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ABSTRACT

The structural, magnetic, and magnetocaloric properties of the Bi-doped Heusler alloy NigBiMnssIn;s have been investigated using room
temperature X-ray diffraction (XRD) and magnetization measurements in a temperature interval of 5-400 K. The alloy at room temperature
was found to be in a mixture of a high temperature austenite phase (AP) and a low temperature martensite phase (MP). A drastic shift in the
martensitic transition temperature at the rate of 16 K/T from 197 K to lower temperatures was observed. A kinetic arrest phenomenon of the
AP was observed in the magnetization and electrical resistivity measurements during field-cooled (FC) measurements at 5T. A metamagnetic
behavior characterized by a jump in magnetization in the isothermal M(H) curves near T was observed. The maximum value of the magnetic
entropy change and refrigerant capacity at Curie temperature were found to be 5.5 Jkg 'K and 312 Jkg™' for poAH = 5T, respectively. A large
magnetoresistance value of -56% was found near the martensitic transition.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5130405

I. INTRODUCTION

The off-stoichiometric Ni-Mn-In Heusler alloys (with com-
position near NisoMnssIn;s) undergo a diffusionless martensitic
phase transition from a cubic to a tetragonal or orthorhombic crys-
tal structure near room temperature. The alloy is ferromagnetic at
low temperature (i.e., in the martensite phase (MP)) and under-
goes a magnetic transition to a low magnetic (antiferromagnetic
or paramagnetic) state at the Curie temperature of the marten-
sitic phase (T'cm). A first-order magnetostructural phase transition
(MST) from a low magnetic state of the MP to a ferromagnetic state
of the austenite phase (AP) at T, followed by a magnetic transi-
tion of second order (SOT) at Tc, has been observed in these com-
pounds." " As a result of the first-order MST, the NispMnss.Iny

systems show diverse and unique magnetoresponsive properties
such as magnetic shape memory effects, exchange bias, Hall effects,
large magnetoresistance, and large normal and inverse magne-
tocaloric effects.””

However, these intriguing functional properties related to the
MST are extremely sensitive to factors such as chemical composi-
tion, doping, conduction electron concentration (e/a), interatomic
Mn-Mn distance, fabrication process, thermal annealing, applied
magnetic field, and pressure.' These factors can affect the phase
transitions and the related phenomena in NiMn-based alloys.”

In our previous work we reported the effects of the partial sub-
stitution of Bi for In on the phase transitions and magnetocaloric
properties of NisoMnssInis«Bix (x = 0, 0.25, 0.5, 1, 1.5) Heusler
alloysf) In this work we doped Bi in the Ni sites in NigBiMn3sIn;s
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and studied its influence on the structural, magnetic, and magneto-
transport properties. The magnetic field dependence of martensitic
transition and the kinetic arrest phenomena of the austenite phase
during cooling in the presence of an external magnetic field of 5 T is
discussed.

Il. EXPERIMENT

The bulk NisBiMnssInis alloy was prepared by arc-melting
(0.6 wt% loss) followed by annealing at 850 °C for 48 h. The crys-
tal structure was studied by powder X-ray diffraction (XRD) using
CuK, radiation at room temperature. The magnetization and elec-
trical resistivity (four probe method) measurements were performed
using a SQUID magnetometer in the temperature range of 10-380 K
and in magnetic fields up to 5 T. The magnetization measurements
were carried out during the zero-field-cooled (ZFC), field-cooled
(FC), and field-cooled-heating (FCH) cycles. The details of the
sample synthesis and characterization techniques can be found in
Refs. 9 and 10.

Ill. RESULTS AND DISCUSSIONS

Figure 1 shows the room temperature XRD pattern, which
shows that the alloy crystallizes in a mixture of a high temperature
austenite phase (AP) and a low temperature martensite phase (MP).
Such a mixed phase is commonly observed in NiMn-based Heusler
alloys that undergo first-order structural transitions near room tem-
perature.”” The AP can be indexed in cubic structure. The lattice
parameter (a) of cubic structure, calculated using the Miller indices
(220) of the diffraction peaks, was found to be 5.926 A.

The FC (open symbols) and FCH (filled symbols) M(T) curves
measured at uoH = 0.01 to 5T is shown in Figure 2. A jump-
like change in the magnetization and the thermal hysteresis in the
FC and FCH curves (upto 4 T) indicate a first-order martensitic

ape = 5.926 A

(220),

| NiggBiMn35lng5

Intensity (a. u.)
*

30 40 50 60
20 (degrees)

FIG. 1. Powder XRD pattern of NigBiMnsslnis at room temperature. The low
temperature MP are denoted by an asterisk “+”.
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FIG. 2. Magnetization M(T) curves of NisgBiMn3sInis measured at poH = 0.01
to 5T.

transition (FOT) in this alloy. The direct and reverse martensitic
transition temperatures are denoted by T and T, respectively, in
the Figure. A FOT from a ferromagnetic MP to a ferromagnetic AP,
and a second-order transition (SOT) from a ferromagnetic AP to
a paramagnetic AP (at T¢c), were observed on heating at applied
magnetic fields up to 4T.

A magnetic field dependence of the martensitic transition was
observed in this system. A drastic shift in T from 197 K to lower
temperatures with applied magnetic field at the rate of ~ 16 K/T was
observed (see Fig. S1, ZFC M(T) curves). It is interesting to note
that the magnetization at low temperatures below T increased with
increasing magnetic field. At o H = 5T, no martensitic transition in
the FC curve was observed, which suggests a kinetic arrest of the
austenite phase. Similar phenomena have also been reported in other
NiMn-based Heusler alloys."' ™"’

In order to confirm the kinetic arrest of the AP in this system,
we performed cyclic measurement of the magnetization as follows:
(1) first the sample was cooled from 380 K to 10 K in zero field and
the ZFC magnetization isotherm was measured up to 5 T; (2) keep-
ing the field at 5 T, the FC M(T) curve was measured from 380 to
10 K; (3) FC M(poH) isotherms at 10 K were measured from 5 T
to 0 T; (4) finally, M(T) measurements were made during heating
(FCH) and cooling (FCC) cycles at 0.01T.

As shown in Figure 3, depending upon the cooling protocols,
ZFC and FC (at 5T), two ground states characterized by different
magnetization values of 40 and 110 Am*kg™ were found to stabilize
at 10 K. Based on the magnetization data, the phases were identi-
fied as ferromagnetic AP (110 Am’kg™, FC) and MP (40 Am’kg',
ZFC), respectively, which confirms the kinetic arrest of the AP in
this system by application of yoH = 5T during FC. Note that in
FCH M(T) curve at 0.01T, a transition at temperature (T;) = 25 K
appears, which may be related to the transition from the arrested AP
to MP.

From the ZFC, FC, and FCH magnetization data (Figure 2
and Figure S1), a magnetic field dependent phase diagram of
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FIG. 3. Isofield magnetization M(T) and isothermal M(p,H) curves measured under
cyclic heating and cooling protocols.

the transition temperatures in this system has been plotted (see
Figure 4(a)). As can be seen, the T¢ remained almost constant,
whereas the martensitic transition temperatures (Ta and Twm)
decreased linearly with increasing field. For uoH < 4 T, three types
of phase transitions from FM MP to FM AP followed by PM AP

scitation.org/journal/adv

exist. Above the critical field uoH = 4 T, two different states, FM
MP and FM AP (arrested), occurred depending on the measurement
protocols.

A metamagnetic behavior characterized by a jump in magne-
tization at a critical field (uoHc) in the isothermal M(p,H) curves
near the martensitic transition temperature was observed as shown
in Figure 4(b). The pwoHc of the metamagnetic transition decreased
to lower values with increasing temperature. Based on the magneti-
zation values, it can be identified as a field-induced transition from
a FM martensite to a FM austenite phase. At temperatures above the
T¢ the magnetization showed a linear behavior with the applied field
due to FM to PM transition of AP (see Figure S2).

Figure 4(c) shows the magnetic entropy changes -ASm (T)
curves for a magnetic field change of poAH = 5T. ASy (T) was calcu-
lated from the isothermal M (o H) curves (see Fig. 4(b) and S2) using
the Maxwell relation, ASy = / oH (%)m Hd(yoH ).18 Both direct and

inverse MCE characterized by negative and positive ASy values were
observed near T¢ and Ty, respectively. A maximum -ASy of about
- 4.5 (at Ty ~ 175 K) and 5.5 ]kg'1 K! (at Tc ~ 325 K) were found
for uoAH = 5T. Even though ASy is small, the width of the ASy (T)
curve extends over a wide temperature range, which improves the
refrigerant capacity (RC). The maximum RC values of 238 and 312 ]
kg'1 at the Ty and T¢ were found at 5 T. The obtained RC value of
312 J kg at the SOT is nearly double that of those reported for the
NisoMnssIn;«Bix system in our previous work (RC = 165 ] kg’1 for
x=0.5at5T) and is about 76% of the benchmark Gd (4107] kg'l).g’18
Because of the irreversible nature of the FOT, the overall value of
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the RC at Ty will be reduced in this system. On the other hand, the
magnetic reversibility (with almost zero hysteresis loss) at the SOT
resulted in a relatively larger RC value, which could be promising for
magnetic refrigeration applications. The magnetic field dependence
of the RC at Ty and T¢ is shown in the inset of Figure 4(c).

The p(T) curves measured under ZFC and FC protocols at 5 T,
followed by heating (FCH) and cooling (FCC) cycles at uoH=0T are
shown in Figure 4(d). The abovementioned p(T) curves are denoted
by the numbers (1), (2), (3), and (4), respectively in the figure. A
sharp jump in the resistivity near the martensitic transition temper-
ature was observed in the curves (1), (3), and (4), a behavior typical
for NiMn-based Heusler alloys."”'""” An irreversibility in the ZFC
and FC curves at 5T was observed which can be attributed to the
kinetic arrest of the austenite phase during field cooling. As can
be seen from the ZFH curve (3), removing the magnetic field does
not recover the resistivity value of the martensitic phase (curve (4))
instantly, but the recovery takes place gradually on heating from 10
to 120 K. The resistivity measurements are consistent with the M(T)
measurements (see Figure 3). Maximum magnetoresistance (MR) of
-56% was calculated from the ZFC (poH = 5T) and FCH (uoH =0 T)
curves at the martensitic transition. "

IV. CONCLUSIONS

The structural, magnetic, magnetocaloric, and transport prop-
erties of the Heusler alloy NisBiMnssIn;s have been investigated.
Results show: (a) the alloy crystallizes in a mixture of a high tem-
perature AP and a low temperature martensite phase MP at room
temperature; (b) an unusual shift in T from 197 K to lower temper-
atures with applied magnetic field at the rate of ~ 16 K/T; (c) a kinetic
arrest of the AP during the FC (uoH = 5 T) cycle was observed in
the magnetization and electrical resistivity measurements; (d) maxi-
mum values of ASy and RC at the SOT were found to be 5.5 ]kg'lK'1
and 312 Jkg! for uoAH = 5T, respectively. Finally, (e) a maximum
MR value of -56% was found at the martensitic transition in this
alloy.

SUPPLEMENTARY MATERIAL

See supplementary material for additional figures (labeled S1
and S2).
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