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ABSTRACT

The magnetic field-sensitivity of martensitic phase transitions (MPTs) responsible for magnetocaloric effects has been examined in B-substituted
Ni50Mn34.8In15.2�xBx Heusler alloys (x¼ 1, 2, 3, and 4). Increasing boron substitution acts as a positive chemical pressure similar to the effect of
hydrostatic pressure (p) and shifts the martensitic phase transition temperature (TM) toward higher temperature. The observed structural compat-
ibility of the MPT results in a lower thermal hysteresis (DThyst<5K at low field). DThyst remains almost unchanged; however, the field sensitivity
of TM decreases significantly with increasing B content or application of p. As a result, the reversibility of the isothermal entropy change (jDSrevj)
reduces for higher B concentration or under hydrostatic pressure p. The experimental observation reveals that the lower field-sensitivity of the
MPT with increasing B or p is associated with the simultaneous increase in the magnetocrystalline anisotropy energy (MAE) and decrease in the
Zeeman energy (ZE). The relatively larger ZE and smaller MAE for x¼ 1 result in the improved reversibility of the entropy change
(jDSrevj ¼ 21.48 J/kg K for Dl0H¼ 5 T), which is comparable to or even larger than the values reported for similar Heusler alloys.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0185552

It is a well-established fact that a large change in magnetization
resulting from the field-induced martensitic phase transition (MPT) in
Ni–Mn–X (X¼ In and Sn) full Heusler alloys gives rise to giant mag-
netocaloric effects (MCE),1 magnetoresistance properties,2 magnetic
shape memory effects,3 and so on. In particular, the research on MCE
is progressively increasing due to its possible application in greener
magnetic refrigeration. In addition to Heusler alloys, some recently
reported magnetocaloric materials fabricated from nontoxic cheaper
elements, such as Mn30Fe20�xCuxAl50 alloys4 and transition metal-
based high-entropy alloys,5–7 have the potential to exhibit good MCE
properties near room temperature. Moreover, newly developed rare-
earth-based magnetocaloric materials are also proposed as promising
candidates for cryogenic8,9 as well as room-temperature10 magnetic
refrigeration. Chemical alloying,11,12 stoichiometry changes,13,14 and
application of hydrostatic pressure15,16 are the most common techni-
ques adopted to optimize the above-mentioned functional properties.
This type of optimization scheme can modify the nature of the field-
induced MPT drastically. It is not even surprising to observe extreme
kinds of phase transitions as described by Anzai and Ozawa,17 where a

first-order martensitic phase transition occurs for both order parame-
ters (magnetization and crystal symmetry) simultaneously, but it is
sensitive to one order parameter, while the other changes coopera-
tively. Therefore, this type of phase transition can be triggered more
easily by one external parameter, i.e., field (can drive the magnetic
transition) or pressure/temperature (can drive the structural transi-
tion). The temperature-induced MPT (where the temperature-induced
structural transition drives the first-order phase transition, and the
magnetic transition occurs cooperatively) is obviously not interesting
for field-induced functional applications due to the low field-sensitivity
of the phase transition. However, it is not clear how the nature of the
field-induced MPT can be controlled in practice. Therefore, gaining a
better understanding about the nature of the field-induced MPT is
essential for applications.

In-based off-stoichiometric Heusler alloys undergo a MPT from
a low-temperature low-moment martensitic phase (lower symmetry
crystal structure than the austenitic phase, such as body-centered
tetragonal, modulated monoclinic structure) to a high-temperature fer-
romagnetic (FM) austenitic phase (face-centered cubic structure).18–20
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The field-sensitivity of the MPT mainly depends on the competition
between the Zeeman energy (ZE) and the magnetocrystalline anisot-
ropy energy (MAE) in the martensitic phase.21 For a field-induced
MPT to occur, the available ZE must be large enough to overcome the
MAE. The Clausius Clapeyron equation DS ¼ �DM DT

Dl0H

� ��1
indi-

cates that the field-sensitivity of a magnetic phase transition is
inversely proportional to the maximum change of DS during heating
or cooling. This indicates that high field-sensitivity results in lower DS,
while a lower field-sensitive (where the phase transition is more easily
driven by temperature) MPT with a relative smaller change in DM can
result in a relatively large DS. This type of temperature-induced MPT
usually results in sharp (narrower) DS(T) peaks22,23 (associated with a
significant contribution from the structural entropy change) during
heating or cooling with a poor reversibility in DS due to the low field-
sensitivity that hardly overcomes the usually large thermal hysteresis
DThyst. Assuming that the DThyst connected with the structural com-
patibility at the martensitic to austenitic transformation19,20 remains
invariant as observed in the present studied system, a good field-
sensitivity of the MPT is very important to realize a larger reversible
DS (hereon referred to as jDSrevj). This is the portion of the total
entropy change that can be exploited in cyclic magnetic cooling appli-
cations. It is typically considered and verified for different systems that
the DS follows a power-law dependence with magnetic field [DS
1 (l0H)

n].24,25 Law et al.25 developed a quantitative criterion for deter-
mining the order of magnetic phase transitions and also verified the cri-
terion for different classes of materials, according to which the field
exponent nmax > 2 is a characteristic feature of first-order phase transi-
tions. Adopting a mean field approach, the same group of authors have
recently developed a model that can capture the above-mentioned crite-
rion for inverse magnetocaloric materials by introducing a cross cou-
pling magnetovolume energy term with a magnetovolume coupling
constant b.26 For a finite value of b (other than zero), the model can
result in a negative slope in the l0H/M vsM2 consistent with Banerjee’s
criterion for first-order phase transitions.27 The model-generated data
indicate that for a smaller value of b the overshoot of nmax above 2 is
negligible, and nmax progressively increases above 2 with increasing b.
Therefore, to realize a first-order phase transition with a signature of
nmax > 2, a significant magnetovolume coupling (i.e., spin–lattice cou-
pling) is required that can result in a field induced MPT, i.e., a meta-
magnetic transition. Since the field-induced MPT is responsible for the
DS, the variation of the field sensitivity of the MPT is expected to have
a signature in nmax.

It has been found in the present study that chemical substitution
(acting as a positive chemical pressure) or application of hydrostatic
pressure results in a substantial modification of the field-sensitivity of
the MPT in boron-substituted Ni–Mn–In-based Heusler alloys. A
drastic change in jDSrevj has been observed as a result, although DThyst
is found to be almost composition-independent. The possible origin of
the variation in the field-sensitivity of the MPT has been discussed
based on the experimental results. A clear correlation has been
observed between nmax and the field-sensitivity of the MPT.

Ni50Mn34.8In15.2�xBx (x¼ 1, 2, 3, and 4) samples were pre-
pared using conventional arc-melting of the constituent elements
Ni, Mn, and In (purity better than 99.9%) and boron (99.5% pure)
under ultra-high purity Ar atmosphere. The samples were annealed
inside evacuated quartz tubes under partially backfilled Ar (p� 200
mbar) atmosphere for 24 h at 850 �C followed by furnace cooling.

Room-temperature x-ray diffraction measurements of the samples
were performed in a Philips X’Pert Pro MPD diffractometer using Cu
Ka radiation. The structural refinement of the XRD data was carried
out using the Jana2006 software.28 The magnetization measurements
were carried out in a Quantum Design MPMS 3 magnetometer for the
temperature interval of 2–400K with applied magnetic fields up to
l0H¼ 7 T. Magnetic measurements under hydrostatic pressure (p)
were performed in a home-made BeCu piston-cylinder pressure cell.
Mineral oil was used as the pressure transmitting medium. The values
of the applied pressure (p) were determined based on the shift of the
superconducting transition temperature of Sn (used as a reference
manometer, TC� 3.72K at ambient pressure and field of approxi-
mately 5G).29 Isofield M(T) data have been used for calculating DS
employing the Maxwell relation,30

DS T; l0Hð Þ ¼
X
j

Mjþ1 Tjþ1; l0Hð Þ �Mj Tj; l0Hð Þ
Tjþ1 � Tj

Dl0H;

whereMjþ1 (Tjþ1, l0H) andMj (Tj, l0H) represent the values of mag-
netization in a magnetic field l0H at temperatures Tjþ1 and Tj, respec-
tively. The reversible jDSrevj is estimated considering the overlap
region of the temperature-dependent entropy change curves on heat-
ing and cooling.31 Differential scanning calorimetry (DSC) measure-
ments were carried out using a DSC25 (TA Instruments) with a
temperature ramp rate of 10K/min during heating and cooling.

FIG. 1. Room-temperature XRD patterns for Ni50Mn34.8In15.2�xBx. The Miller indices
of the monoclinic martensitic and cubic austenitic phases are indicated with and
without an asterisk, respectively.
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The room-temperature XRD patterns are shown in Fig. 1 for all
the studied compositions. A modulated monoclinic martensitic struc-
ture (space group P2/m) has been detected for x¼ 3 and 4, similar to
that reported in Ref. 19. However, the coexistence of austenitic L21-
type cubic structure (space group Fm�3m) together with traces of mar-
tensitic phase has been identified for the composition with x¼ 1 and 2.
The lattice parameters for x¼ 1 were found to be a0¼ 5.8634 Å for
cubic austenitic phase and a¼ 4.3063 Å, b¼ 5.6320 Å, c¼ 4.2143 Å,
and b¼ 91.8339� for martensitic phase. The middle eigenvalue (k2) of
the transformation matrix between martensitic and austenitic struc-
tures plays a crucial role to determine the structural compatibility

associated with the phase transformation. The value of k2 closer to 1
indicates a better structural compatibility. k2 ! 1 usually results in a
reduction of thermal hysteresis associated with a first-order phase
transformation. The estimated value of k2 for x¼ 1 is 1.0076 (the devi-
ation from 1 is 0.76%), indicating a good structural compatibility
between monoclinic and cubic crystal structures. The details for exam-
ining the structural compatibility can be found in the supplementary
material, S1.

The temperature-dependent magnetization (M) at ambient pres-
sure and with the application of hydrostatic pressure (p¼ 8.1 kbar) for
the x¼ 1 composition in the presence of a 7T magnetic field is shown

FIG. 2. (a) Temperature dependence of the magnetization during heating and cooling in the presence of l0H¼ 7 T for x¼ 1, 2, 3, and 4. M(T) with the application of hydro-
static pressure p¼ 8.1 kbar and l0H¼ 7 T for x¼ 1 is shown by symbols connected with a dashed line. (b) Variations of TM as a function of compositions (x) and pressure (p)
for x¼ 1 as detected in the M(T) measurement in the presence of l0H¼ 0.05 T. (c) DSC heat flow curves as a function of temperature measured at a rate of 10 K/min during
heating and cooling. (d) Variations of thermal hysteresis (DThyst) as a function of applied magnetic field (l0H) at ambient pressure for different compositions and with the appli-
cation of hydrostatic pressure p¼ 8.1 kbar for x¼ 1. (e) The magnetic field-induced shifts in TM are shown for different compositions. The modification of TM in the presence of
p¼ 8.1 kbar for x¼ 1 is plotted by symbols connected with a dashed line.
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in Fig. 2(a). A typical MPT from a low moment martensitic to
ferromagnetic-type austenitic phase has been observed during heating
and vice versa during cooling. Substitution of smaller B atoms for In
(RB� 0.098 and RIn� 0.1663nm)32 in Ni50Mn34.8In15.2�xBx acts as a
positive chemical pressure, shifting TM toward higher temperatures.
This is comparable to the effect of hydrostatic pressure, which stabilizes
the lower-volume martensitic phase to higher temperatures resulting in
an increase in the phase transition temperature with increasing pressure.
The increase in TM for B-substituted Heusler alloys was previously
documented in the literature in Ni2Mn(GaB),33 Ni50Mn36.5Sb13.5�xBx,

34

and Ni50Mn35In15�xBx.
35 A decrease of TM is also reported for

Ni50Mn35In15�xBx with boron concentration below 1%.36,37 The local
distortion in the electronic structure likely reduces TM through the stabi-
lization of the austenitic phase for x< 1.36 The increase in TM for x> 1
is associated with the reduction of the crystal cell volume that stabilizes
the martensitic phase.36 The composition- and pressure-dependent (for

x¼ 1) variations in TM (l0H¼ 0.05 T) are shown in Fig. 2(b) (similar
plot for x¼ 2 can be found in the supplementary material, S2). The
observed thermal hysteresis, DThyst, between the heating and cooling M
(T) curves is a characteristic feature of the first-order nature of MPTs.
The sharp endothermic/exothermic peaks during heating/cooling cycles
observed in the DSC heat flow curves shown in Fig. 2(c) confirm the
first-order character of the MPT. The composition-dependent variation
of the transition entropy estimated from DSC data are included in the
supplementary material, S3.

Magnetic field-dependent variation of the thermal hysteresis,
DThyst, for all studied compositions are shown in Fig. 2(d). The substi-
tution of B has a marginal impact on DThyst. The observed DThyst is
below 5K at low field, indicating a good structural compatibility at the
MPT, consistent with earlier studies on In-based Heusler alloys.19,20

DThyst increases almost linearly with increasing l0H as reported for
Ni–Mn–In and Ni–Mn–In–Co Heusler alloys.38,39 Although DThyst

FIG. 3. (a) Zero-field-cooled (ZFC) M(l0H) loop at 2 K and (b) corresponding coercivity (l0HC) as a function of composition. (c) The shift of the origin in field-cooled (FC) M
(l0H) loops indicating the exchange-bias phenomena. (d) Composition-dependent exchange-bias field (l0HE) at 2 K are shown. (e) Variation in Zeeman energy (ZE) as a func-
tion of composition estimated for l0H¼ 7 T.
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stays nearly constant, a pronounced variation in the field-sensitivity of
TM has been observed depending on B concentration or hydrostatic
pressure (p), as depicted in Fig. 2(e). The field-sensitivity in TM
decreases significantly with increasing B substitution and application
of p. Instead of a linear field dependence, TM varies more quadratically
with l0H.

As discussed earlier, the competition between the two most sig-
nificant energies, ZE and MAE, is responsible for the field-sensitivity
of TM. To examine the variation of the MAE with B concentration,
zero-field-cooled (ZFC) M(l0H) loop measurements have been per-
formed at 2K, the plots of which are shown in Fig. 3(a). A double-
shifted hysteresis loop has been detected for all studied compositions,
similar to that observed in Heusler alloys exhibiting exchange-bias
(EB).40–42 Interestingly, the magnetic coercivity increases with increas-
ing B substitution, as depicted in Fig. 3(b). The increase in coercive
field (l0HC) clearly indicates that the magnetocrystalline anisotropy
energy, MAE, in the martensitic phase is increasing with increasing B
concentration. A large MAE is expected to result in a larger EB due to
the strong interface coupling between anisotropic antiferromagnetic
and FM phases.43 This is consistent with the observed enhanced EB

with increasing B content. The plots of field-cooled (FC) M(l0H) EB-
loops at 2K and corresponding exchange-bias field (l0HE) as a function
of B concentration are shown in Figs. 3(c) and 3(d), respectively. The
composition-dependent variation in Zeeman energy [ZE¼DM�(l0H)]
for l0H¼ 7 T [estimated from the data as plotted in Fig. 2(a)] is shown
in Fig. 3(e). The ZE decreases with increasing B substitution. However,
an increase in the MAE has been observed for higher B concentrations
[see Fig. 3(b)]. This indicates that a larger ZE is required to overcome
the enhanced MAE for higher B concentrations. As DM is reduced
with increasing B concentration, a higher magnetic field is required to
overcome the enhanced MAE and, accordingly, the field-sensitivity of
the MPT decreases for higher B concentrations.

The temperature-dependent variation of the isothermal entropy
change (DS) for Dl0H¼ 7 T during heating and cooling are shown in
Figs. 4(a)–4(e) for all studied compositions (including application of
p¼ 8.1 kbar for x¼ 1). At higher temperature, the second-order mag-
netic phase transition (FM-paramagnetic) occurring in the austenitic
phase gives rise to conventional MCE, which is fully reversible. A rela-
tively large inverse MCE has been observed associated with the first-
order MPT. The corresponding reversible entropy change (jDSrevj) is

FIG. 4. (a)–(e) Composition- and pressure-dependent (for x¼ 1 with p¼ 8.1 kbar) variations of isothermal entropy change jDSj as a function of temperature during heating
and cooling for Dl0H¼ 7 T. The reversible region of DS (jDSrevj) is highlighted by shades. (f)–(j) Temperature-dependent variations of field exponent n for different composi-
tions and with application of p¼ 8.1 kbar for x¼ 1 as estimated for a magnetic field change of Dl0H¼ 7 T during heating.
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represented as the shaded area. jDSrevj decreases with increasing B con-
centration/application of p as the MPT becomes less field sensitive. The
strongest field-sensitivity around the MPT was observed for x¼ 1, where
jDSrevj reaches a value of 21.48 J/kg K for Dl0H¼ 5 T. This jDSrevj is
comparable or even larger than the values reported for the best-known
In-based (e.g., jDSrevj ¼ 18.9 and 16.4 J/kg K for Dl0H¼ 5 T as reported
for Ni50.7Mn33.4In15.6V0.3 (Ref. 19) and Ni46Co3Mn35Cu2In14,

44 respec-
tively) and Sn-based Heusler alloys (e.g., jDSrevj ¼ 19.3 and 18.7 J/kg K
for Dl0H¼ 5 T reported for Ni43Co6Mn40Sn11

45 and
Ni41Ti1Co9Mn39Sn10

46 exhibiting a giant inverse MCE). The details of
DS(T) and associated jDSrevj up to Dl0H¼ 7 T for all studied composi-
tions (including application of p¼ 8.1 kbar for x¼ 1) are included in the
supplementary material, S4.

The local field exponent, n, has been estimated considering the
following equation:24,25

n ¼ dlnjDSj
dln l0Hð Þ :

The temperature dependence of n for l0H¼ 7 T is shown in Figs.
4(f)–4(j). Further details in the variation of n(T,H) can be found in the
supplementary material, S5. For all studied compositions, the observed
value of n is greater than 2 in the vicinity of the MPT, indicating the
first-order nature of the phase transition. However, the overshoot of n
above 2 is more significant for lower B concentrations. The field-sensi-
tivity-dependence [i.e., dTM/d(l0H)] of n

max at l0H¼ 7 T for all com-
positions and for x¼ 1 under hydrostatic pressure is plotted in Fig. 5.
An interesting correlation has been observed between nmax and dTM/d
(l0H). A stronger field-sensitive MPT [large dTM/d(l0H)] results in a
larger value of nmax and vice versa. This feature indicates that “Anzai
and Ozawa”-type temperature-induced MPT as commonly observed
in the MnTX system (T¼Co, Ni and X¼Ge, Si; where field-induced
MPT is often barely visible)47,48 should result in small nmax due to the
low field-sensitivity of the MPT. In other words, large nmax is a

characteristic of strong field-sensitive MPT (strong spin–lattice cou-
pling1), whereas the temperature starts to dominate over the magnetic
field to drive the MPT (weak spin–lattice coupling22) for lower nmax.

In conclusion, studies on B-substituted In-based Heusler alloys
indicate that the martensitic phase transition temperature, TM, can be
effectively adjusted by chemical substitution or application of hydro-
static pressure. Concomitantly, the nature of the field-induced MPT is
drastically modified. The field-sensitivity of the MPT decreases with
increasing B concentration or application of hydrostatic pressure. It
has been found that two competing energies, namely the ZE and the
MAE, driving the MPT follow opposite trends depending on B con-
centration (the effect is identical to that of p). Large MAE is conducive
to exchange-bias properties, but it has an adverse effect on the field-
induced magnetocaloric properties. A higher magnetic field is required
to overcome a large MAE and drive the MPT. In this case, a reduction
in the reversibility of jDSrevj is expected, which has been observed for
higher B concentrations or application of p. The observed larger local
magnetic field exponent nmax for higher field-sensitive MPT (x¼ 1)
indicates a stronger first-order character of the phase transition, which
has the potential to exhibit a better reversible jDSrevj.

See the supplementary material for the details of the structural
compatibility condition, pressure-dependent shift of TM for x¼ 2,
composition-dependent variation of transition entropy, reversible
entropy change up to Dl0H¼ 7 T for all studied compositions, and
2D color-contour-plot of the variation field exponent n(T,H).
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