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The nature of martensitic phase transitions and its modification as a function of composition and application of
magnetic field have been studied in detail for NigoCo10Mn4oSnig.xGa, (x=0, 0.3, 0.4 and 0.5). The phase tran-
sition temperature (Ty;) increases with increasing x. The kinetic arrest (KA) of the austenitic phase has been
observed for x=0 and 0.3, which disappeared for x>0.3. The KA results in a decrease in the change of
magnetization (AM) across Ty. However, the isothermal entropy change AS varies almost linearly with [dTy/d
(uoHD] ! (field-induced shift in Ty) irrespective of the composition variation and thermal cycling. This behavior
indicates that the variation of dTy/d(uoH) is the dominant factor determining the magnitude of the AS rather
than AM. Consequently, the effect of KA on AM has a negligible influence on AS in the studied Heusler alloys.
The reduced field-sensitivity in Ty associated with the temperature-induced decrease of magnetization in the
ferromagnetic austenitic phase leads to a decrease of the thermal hysteresis and an increase of AS. As a result, a
large reversible (|ASyey|=21 J/kg K for ApuoH=5 T) has been observed for x=0.5, which exceeds previously re-

ported values for Sn-based Heusler alloys.

1. Introduction

The study of the magnetocaloric (MCE) properties in Ni-Mn-based
full Heusler alloys is an attractive field of research due to its large in-
verse MCE originating from a first-order magnetostructural trans-
formation (FOMT) between a weak magnetic martensitic (MP) to a
ferromagnetic austenitic phase (AP) [1,2]. For conventional MCE
observed around a ferromagnetic-paramagnetic FOMT, the total
isothermal entropy change AS (MCE parameter) is often expressed as
AS=AS)at+ASmag for magnetocaloric materials where the contribution
of the electronic entropy change (ASe)) on AS (AS)ac and ASpy,g represent
lattice and magnetic entropy changes, respectively) is considered
negligible [3]. A synergistic response of ASj,; and ASp,g; has been
observed for conventional MCE. However, ASj;; and ASp,g counteract
each other on AS for inverse magnetocaloric materials [4-6]. Based on
existing literature for Heusler alloys exhibiting an inverse magneto-
caloric effect, it is quite obvious that the lattice has a dominant contri-
bution (ASja) to the total AS while the AS. contribution is relatively
small [4-7]. For simplicity, we considered two major contributions to
AS, i.e., ASjyr and ASp,, similar to earlier studies, for describing the
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overall behavior of the inverse magnetocaloric effect (by assuming that
the contribution of cross coupling terms between lattice, magnetic and
electronic degrees of freedom are smaller than the individual contri-
butions [8]). The competing contributions of ASjy; and ASy,g to the
inverse MCE will reduce the absolute value of AS (£AS = |£ASja¢| — |FA
Smag|) compared to what could be obtained if the two contributions
behaved synergistically. Concurrently, a large change of magnetization
across the martensitic phase transition is desirable for a large AS ac-
cording to Clausius Clapeyron equation (AS = — 4¥Au H). The
above-mentioned contradictory role of the magnetic contribution is a
characteristic feature of the Heusler alloys exhibiting an inverse MCE,
and has been examined earlier for Ni-Mn-In and Ni-Mn-In-Co Heusler
alloys [4-6].

Kinetic arrest (KA) of the ferromagnetic AP as often observed at the
martensitic transformation (AP to MP) of Heusler alloys [9-14] is an
additional effect that can also change the magnetic contribution. In fact,
KA can reduce the effective AM across the martensitic phase transition
due to the untransformed AP fraction during cooling in the presence of a
magnetic field. The reduction in AM therefore is expected to result in a
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decrease of AS. Earlier studies indicate that the kinetically arrested AP is
relatively stable and exhibits a nonergodic, magnetic-glass-like
dynamical behavior [15]. As a result, without removing the applied
magnetic field and heating it up above the phase transition temperature,
it is hardly possible to de-arrest the trapped AP and recover the complete
phase transformation.

Although, the KA phenomenon is often observed in ferromagnetic
Heusler alloys, the origin of the effect is not properly highlighted in the
literature. Recently, Hao et. al. [16] reported that the existence of a
strain-glass (SG) state between the ferromagnetic AP and the weak
magnetic MP can result in a KA of the AP. The SG state consists of a
frozen disorder in the lattice strain [17-19]. Therefore, the SG transition
from ferromagnetic AP is not accompanied with the changes in the
average crystal structure [19]. In contrast to the usual martensitic
transition between AP and MP (related to a modification of the average
crystal structure) exhibiting a pronounced peak in the DSC heat flow
curve associated with the latent heat, no thermal peak is expected to be
visible in the DSC measurements for a SG to AP transition. It has been
extensively studied that the SG transition from AP results in the disap-
pearance of the DSC thermal peak for ferroelastic Ni-Ti nitinol alloys
[20]. A similar feature has also been detected in ferromagnetic shape
memory Heusler alloys, such as Nig3Co1oMngoGags [21] and NigyC-
011Mns2.,Sn, [16]. Although, energetically it is plausible to stabilize a
strain glass state and a strain glass transition that can result in the KA of
the ferromagnetic AP [16,19]. However, the correlation between the
strain glass transition and KA is relatively unexplored for ferromagnetic
Heusler alloys and deserves more attention concerning its connection
with the functional properties. In the present study, a SG-like state that
resulted in KA has been detected for NiggCo10Mn4oSnio.xGay (x=0 and
0.3). The effect of KA on the inverse MCE (positive AS with application
of a magnetic field or during the cooling cycle) and associated revers-
ibility have been examined and discussed.

2. Experimental

A conventional arc-melting procedure under ultra-high purity Ar
atmosphere was used to prepare NiggCo10Mn4oSn;o.Ga, (x=0, 0.3, 0.4
and 0.5) samples from the constituent elements of purity better than
99.9 %. The samples were placed inside evacuated quartz tubes under
partially back-filled Ar (p~200 mbar) atmosphere and annealed for
20 hours at 950 °C followed by quenching in cold water. X-ray diffrac-
tion (XRD) measurements of the samples at room-temperature were
performed in a Philips X’Pert Pro MPD diffractometer using Cu K, ra-
diation. The XRD patterns are included in the Supplementary Informa-
tion. A Quantum Design MPMS 3 magnetometer was used to measure DC
magnetization, AC susceptibility and magnetotransport. Following the
protocol described by Caron et. al. [22], the isofield M(T) data measured
up to 5T have been used for calculating AS employing the Maxwell
relation. A standard four-probe method was employed to carry out the
transport measurements. Differential scanning calorimetry (DSC) mea-
surements in the absence of magnetic field were performed using a
DSC25 (TA Instruments) with a temperature ramp rate of 10 K/min
during heating as well as cooling.

3. Results and discussion

The plot of magnetization as a function of temperature for yoH=5 T
is shown in Fig. 1(a) for NiggCo10Mn4oSnio.xGa, (x=0, 0.3, 0.4 and 0.5),
which has been measured following the zero-field-cooled (ZFC), field-
cooled (FC) cooling and FC heating protocol. A typical martensitic
phase transformation from a weak magnetic MP to a ferromagnetic AP
has been observed during heating for all the studied compositions and
vice-versa during cooling. The thermal hysteresis (ATphys) between
heating and cooling M(T) indicates the first-order nature of the
martensitic phase transformation. ATpys progressively increases with
decreasing the martensitic phase transition temperature (Tyy). This type
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Fig. 1. (a) Magnetization (M) as a function of temperature during ZFC, FC
(heating) and FC (cooling) for NiygCo1oMn4oSn;o.Gay (x = 0, 0.3, 0.4 and 0.5)
in the presence of a 5 T magnetic. (b) DSC heat flow curves during heating and
cooling for x=0-0.5. The first-order martensitic and second-order ferromag-
netic transitions are denoted as Ty and T, respectively.

of behavior is associated with the increase of the magnetization in the
AP with decreasing T as reported earlier for other Heusler alloys [5,6].
A similar increase of AThyst has been observed with the application of a
magnetic field for all the studied compositions due to the field-induced
decrease of Ty. Below Ty, an irreversibility of the magnetization in the
MP has been detected in the M(T) depending on the measurement pro-
tocol for the compositions with x=0 and 0.3. The FC (both during
heating and cooling) magnetization is higher than the ZFC magnetiza-
tion. This type of increase in M is associated with the KA of a fraction of
the ferromagnetic AP during cool-down of the sample through the
martensitic phase transformation in the presence of a high magnetic
field. This is often observed in Heusler alloys [9-14] and also reported
for systems exhibiting a first-order magnetic phase transition such as Ce
(Fe, Ru), [15], (Hf, Ta)Fe; [23] and FeRh [24]. The KA phenomenon
disappears for x=0.4 and 0.5 as Ty is shifted to higher temperatures.
This feature has been previously reported for Sn-based Heusler alloys
[16]. Both the first-order martensitic phase transition and the associated
AThyse between heating and cooling curves have been detected in the
DSC heat flow curves as shown in Fig. 1(b). Although Ty shifts towards
higher temperature with increasing x, the second-order magnetic tran-
sition (T¢) from a ferromagnetic to a paramagnetic state within the
high-temperature AP is relatively insensitive to Ga concentration. The
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increase of T with increasing Ga-concentration is likely associated with
the substitution of smaller Ga atoms for Sn (Rgy ~ 0.135 nm and Rg, ~
0.162 nm) [25] that acts as a positive chemical pressure and mimics the
effect of hydrostatic pressure [26].

To understand the possible origin of the KA, the nature of the phase
transition during cooling has been examined through DC magnetization,
AC susceptibility, DSC and resistivity measurements for x=0.3 (the
composition is situated at the border above which the KA phenomenon
disappears for x>0.3). The low-field (4pH=0.05 T) DC magnetization
curve as a function of temperature shown in Fig. 2(a) exhibits a two-step
transition below the ferromagnetic AP: one at Ty followed by a
martensitic transition near T;. At low temperature in the MP, a bifur-
cation between ZFC and FC magnetization curves and a peak at the ZFC
branch have been observed for lower applied field (the plot is included
in the supplementary material as Fig. S2). This type of bifurcation is
often observed for these Sn-based Heusler alloys, resulting from the
existence of magnetically inhomogeneous spin-glass-like state [27]. The
temperature dependent real-part of the AC susceptibility (y) is fre-
quency independent between T, and T; (plotted in Fig. 2(b)), which
excludes the possibility of the existence of a spin-glass state. However,
the observed peak in y'(T) at the MP is frequency dependent as shown in
the inset of Fig. 2(b). The shift of the peak position to higher tempera-
tures with increasing frequency indicates an existence of spin-glass-like
state with a freezing temperature (corresponding to the peak) that is
frequency dependent [27]. A sharp exothermic peak has been detected
around T; as shown in Fig. 2(c), indicating a martensitic phase trans-
formation. However, no sign for Ty is observed on the DSC heat flow.
Therefore, the transition at T, is not connected with the modification in
the average crystal structure (the structural changes usually observed for
a single ferromagnetic AP to MP transition). It is most likely associated
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with a SG transition from the high-temperature ferromagnetic AP as
previously reported for Ga- and Sn-based Heusler alloys [16,21]. A large
increase in zero-field resistivity (p) has been observed around T; during
cooling associated with the transformation of the low-resistive ferro-
magnetic AP to the high-resistive martensitic state. However, there is no
sudden change in p around T». This feature also signifies a SG transition
from the high-temperature AP at T». Instead of an increase of p below T,
as would be expected for the stabilization of the SG state for a higher
disorder concentration [17], a monotonic decrease in p has been
observed until the MP transition starts to occur around T;. For the
studied composition (x=0.3), the disorder concentration of SG is likely
dilute enough, so that it barely influences the resistivity (the scattering
of conduction electrons is still dominated by the ferromagnetically
aligned magnetic moments of the ferromagnetic AP fraction which
creates a low-resistive path in the phase matrix) [16] at T,. This could be
the reason, a further transformation to long-range MP from SG state has
been observed around T;. Our results indicate that a SG state could exist
between the ferromagnetic AP and the long-range MP. In this scenario,
the modification of the energy landscape for the stabilization of different
phases evolves in such a way that a SG state can be energetically
favorable and result in the KA of the AP as indicated earlier [16,19,28].

The KA phenomenon is observed both in the M(T) [shown in Fig. 2
(e)], and in the p(T) data measured at a higher field (uoH=5 T). The KA
of the AP results in an increase of the FC magnetization and concomi-
tantly a reduction of the resistance observed in the FC protocol due to
the lower scattering probability of the conduction electrons in the un-
transformed ferromagnetic AP fraction in the low temperature
martensitic matrix. The KA feature is also visible in isothermal M(uoH)
curves at 2 K measured cooling the sample down in the presence (i.e.,
FC) and in the absence (i.e., ZFC) of a magnetic field [shown in Fig. 2(f)].

Ap (KA) wH=5T
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Fig. 2. Temperature dependent cooling curve of (a) DC magnetization, (b) Real-part of AC susceptibility (), (c) DSC heat flow and (d) normalized resistivity for the
composition with x = 0.3. The corresponding temperature derivative of the (a) magnetization and (d) electrical resistivity. Inset: Frequency dependence of y'(T) at
lower temperature is highlighted. The (e) ZFC, FC (heating) and FC (cooling) magnetization (left axis) and the corresponding resistivity (right axis) as a function of
temperature for yoH = 5 T. The irreversibility between ZFC and FC curves at lower temperature is associated with the kinetic arrest. (f) Magnetization isotherms at
5 K measured following ZFC and FC (the sample was cooled down from above Ty in the presence of a 5 T magnetic field) protocols.
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The arrested untransformed ferromagnetic AP fraction leads to a larger
saturation magnetization for the FC measurement.

Further, the influence of the KA on the isothermal entropy change
(AS) has been examined. To estimate the value of AS, isofield M(T) data
measured at different constant magnetic fields have been used. The
temperature and field sweep rates (2 K/min and 100 Oe/s, respectively)
for M(T) measurements were exactly the same for all the studied com-
positions. The plot of |AS| during heating and cooling for AuoH=5 T is
shown in Fig. 3. The reversible entropy change (|ASey|) is represented
by the shaded area. The maximum value of |AS| increases with
increasing Ga-concentration. The maximum value of |AS| reaches a
value of 24.5 J/kg K (AuoH=5 T) during heating for x=0.5, resulting
from a first-order MP transformation from weak magnetic martensitic to
ferromagnetic AP. The observed reversibility in |ASey| (21 J/kg K for
ApoH=5 T) for x=0.5 exceeds the values reported for Sn-based Heusler
alloys [(e.g., |ASrev|=19.3 and 18.7 J/kg K for ApugH=5 T reported for
Ni43Co6Mn40Sn11 [29] and Nig;Ti;CogMn3gSnyo [30], respectively)]
and are also comparable with the values reported for the best-known
Heusler alloys [(e.g., |ASrey|=18.9 and 16.4 J/kg K for AugH=5T re-
ported for Ni50_7M1‘l33_4II115_6V0_3 [31] and Ni46C03Mn35CuzIn14 [32],
respectively)]. The maximum value of AS decreases for decreasing Ty,
which results in a broader |AS|(T) curve and the decrease of the
maximum value of |AS;ey| for lower Ga-concentration.

It has been observed that |AS™®| follows a linear dependence with
[dTw/d(uoHD] ! as shown in Fig. 4. This behavior apparently indicates
that the change of magnetization, AM, associated with the MP trans-
formation remains invariant according to Clausius Clapeyron equation.
From the linear fitting of | AS™| versus [dTy/d(uoH)] ! data, the value
of AM is estimated as AMayerage=76.9141.82 AmZ/kg. However, the KA
reduces AM by about 15 (20 % lower than AMayerage) and 5 (7 % lower
than AMayerage) Amz/kg for x=0 and 0.3, respectively, which can be seen
from the plot of M(T) at a 5 T magnetic field. For an unchanged [dTy/d
(uoH)]’l, als Amz/kg decrease of AM over 76.91 Amz/kg (AMaverage)
for x=0 can reduce the |AS™| by about 20 %. However, [dTy/d
(uoHD] ! varies about 70 % [from (3.01 K/T)! to (10.22 K/T)"1],
resulting in a linear relationship between |AS™| and [dTM/d(,uoH)]’l.
Therefore, the effective reduction in |[AS™| is about 6.6 % [change in
|AS™®|(due to KA)=(20 % change in AM)/(70 % change in [dTy/d

(uoH)1 1)=6.6 % change in |AS™>|] or 0.5 J/kg K for x=0 during
cooling. As the field-sensitivity of Ty dominates over the change in

28 T T g T T T T T
ApH=5T
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21 - ——— cooling ]
A5, s
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220 260 300 340 k 3\80
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Fig. 3. Entropy change (AS) as a function of temperature for NigoC-
010Mn40Sn;o.xGa, during heating and cooling for a magnetic field change of yoH
= 5 T. The shaded region indicates the reversible entropy change (|ASey|).
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Fig. 4. The variation of maximum entropy change (|AS™®|) as a function of
[dTw/d(uoH)]1 ! for uoH=5T. ‘h’ and ‘¢’ are the abbreviations of heating and
cooling, respectively. The number next to the experimental points corresponds
to the Ga concentration. Inset: Dependence of maximum reversible entropy
change (|AS™|) with [dTy/d(ueH)]1 ™! for uoH=5 T.

rev

magnetization in the presently studied system, the observed value of |A
S™| does not reflect the effect of KA. The composition-dependent
variation of the maximum reversible entropy change, |ASme| as a
function of [dTw/d(uoH)]1 " is shown in the inset of Fig. 4. Interestingly,
|ASTEX| versus [dTM/d(;toH)]’1 also varies linearly with a slope similar

rev
to that observed in the variation of |AS™|.

4. Conclusions

The appearance of a SG-like state between the high-temperature AP
and low-temperature MP can result in the KA of the AP as observed for
x=0 and 0.3. The kinetic arrest phenomena disappear for x>0.3, where
the intermediate SG state is not observed. A linear dependence of AS
with inverse dTy/d(uoH) has been observed irrespective of composition
variations and thermal cycling, indicating that AM remains almost
constant. However, the experimental results reveal that the variation of
[dTM/d(/tOH)T1 is much larger than the change in AM and therefore
[dTwm/ d(;toH)]’l has a dominant effect on AS. As a result, the KA (which
reduces the value of AM) has negligible impact on AS in the presently
studied system. It has been found that the decrease of magnetization in
the ferromagnetic austenitic phase by maintaining a large change in AM
across the MST can improve the value of AS associated with the inverse
MCE, (due to the decrease of the magnetic entropy change, ASpag, which
counters the lattice entropy change, ASjy, in smaller proportion). In
addition, the observed enhancement of the reversibility in |ASyey| is
associated with the reduction of thermal hysteresis across the martens-
itic phase transition as well as a smaller difference of dTy/d(yoH) during
heating and cooling, respectively. In turn, if it is possible to maintain a
large AM with a lower M in the AP (by reducing the separation of Ty; and
T¢) by fine-tuning the composition, large AS and |ASey| could be ex-
pected for inverse magnetocaloric materials.
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