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We report the structural, magnetic, and magnetocaloric properties Ni50Mn35−xBxIn15 (x=1,1.5)
Heusler alloys by using room-temperature X-ray diffraction (XRD), differential scanning calorimetry
(DSC), and magnetization measurements. The substitution of B instead of Mn decreases the tran-
sition temperatures. Moreover, we observe a large magnetization difference between austenite and
martensite phases with a thermal hysteresis around the martensitic transition. Magnetic field de-
pendent measurements reveal that the application of a magnetic field stabilizes the austenite phase,
which has higher magnetization. We calculate magnetic entropy change by two methods, namely,
Maxwell relation and fraction method. We computed a maximum magnetic entropy change of 15 J
kg−1K−1 and 8 J kg−1K−1 around magnetostructural phase transition for a magnetic field change
of 5 T, respectively, for Ni50Mn34B1In15 and Ni50Mn33.5B1.5In15 samples.

I. INTRODUCTION

Refrigeration has become one of the main demands of
the human being’s daily life. The universal spread of
refrigerators, air conditioners leads to enormous energy
consumption. Besides, according to the report of the In-
ternational Energy Agency (IEA), the use of energy for
space cooling is growing faster than for any other end
users in buildings1,2. The rapid increase in energy de-
mand for refrigeration will lead to an energy crisis called
‘cold crunch’1. Thereby, the steps to prevent such a crisis
is a hot topic for a wide range of scientist and researchers.
From material science point of view, caloric cooling based
on caloric effects is a promising step to meet the energy
efficiency requirements. Caloric effects occur in many
materials due to entropy changes induced by external
fields that are named according to these external fields.
Hence, inducing the entropy changes through magnetic,
pressure, uniaxial stress and electric field named as mag-
netocaloric, barocaloric, elastocaloric and electrocaloric
effects, respectively.

NiMn-based magnetic shape memory alloys (MSMAs)
have been widely studied from different perspectives such
as: caloric effects3–6, magnetic shape memory effect7–9,
magnetoresistance10,11, magnetothermal conductivity12,
and the conventional shape memory effect13–15. Gen-
erally, these compounds show a martensitic transition
which is a first order temperature-induced structural
phase transition between a high temperature cubic ferro-
magnetic austenitic phase and a low temperature weakly
magnetic martensitic phase. This transition is therefore
clasified as magnetostructural phase transition (MST).
A jump-like change in magnetization is the main driv-
ing force for the magnetic field-induced martensitic phase
transformation. It is reported that specific features of
the electronic band structures of the Heusler alloys are
responsible for the MSTs16. Therefore, the change re-
lated to electronic band structure such as the alloy com-
position, the concentration of valence electrons per atom
(e/a), interatomic distances, and crystal structure ho-

mogeneity will affect the phase transitions and related
phenomena17.

Among the series of Ni-Mn based Heusler alloys, off-
stoichiometric alloys of Ni-Mn-In Heusler systems are
subject of interest due to the coexistence of struc-
tural and magnetic phase transitions, which allows
these materials promising candidates for applications
with exhibiting a wide range of properties such as gi-
ant normal and inverse magnetocaloric effect17–21, gi-
ant magnetoresistance22,23, Hall effect24, and magnetic
shape memory effect25. The aforementioned properties
are extremely sensitive to their stoichiometry, thus, sev-
eral studies have been focused on the phase transfor-
mation characteristics by either changing the composi-
tion or chemical substitution in Ni-Mn-In alloys5,17,26.
The magnetic interactions in Ni-Mn-In alloys showed
Rudermann-Kittel-Kasuya-Yoshida type exchange inter-
actions among the Mn atoms that sustain the ferromag-
netism in austenite phase, which also lead foregoing ef-
fects. The structural instability of austenite phase is
maintained by the redistrubition of antiferromagnetically
interacted 3d-electrons ensued from the Ni and Mn atoms
at In sides27,28. Therefore, the substitution of elements
with different valence electrons can affects the proper-
ties of phase transitions, which is mediated through the
interactions among the 3d-electrons.

In this task, theoretical studies proposed that substi-
tution of the nonmagnetic element instead of Mn, that
might be beneficial to reach the enhanced magnetocaloric
properties, resulting in decreased the magnetic exchange
interactions29. There exist some experimental reports
in which only Cu or Al substituted for Mn in Ni-Mn-
In alloys26,30–32. Among the all elements, boron is an
attractive dopant due to the smallest ionic radius com-
pared to that of other group III-elements, and it is stud-
ied in several works as an isoelectronic substitution in-
stead of In in Ni-Mn based alloys17,20,33–35. In addi-
tion, to the best of our knowledge, there is no experi-
mental study investigating the B substitution instead of
Mn in Ni-Mn-In alloys. Thereby, in study we focused
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on and reported the of effect of B substitution instead
of Mn side, on the the martensitic transition character-
istics, thermomagnetic, and magnetocaloric properties of
Ni50Mn35−xBxIn15 (x=1,1.5) alloys.

II. METHODS

The ingots of polycrystalline Ni50Mn35−xBxIn15 (x=1,
1.5) were fabricated by arc melting under argon atmo-
sphere. Hereafter, samples will be refered as B1 and B1.5
based on their x values. The excess of Mn 3%wt was
added to compensate for the Mn evaporation during the
melting procedure. The samples were re-melted in several
times with flipped between the meltings to reach better
homogeneity. The obtained amount of each ingots weight
loss was less than 1 % of the total weight after melting.
To better homogeneity, the piece of ingots were sealed in
quartz tube under argon atmosphere annealed at 1073 K
for 1 week. The structural characterization was measured
at room temperature by X-ray powder diffraction with
Mo Kα radiation, where the observed patterns were re-
fined by the Rietveld method using the FullProf program
package36. Differential scanning calorimetry (DSC) was
performed using a HITACHI 7020 Model37 . The temper-
ature was swept at 10 K min−1 between 175 K and 350 K.
The total entropy changes (∆S) were calculated using the
relation of ∆S=L/TM , where L is the latent heat and TM
is the magnetostructural phase transformation tempera-
tures estimating from the peak positions in the DSC heat
flow curves. The magnetization measurements were per-
formed by using a Quantum Design physical properties
measurement system (PPMS), equipped with a vibrat-
ing sample magnetometer (VSM) option37. The samples
weighted before the measurements on a sensitive scale
(10−5 gram) and placed into capsules and measured with
a contamination free half-cylinder brass sample holder.
Prior to the temperature dependent magnetization mea-
surements (M(T)), the samples were prepared by cooling
down to 10 K in the absence of the magnetic field. Then
the magnetic field was applied and temperature was in-
creased to the 400 K where the data is taken subsequently
during cooling (FC) and heating (FH) direction without
removing the magnetic field. The rates of temperature
variation was limited to 2 K/min to eliminate the in-
strumental lag caused by the thermal heterogeneity in
the sample. The magnetic field dependent magnetiza-
tion curves (M(H)) were performed with a magnetic field
up to the 5 T with adopting M-H loop process38 and
the magnetic field was swept at a rate of 0.05 T/s. The
M(H) curves were carried out first samples were initially
cooled down to the martensitic transformation tempera-
ture in zero magnetic field then the sample heated up to
the desired temperatures. The data was recorded during
several cycles of increasing and decreasing field.

III. RESULTS AND DISCUSSION

The powder X-rays diffraction profiles have showed in
Fig 1, which were recorded at room temperature. The
patterns were refined by the Rietveld refinement and
where the results have shown in Table 1. According to
the XRD data shows that both alloys have displayed as
a mixture of cubic austenite L21 structure (space group
Fm-3m) and tetragonal martensite L10 structure (space
group I4/mmm). During the refinement, boron atoms
are treated as interstitial atoms, for instance, the Mn
and Ni atoms are occupied the 4a and 8c Wykoff posi-
tions in the cubic phase, respectively. The excess Mn
atoms occupy randomly at the In (4b) site. The results
have given in Table 1, where the quality of refinements
are ascribed by the Rp and Rwp and also the goodness
of the fit of the models was assessed by calculating χ2.
The lattice parameters have tended to decrease in cu-
bic and martensite phase with the addition of B instead
of Mn due to lower atomic radius of B as compared to
Mn. Moreover, our results in line with the similar alloys
reported previously17,35.

FIG. 1. X-ray powder diffraction pattern of
Ni50Mn35−xBxIn15 (x=1 (a) , x= 1.5 (b)) at room tempera-
ture

It is reported that while heating Ni50Mn35In15 shows
several phase transitions; (i) at T=TMC a magnetic tran-
sition associated with the ferromagnetic ordering of the
martensite phase, (ii) at T=TM a magnetostructural
phase transition, and (iii) at T=TAC a ferromagnetic-
paramagnetic transition at the Curie temperature (TC)
of the austenitic phase39,17.

Figure 2 (a)-(b) shows the DSC curves of B1 and
B1.5 samples, respectively. It is clear that both samples
show reversible martensitic phase transformation. The
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TABLE I. Unit cell parameters with refinement results of
Ni50Mn35−xBxIn15 (x=1, 1.5)

x Type a (Å) b (Å) c (Å) V (Å) Rp Rwp χ2

1.0 L21 6.006 (3) 6.006 (3) 6.006 (3) 216.724 6.2 8.5 1.3
L10 5.703 (2) 5.703 (2) 6.656 (3) 216.503

1.5 L21 5.996 (3) 5.996 (3) 5.996 (3) 215.16 6.0 8.3 1.5
L10 5.676 (3) 5.676 (3) 6.632 (3) 213.70

FIG. 2. DSC curves of Ni50Mn35−xBxIn15 (x=1.0 (a) and 1.5
(b)) samples

large endothermic/exothermic peaks are related to the
latent heat of the first-order magnetostructural transi-
tions. We have determined the martensite start (Ms) and
finish (Mf ), austenite start (As) and finish (Af ) temper-
atures, and transformation entropy (∆S) and listed in
Table 2. Meanwhile, throughout the transition, we ob-
served that the DSC curves of the samples did not change
monotonously. Comparably, a broad transition behavior
was also observed for similar B doped NiMnIn alloys17,35.
This can be attributed to the compositional in homogene-
ity and internal stress caused by the microstructural de-
fects such as coexistence of different phases or boundary
motion40. Furthermore, thermal hysteresis values com-
puted from DSC thermograms were 16 K and 23 K ,
respectively for B1 and B1.5 via ∆Thys=((As+Af )/2 -
(Ms+Mf )/2). According to DSC data, forward trans-
formation entropy change across MST (∆SM ) was com-
puted 46 J kg−1K−1 and 27 J kg−1K−1, while for the
reverse transformations it was computed to be (∆SA) 34
J kg−1K−1 and 22 J kg−1K−1, for B1 and B1.5 sam-
ples, respectively. The reverse and forward transforma-
tions entropy changes of B1.5 samples are close to each
other but not for B1 sample. This difference might be

due to the different energy barriers of the forward and
reverse transformations or dissipating processes accom-
panying the transformation and phase front motion due
to the incompatibility between the transforming phases
are different for forward and reverse transformation41.

FIG. 3. 10 mT thermomagnetization curves of
Ni50Mn35−xBxIn15 (x=1.0 (a) and 1.5 (b)) samples

Figure 3 (a)-(b) shows temperature dependent magne-
tization curves of B1 and B1.5 samples at low magnetic
field of 10 mT, respectively. According to these results,
at 150 K there is the Curie temperature for the marten-
site phase TMC . With further heating, we observed a first
order reverse MST between 270 - 300 K. Afterwards,
at TAC=310 K we observed ferromagnetic-paramagnetic
phase transition. The same scenario is valid for B1.5
sample, which differs the transition temperatures except
for TMC and TAC . It is clear that the martensitic transfor-
mation temperatures decrease as the B content increases.
We observed ferromagnetic ordering of the martensitic
phase around 150 K for B1.5 similar to B1 sample. How-
ever, the nature of the martensitic structural transition
was different. We observed that the MST occurred in a
wider temperature range. For heating, reverse marten-
sitic structural transition occurred between 230 - 280 K.
In addition, we observed a fluctuation in magnetization
data around MST for B1.5 sample which was absent in
B1 sample. We also observed that the hysteresis simul-
taneously increased as B content increased. The thermal
hysteresis of B1 computed as Af -Ms= 20 K while for
B1.5 it was 30 K. Therefore, a small amount of B in the
Mn position induces a non linear-temperature decrease
of the MST which is in line with a previous study where
B substitution for In was investigated17. However, there
exist discrepancy between transition temperatures deter-
mined from DSC and M(T) data given in Table 2. The
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TABLE II. The transformation temperatures determined from DSC and 100 Oe M(T ) data of Ni50Mn35−xBxIn15 (x=1,1.5)
alloys.

x Measurement Ms (K) Mf (K) As (K) Af (K) TM (K) TA (K) ∆Thys (K) Af −Mf (K)
1.0 DSC 276 259 271 285 265 281 16 26

M(T ) 259 237 265 277 251 268 23 40
1.5 DSC 260 238 254 277 246 269 23 39

M(T ) 245 207 233 272 220 258 26 65

discrepancy between these two data may have resulted
from different specimen sizes, slightly different composi-
tions, or different heating and cooling rates. Moreover, it
is reported that substituting B for Mn activates at least
two mechanisms: a decrease in crystal cell volume, and a
distortion of the local atomic environment. The smaller
crystal cell volume can stabilize the martensitic phase
and, as a consequence, increases TM . However, the local
distortion in electronic structure, alloys with x ≤ 1.0 may
stabilize in the austenitic phase and therefore shift TM
to lower temperature17.

In addition, it was reported that co-existence of two
magnetic phases near TC , one of them is antiferromag-
netic low temperature martensitic. As well, the other one
is non-ferromagnetic (NFM) high temperature fractions
which can induce cluster-like ferromagnetic structures,
that is pinned in the external magnetic field direction35.
Furthermore, it is reported the application of magnetic
field can destroy the pinning and release the ferromag-
netism, and therefore increase the interval of temperature
stability of the austenite phase. Therefore, the splitting
of the M(T ) curves near TC of austenite phase might
be due to the pinned ferromagnetic structures leading to
increased temperature stability of the austenite phase35.

Figure 4 (a)-(b) shows thermo-magnetization curves
M(T ) of B1 and B1.5 samples respectively. M(T) mea-
surements were performed in the temperature range 10 K
≤ T ≤ 400 K. The rapid decrease or increase of the mag-
netization with respect to temperature variation have
assigned to the phase transformation from austenite to
martensite phase, where the minimum magnetization has
reached with following slight increase upon decreasing
temperature. Similar to the low magnetic field ther-
momagnetization curve, we observed three phase tran-
sitions: TMC , TM , and TAC . However, these temperatures
shifted to lower temperatures as the applied magnetic
field increased. Since external magnetic field stabilizes
the phase with higher magnetization (austenite phase in
this study), the transition shifted to lower temperatures.
In addition, we observed that 5 T was not sufficient to
saturate the magnetization and the minimum value of
magnetization was decreased with increasing the mag-
netic field, which is the sign of ferrimagnetic ordering
of the martensite phase42. Therefore, ferrimagnetic to
ferromagnetic transition occurred the martensite phase
TMC . In contrast, for the austenite phase paramangetic
to ferromagnetic transition occurred shown as TAC in Fig
4. The martensitic transformation temperatures under

magnetic field of 0.5 T, 1 T, 3 T, and 5 T, are plotted
in Fig. 4 (c)-(d) for B1 and B1.5, respectively. Fur-
thermore, we observed that B1.5 sample showed simi-
lar behavior for the low magnetic fields to the B1 sam-
ple. However, unlike the B1 sample, we observed fluctu-
ation in B1.5 sample thermomagnetization data that be-
came prominent for higher magnetic fields. Such behav-
ior might be due to the existence of intermediate phase or
enhanced chemical pressure upon increasing B addition
during synthesizing procedure43. The characteristic tem-
peratures, Mf , Af , Ms, and As, linearly decreased with
the applied magnetic field and it was given in Figure 4
(c)-(d). It was previously reported that transition tem-
peratures decreased by 8 K/T for Ni45Mn50In14.25B0.75,
which is higher as compared to our case here. The differ-
ent rate of change in heating and cooling direction also
points to the non-linear change of shift of the magne-
tostructural transition. The hysteresis of both alloys is
almost independent of the magnetic field. As one can see
the nature of the transition is similar to the low applied
magnetic field and high applied magnetic fields, thereby,
a strong magnetic field was not sufficient to suppress
the magnetic properties observed in the low magnetic
field. It was suggested that this behavior is related to
the presence of nearly “disordered” long-range ferromag-
netism in the austenitic phase17. Thus, the application of
a magnetic field weakly affects the temperature of mag-
netostructural transitions. The shift in the transition
temperature with the magnetic field is accounted for by
the Claussius-Clapeyron equation: ∆T ≈ ∆M/∆S ∆H,
where ∆M and ∆S are the differences in the magnetiza-
tion and entropy between the austenite and martensite
phases, respectively. ∆S of the B1 and B1.5 samples are
calculated from the average entropy data obtained from
DSC as ∆S=36.5 J/kg K and 28 J/kg K, respectively.
Using the equation above with ∆H= 5 T and ∆M for
the B1 and B1.5 samples as 60 emu/g and 45 emu/g, re-
spectively. The corresponding ∆T are calculated as 8.2
K and 8.0 K, for B1 and B1.5, respectively.

Moreover, Fig. 5 (a)-(b) illustrates the magnetic field
dependent magnetization curves at several temperatures
increasing and decreasing fields up to 5 T. For both sam-
ples, as the temperature approached to the MST, mag-
netization increased. However, magnetization decreased
for the temperatures away from MST. The critical field
of some of the curves was within a certain tempera-
ture range corresponding to the onset of typical meta-
magnetic behavior. The critical field of the direct meta-
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FIG. 4. (a)-(b) Thermomagnetization curves of Ni50Mn35−xBxIn15 (x=1.0 and 1.5) samples, respectively. (c)-(d) The marten-
sitic transformation temperatures determined from the M(T) curves of (x=1 .0 and 1.5) samples, respectively. Lines correspond
to linear regression to the data.

FIG. 5. (a)-(b) Isothermal magnetization curves of Ni50Mn35−xBxIn15 (x=1.0 and 1.5) samples, respectively. (c)-(d) Corre-
sponding Arrott plots (i.e., M2 vs. H/M) derived from the M (H) curves at different temperatures of (x= 1.0 and 1.5) samples,
respectively.

magnetic transition decreases with increasing tempera-
ture. Also, we observed magnetic hysteresis with a max-
imum 2.8 T at 250 K for B1 sample. However, for B1.5
sample the magnetic hysteresis was smaller than B1 sam-
ple. Thereby, these observations indicate the onset of a
magnetic field induced transformation (MFIT) from the

martensitic phase to the austenitic phase.

According to the Banerejee criteria44,45, a positive
slope of the M2 vs. H/M curves corresponds to the
second-order phase transition; meanwhile the S-shaped
(negative slope) is associated with the first order tran-
sition. To illustrate the nature of MFIT we plotted the
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Arrott plots (M2 vs. H/M) that derived from correspond-
ing M-H curves shown in Fig. 5 (a)-(b). The negative
slopes in Figs. 5 (c)-(d) confirms the MFIT and phase
transition are 1st order for both alloys. Moreover, we ob-
served sharper slope for B1 sample than B1.5. Therefore,
we expect a larger ∆SM for B1 than B1.5 sample46,47.

FIG. 6. Temperature dependent isothermal entropy changed
under the applied magnetic field of Ni50Mn35−xBxIn15 (x=1.0
(a) and 1.5 (b)) samples, respectively

The magnetic entropy changes (∆SM ) as a function of
temperature for various applied fields (∆H) are shown in
Figure 6 (a)-(b). The ∆SM was calculated from the mag-
netization isotherms using the Maxwell relation48. As
Clauisuis-Clapeyron dictates, the higher magnetization
change, the higher magnetocaloric effect. Accordingly,
we observed higher ∆SM values for B1 sample rather
than B1.5 sample. Samples exhibited inverse magne-
tocaloric effect close to MST and conventional magne-
tocaloric effect at around Curie temperature due to ∆
M/∆T ≤ 0. The maximum inverse magnetocaloric effect
at around MST temperature for magnetic field change
∆H =5 T are ∆S = 15 J kg−1K−1 and 8 J kg−1K−1

for B1 and B1.5, respectively. The inverse nature of the
magnetocaloric effect is consistent with the magnetic field
stabilization of the cubic phase. Meanwhile, B1.5 sam-
ple ∆S peak originating from MST was split into two as
the external field increases and is visible for ∆SM of 4
T at 245 K. This splitting might be due to the arrested
austenitic phase during the reverse field-induced MST35.
In addition, ∆SM of the B1.5 has a much broader tem-
perature interval than the B1 alloy that might due to the

existence of the intermediate phases where two steps of
the MCE occurred during the heating direction that is
seen in Fig. 6(b) as a two peaks between temperatures
of 240 K and 260 K49. Besides, one can predict that
the maximum conventional magnetecaloric effect around
to be 5 J kg−1K−1 for the second order ferromagnetic-
paramagnetic transition at TC for both samples.

A new method, namely the “fraction method” was in-
troduced to compute the entropy change due to the ap-
plication of magnetic field, in which it can be calculated
from the Clausius–Clapeyron (CC) slope and isofield
magnetization50. Thence, we computed the magnetic
field-inducealculatedge (∆SM ) with the fraction method
to check results from Maxwell relation. It has been re-
ported that total magnetization is proportional to the
phase volume fraction21,51–53. Therefore, austenite or
martensite phase fraction, f(T), can be described by using
M(T) data. The phase fraction was computed following

f(T ) =
M(T ) −MM (T )

MA(T ) −MM (T )
(1)

where MM (T) was the magnetization of full marten-
site and MA(T) is the magnetization of full austenite. It
is known that both temperature and the magnetic field
are thermodynamic analogs for driving the martensite
phase transition, therefore phase fraction f(T ) was quan-
titatively estimated with thermomagnetization data ob-
tained under different magnetic fields45,51. Additionally,
the total entropy changes (∆Str) across full transition
was estimated by the Clausius-Clapeyron equation: ∆
Str = -∆M(dH/dTA)50. In this relationship, ∆M is the
difference in magnitude between the two phases at the
transition temperature, dTA/dH is the rate of change of
the transition temperature during heating direction with
the magnetic field. Since the phase fraction shows the
phase transformation induced by the application of the
magnetic field, one can combine the isothermal entropy
change with the phase fraction induced by the applica-
tion of magnetic field namely magnetocaloric effect as50.

∆SM = ∆f.∆Str = (f(T,Hf )−f(T,Hi))∗∆M(dH/dTA)
(2)

Finally, we have computed magnetic field induced en-
tropy change for 5 T and shown in Figure 6 as scatter.
As one can see, ∆SM computed by Maxwell method and
fraction method results are in line with each other for
B1 sample. However, for B1.5 there exist little difference
between ∆SM computed by two methods. This differ-
ence might be due to fluctuations observed in M(T) data
which is much prominent for higher magnetic fields. Also,
it is reported that B addition might lead to enlargement
of chemical pressure upon increasing B addition during
synthesizing procedure43 and existence of intermediate
phase thereby fluctuations in magnetization data. This
might be the reason for the difference observed in ∆SM
computation with two methods.



7

IV. CONCLUSION

In conclusion, the magnetic and martensitic transfor-
mation behavior of Ni50Mn35−xBxIn15 (x=1.0 and 1.5)
samples were investigated. Boron has much smaller
atomic radius compared with that of Mn, thereby the
substitution of which for Mn shortened the distance be-
tween manganese atoms and change the magnetic proper-
ties of Ni50Mn35−xBxIn15 drastically. Magnetic field ap-
plication shifted martensite transformation temperatures

to lower temperatures. In addition, magnetic field appli-
cation induced the magnetic field-induced phase transfor-
mation from martensite to austenite. We have calculated
the magnetic field induced transition with two different
methods and we observed that the calculated values of
entropy change are in line with each other. Boron ad-
dition might be helpful to tune transition temperatures
and we observed hysteresis increases as boron content in-
creases. However, boron addition also leads to decrease
of transition entropy and magnetocaloric effect.
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Highlights 

• Boron substitution is an effective way to tune martensitic transitions 

temperatures. 

• Both alloys have moderate ∆M and thermal hysteresis across martensitic 

transformation.  

• Transition entropy, magnetocaloric effect decreased meanwhile thermal 

hysteresis increased with B substitution. 

• Moderate magnetocaloric effect is obtained and validated by two different 

methods. 
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