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The comparison of direct and indirect methods for determining the
magnetocaloric parameters in the Heusler alloy NisgMn3z,4 gln{4.2B
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(Received 26 February 2012; accepted 25 April 2012; published online 7 May 2012)

The magnetocaloric properties of the NisoMns,4 gIn 4 ,B Heusler alloy have been studied by direct
measurements of the adiabatic temperature change (AT Ap(T,H)) and indirectly by magnetization
(M(T,H)), differential scanning calorimetry, and specific heat (C(T,H)) measurements. The
presence of a first-order ferromagnetic-paramagnetic transition has been detected for
NisoMnsz4 gIng4,B at 320K. The magnetocaloric parameters, i.e., the magnetic entropy change
(ASy =(2.9-3.2) J/kgK) and the adiabatic temperature change (AT sp = (1.3-1.52) K), have been
evaluated for AH=1.8T from Cp(T,H) and M(T,H) data and from direct AT,p(T,H)
measurements. The extracted magnetocaloric parameters are comparable to those of Gd. © 2072

American Institute of Physics. [http://dx.doi.org/10.1063/1.4714539]

The off-stoichiometric Ni-Mn-In based Heusler alloys
that undergo a magnetostructural first order transformation
(MST) near room temperature constitute a class of magnetic
materials that is important for both fundamental research and
applications, due to their wide diversity of physical proper-
ties and corresponding underlying physics. These com-
pounds are characterized by inhomogeneous structural and
magnetic phases that result in significant magnetoresponsive
properties, such as “normal” and “inverse” magnetocaloric
effects (MCE),I’5 magnetoresistance,‘s’7 Hall effects,® and
exchange bias.” Such behaviors make these compounds
attractive for multifunctional applications in microelec-
tronics and magnetic refrigerators. In many cases, the mech-
anisms that are responsible for the properties related to the
MST are still far from being well understood. Moreover,
these properties and the characteristic temperatures, such as
the temperature of the transition from the high-temperature
austenitic phase to the low-temperature martensitic phase
(TA) and of the corresponding reverse transition (Ty), and
the Curie temperatures of austenitic (T¢) and martensitic
(Tcpm) states, are sensitive to elemental substitution and stoi-
chiometric variation in ways that are difficult to predict.
Therefore, it is highly desirable to search for and study new
materials that exhibit magnetostructural transitions.

Several magnetic phases have been observed in the aus-
tenitic and martensitic states of Ni-Mn-In Heusler alloys,
namely, ferromagnetic (T < T¢y) and low magnetization
(paramagnetic or antiferromagnetic) states (Tey < T < Ty
in the martensitic phase, and ferromagnetic (T < T¢) and
paramagnetic states (T > T¢) in the austenitic phase. It has
been shown that, as a rule, the MST occurs from a low mag-
netization martensitic state to a ferromagnetic austenitic
state, resulting in the large jump in magnetization that is a
main requirement for large MCE.'™* Since, for a MST, the
total change in entropy (ASt) is due to both the magnetic
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entropy change (ASyy) and the entropy difference between
two crystallographic modifications (ASc), the MCE proper-
ties at the MST are much more complicated than at Tc.

In the present work, the MCE parameters at the MST
between the ferromagnetic martesite to paramagnetic austen-
ite phase of NisgMns4 gIn 4 ,B have been investigated by dif-
ferent methods based on measurements of thermomagnetic
curves M(T,H), specific heat C(T,H), and direct adiabatic
temperature changes AT sp. Substituting B for In in NisoM-
n34gln;4 B induced a large shift of both Ty and (Ta, Ta)
above Tc, providing the transition from the paramagnetic
austenitic phase to the ferromagnetic martensitic phase and
the jump in magnetization at Ty, that favors large MCE.

The samples were fabricated by conventional arc-
melting in a high-purity argon atmosphere using 4 N purity
elements and were annealed in high vacuum (z1074 Torr)
for 24 h at 850 °C. The phase purity of the samples has been
confirmed by x-ray powder diffraction at room temperature
using CuKu radiation. Thermomagnetic curves M(H,T) have
been studied using a vibrating sample magnetometer (Lake
Shore VSM 7400 System) and a superconducting quantum
interference device (SQUID) magnetometer (by Quantum
Design, USA) in a temperature interval of 80-400K, and in
fields up to 1.8 T. Direct measurements of AT,p under an
applied magnetic field (FC) have been done using an adia-
batic magnetocalorimeter (MagEq MMS 801) in a tempera-
ture range of 250-350K and in magnetic fields up to 1.8 T.
The external magnetic fields have been ramped at a rate of
up to 2.0T/s during AT,p measurements. Heat capacity
measurements were done using a physical properties mea-
surement system (PPMS by Quantum Design, INC.) using a
vertical puck arrangement, in a temperature range of 275-
380K and in fields up to 5.0 T. The differential scanning cal-
orimetry (DSC) measurements were carried out employing a
DSC 8000 (with the ramp rate of 20 K/min during heating
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FIG. 1. (a) XRD pattern of NisoMnz4gln;4,B obtained at 300K using
CuKu radiation. Indexes “A” and “M” indentify the XRD peaks from the
cubic austenitic and tetragonal martensitic phases, respectively; (b) the tem-
perature dependencies of the magnetization obtained at 0.01 T after the sam-
ple was cooled from 380 to 5K at zero field (ZFC), and after cooling in the
presence of a FC. Arrows indicate the transition temperatures. Inset: temper-
ature dependencies of the heat flow of NisoMnj3s5In;4B. Arrows indicate the
direction of temperature changes.

and cooling) in the temperature range of 103-573 K. The
latent heat (L) has been estimated from the measured endo-
thermic peak of the heat flow curve of the DSC measurement

using: L = JTT{ %dT, where % is the change in heat flow
with respect to temperature, and T and T are the start and
final temperatures, respectively, of the MST on heating.

The room temperature XRD pattern clearly indicates
that NispMn34 gIn; 4B is composed of austenitic and marten-
sitic phases at room temperature (see Fig. 1(a)). The rela-
tively sharp change in magnetization at Tp~320K is
associated with a first order phase transition from the para-
magnetic austenitic phase to a ferromagnetic martensitic
phase (shown in Fig. 1(b)). In fact, in these alloys, there is
no ferromagnetic austenite and low magnetization martens-
ite, which is a unique feature of the Ni-Mn-In-Z alloys. The
difference between the ZFC and FC M(T) curves in the low-
temperature region (T < T;) are typical of many Ni-Mn-In
based compounds and is related to the magnetic heterogene-
ity that results in exchange bias effects.” A slight increase
in magnetization was observed in the temperature interval T,
< T < Tc¢. The first order nature of the phase transition at T
was also confirmed by the relatively large endothermic/exo-
thermic peaks and temperature hysteresis of the heat flow
during heating/cooling cycles (shown in the inset Fig. 1).
The ferromagnetic character of the magnetic order below Tc¢
~ Ta was also verified by thermomagnetic curves M(H,T),
as shown in Figs. 2 and 3. The substitution of B for In elimi-
nates the low magnetization state of the parent compound
and results in the stabilization of the ferromagnetic marten-
sitic phase in terms of the temperature and also results in fer-
romagnetic martensite to paramagnetic austenite phase
transition at Ty,.

The role of boron in the martensitic transformation of
Heusler alloys had been studied by partially introducing boron

Appl. Phys. Lett. 100, 192402 (2012)
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FIG. 2. Magnetization curves, M(H), of NisoMn34 gIn;4,B at T=5K. Inset:
Temperature dependencies of magnetization for applied fields H=0.01 and
1.8 T. Arrows indicate Tc, determined as the inflection point of M(T) at dif-
ferent applied fields, and the change in magnetization AM at the MST.

in the lattice sites in Ni,Mn(GaB)'® and NisoMns 5(Sb,B);3 5,
and for B in the interstitial sites of the crystal cell in the case of
NigsMnueSny ;.2 An increase in Ty has been reported for these
three systems and influence of the change in interatomic dis-
tance (crystal cell parameters) on Ty, has been discussed. It has
been shown that the substitution of B for Ga and Sb results in a
contraction of the lattice cell,lo’11 while interstitial boron atoms
in NiysMnyeSn;; expand the lattice cell.'? Therefore, change in
interatomic distance induced by B is not a major factor respon-
sible for the increase of the temperature of the martensitic trans-
formation in these alloys.

Recently, an important role of the Ni-Mn electron
hybridization for the martensitic transformation in Mn-rich
Ni-Mn-X alloys was revealed through hard-x-ray photoelec-
tron spectroscopy measurements and ab initio calculations.'*
It is well known that the electron hybridization is mainly
determined by the local atomic order. The local atomic sur-
roundings of the atoms in the parent Heusler alloys are

M [emul/g]

HT]

FIG. 3. Isothermal magnetization curves of NisoMns4gln;4,B for different
temperatures in the vicinity of the magnetostructural transition.
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modified by boron in both interstitial positions and in
“regular” (Sb or In) sites. Moreover, in the latter case, the
large differences in metallic radii (R) of B (R =0.098 nm)
and In or Sb (R=0.1663 or 0.159 nm)13 also favor changes
in electronic structure and can result in a change of the mar-
tensitic transition temperatures. Thus, the observed increase
in Ty is most likely due to the change in 3d hybridization in
NisoMn3y4 gIn 4 ,B relative to that of the parent alloy. How-
ever, the detailed mechanisms of the influence of the B
atoms on the martensitic temperatures is not clear and wor-
thy for future investigation.

The results of the studies of the specific heat capacity
C(T,H) and direct measurements of the adiabatic temperature
change (AT sp) of NisoMnsygln;4,B are shown in Fig. 4. The
heat capacity at zero applied magnetic field shows a A-type
anomaly in the vicinity of Tc, typical for temperature-
induced, first order transitions. Application of a magnetic field
suppresses the maximum of C(T,H) and shifts it to higher
temperature. Such behavior of C(T,H) is expected in the
vicinity of Tc and confirms the results of the magnetization
studies. The AT sp(T) curve shows a maximum value of about
1.4K in the vicinity of the MST temperature at a magnetic
field of 1.8 T and about 1K for AH=1T (not shown).
The change in the adiabatic temperature at the MST is
comparable to that observed for NisoMnssIn;4X (X=1In, Al,
and Ge)."®

Let us now compare the values of AT,p and AS
obtained by the different methods. Using DSC measure-
ments, we found that the latent heat at the transition is about
L~1.6J/g, corresponding to a total entropy change of
ASt=51J/kg K. This value is quite reasonable and is of the
same order of magnitude as ASt=71J/kg K as observed for
the transformation between the monoclinic and orthorhombic
states in GdS(SizGez).16 ASy (H) can be estimated from
M(T,H) curves (see Figures 2 and 3) using a common numer-
ical recipe from a Maxwell relation from the Clausius-
Clapeyron equation and from the C(T, H) curves using

S(T,H)y = OT %dT and the isothermal entropy change
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FIG. 4. The temperature dependencies of the specific heat capacity of
NisoMn34 gIny4,B for zero and 1.8 T applied magnetic fields in the vicinity
of Tc. Inset: adiabatic temperature changes obtained from direct AT(T,H)
and indirect Cp(T,H) measurements (left axis), and magnetic entropy
changes from Cp(T,H) and M(T,H) measurements (right axis), in the vicinity
of the magnetostructural phase transition for AH=1.8 T

Appl. Phys. Lett. 100, 192402 (2012)

AS(T,AH)T:S(T,H)fS(T,O).16 The adiabatic temperature
change (ATsp) has been determined from direct measure-
ments and from AT(T,H)q =T(S,H)—T(S,0).'® The results
are in surprisingly good agreement (see the inset of Figure
4). For example, the value of AS,; estimated from the
Clausius-Clayperon equation following the procedure in Ref.
17 given as ASy; = —AM(T,), s7AH/AT o(AH) was found to
be (2.6-2.8)J/kgK for AH=1.8 T (see the inset of Fig. 2 for
details), which is in excellent agreement with the ASy; calcu-
lated using the Maxwell relation for the C(T,H) curves (see
inset of Fig. 4).

It is worth mention that, in our case, ASt is larger than
ASy (H=1.8T). These features indicate the following pos-
sible routes for MCE enhancement: (1) to use monocrystal-
line samples or polycrystalline samples with very sharp or
nearly ideal MST’s and (2) to find compounds with low-
field-induced phase transformations. Obviously, there is still
an opportunity for MCE enhancement in the NisoMn;3sIn;s
based Heusler alloys because the theoretical limit
ASy=RIn(2J + 1), where R is the universal gas constant
and J is the average total angular moment per unit cell, is
about 90J/kgK, i.e., a value that is one order of magnitude
larger than that observed in experiment.

The obtained values of AT,p=1.0K and ASy;=1.5-
2.0J/kgK for AH=1T are comparable to those reported for
Gd, which is one of the most promising materials for room
temperature refrigeration (Tc=293K, ATsp=2.5K per
AH=1T, AS~2.5J/kgK for AH=1T, and C~300J/kgK
(Ref. 18)). It is worth to mention that the temperature inter-
val (300-350K) where quite large MCE was observed in
these compounds is extremely important for possible refrig-
eration applications.

In summary, NisoMn34 gIn4,B exhibits a magnetostruc-
tural first order phase transition, from a ferromagnetic mar-
tensitic phase to a paramagnetic austenitic phase in the
vicinity of 320K, and is accompanied by a large MCE. The
direct and indirect methods used to determine the MCE pa-
rameters are consistent with each other and are accurate. The
MCE is large in the temperature range 300-350 K; the values
of ATop=1.0K and ASy;=1.5-2.0J/kgK for AH=1T of
NisoMn34 gln 4 ,B are comparable to that of Gd, which
makes these types of compounds excellent prospects for
future magnetic refrigeration devices.
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