and magnetic transitions, (ii) the larger mag-
netization difference of NigzsMnysoBjolny; alloy, (iii) the
sharpness of the field-induced structural phase transition and
metamagnetic transition with the applied magnetic field, (iv)
and almost complete reversible martensitic transformation
under 5 T field loading. To make this last point even clearer,
for NigzsMnys B oIn;; alloy, the transition entropy was calcu-
lated as 26.75 J kg~! K~! from DSC data, and the magnetic
field-induced entropy change for demagnetization was calcu-
lated as 25.06J kg{1 K~! which refers that NissMnys 0B oIny;
alloy almost totally transformed while magnetic field induced
transition and only a small fraction of the sample remained
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as austenite. Meanwhile, for Niyj3sMnys3Bo7In;; alloy, the
transition entropy was calculated as 18.2 J kg~! K~! from
DSC data, and the magnetic field-induced entropy change
for demagnetization was calculated as 8.19 J kg~! K~ 'which
shows that during magnetic field induced transition smaller
fraction of the Nig3sMnys3Bg7In;; alloy transforms revers-
ibly with respect to NigzsMnysoBjoln;; alloy. Therefore, it
was reported that by using fractional method on MSMAs
the lesser counteract of lattice entropy and magnetic entropy
to each other, one can observe higher inverse MCE values
which is valid for this study [25]. From the standpoint of
the MCE’s reversibility, which is connected to the trans-
ition’s hysteresis and the sensitivity of the transition tem-
peratures to the applied magnetic field (dA¢/dH). A greater
degree of reversibility will result from field cycling across
a wider temperature range if the martensitic transition tem-
peratures are more sensitive to the applied magnetic field.
This situation reveals that the reversibility of MCE increases
with the increase in the boron ratio, that is, the reversibility
can be improved by tuning the boron ratio. In addition, the
values of ASy of NigzsMnys¢BjgIny; alloy are higher than
parent alloy 21.5 kg=! K~! [36] and comparable with other
inverse Ni-Mn based alloys at 5 T such as ~16 J kg7! K~!
for NisgMnssInjz 9By [22], ~18 ] kg_l K-! for
NisoMn34BIns [34], ~30 ] kg_l K~! for Nig7Mns3;SisIng;
[33], ~22.8 J kg_l K_l for Ni46C03Mn37In]0Ge4
[17], 14.6 J kg_l K-! for Nigg §Co12Mnj335Ini55 [60],
22] kg_l K~! for Nig3MnyeSnjo5Bos [59], 18.9] kg_l K-!
for NispMnssInjgsBos [61], 16.0 J kg_l K-! for
NisoMn3sInyg25Bo.75 [62].

4. Conclusions

To sum up, the magnetic and martensitic transformation beha-
vior of Ni43Mn45.3B0_7In11 and Ni43MH45.0B1_01n11 MSMAs
were investigated. The addition of a small amount of B led to a
sharp decrease in martensitic transformation and 7' temperat-
ures. Thus, the multifunctional properties of these quaternary
alloys may be enhanced, tuned, and adjusted by boron addi-
tion. Furthermore, the martensite finish temperature M; lin-
early decreases with the field at a rate dA¢/dH1.31 K 7—! and
1.82 K T~ ! for the NigzMnys3Bg7Ing; and NigzMnys 0B olngg
alloys, respectively. The austenite phase is ferromagnetic
while the martensite phase is antiferromagnetic at low fields,
due to the interaction between Mn atoms in Mn and In sites.
The application of a magnetic field shifted the martensitic
transformation temperatures to lower temperatures and the
magnetic field-induced phase transformation from martensite
to austenite was confirmed. The large AM, sharp AM/AT, and
almost full reversibility make the Nis3sMnysoBj oln;; alloy a
potential candidate for magnetic shape memory, energy con-
version, and solid-state refrigeration.
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