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Recently emerged all-d-metal Ni(Co)-Mn-Ti Heusler systems often exhibit multifunctional properties which
are accompanied by magnetic-field-induced inverse martensitic transformation (IMT). Hence, the study of the
transitional dynamics of IMT on the corresponding intriguing physical properties is of great importance. In
this paper, we report the critical significance of field-induced austenite phase fraction (� fIA) in achieving giant
reversible magnetoresponsive properties of the optimizing Cu doped in Ni35Co15Mn34.5−xCuxTi15.5 (x = 1, 2,
and 3) all-d-metal Heusler systems. We show that the Cu substitution in the Mn site pulls the magnetic transition
towards structural transitions and therefore the distance between them decreases. The evolution of � fIA has
been investigated using the Clausius Clapeyron equation and the Landauer equation under field cycling by
variation of magnetization and resistivity as a function of temperature and field for x = 2 sample. A giant
reversible magnetic entropy change (�SM ) of ∼ 22.8 J kg−1 K−1 at 257 K as well as a giant effective refrigerant
capacity (RCeff) of ∼ 610 J kg−1 in a field change of 7 T (∼ 9 J kg−1 K−1 at 269 K and RCeff ∼ 144 J kg−1 under
2 T) is obtained, correlating with the good geometrical compatibility between two phases (λ2 closer to 1) and the
high sensitivity of phase transition temperature to the magnetic field (∼ 4.3 K/T). Moreover, a remarkably giant
reversible magnetoresistance (MR) of ∼ 40% over 42% of the total MR in a field change of 7 T is observed,
when � fIA is fully induced. The observed magnitude of reversible magnetocaloric effect and MR is the highest
reported value so far in the all-d-metal Heusler family. Our findings corroborate the generality of using the
� fIA to enhance reversible magnetoresponsive properties in conventional all-d-metal Heusler system. These
giant magnetoresponsive characteristics over a wide temperature window may therefore lead to the all-d-metal
Heusler system as a suitable state-of-the-art caloric material for solid-state-based technological applications.
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I. INTRODUCTION

The coupling between lattice and magnetic degrees of free-
dom that undergoes a magnetostructural transition (MST) in
solid magnetic materials is of great importance from both
the fundamental as well as the technological landscape. The
systems having such striking behavior govern enormous ex-
otic physical properties such as magnetocaloric effect (MCE)
[1–3], giant magnetoresistance (MR) [4–6], giant magne-
tostrain [7–9], and shape memory effect [10]. These intriguing
physical properties often involve simultaneous and combined
discontinuities in the electronics, magnetic, and crystallo-
graphic instabilities [11]. In a word, they are particularly pro-
found across the first-order field-induced inverse martensitic
transition (IMT), which eventually leads to modulating dy-
namics of these physical properties of those systems through
various types of external stimuli such as stress, magnetic
field, temperature, and pressure. These systems, in particu-
lar, conduct a phenomenal area for material physics since
their physical properties are highly responsive to relatively
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low external stimuli. Concisely, understanding the effect of
magnetic fields on this coupling is crucial for magnetic sys-
tems. In addition to the basic MCE properties, the practical
application requires other parameters, such as reversibil-
ity, cyclical stability, nontoxicity, and inexpensiveness, for
their extensive utilization. MCE materials such as Gd-based
[12,13], La(Fe, Si)13-based [14], MMnX-based (M= Co, Ni,
X= Ge, Si) hexagonal systems [15–17] and Ni-Mn-based
metamagnetic Heusler alloys [3,18] have shown large MCE
performances around room temperature. However, the broad
hysteresis often associated with the transition, irreversibility,
and fragility are key drawbacks for their applications.

Recently, instead of p − d hybridization, d − d
hybridization-based Ni2Mn1−xTi1+x all-d-metal Heusler
alloys are very emerging systems in which the MST arises
from a high temperature, high symmetry cubic B2-type
austenite (spatial group Pm3̄m) to a low temperature,
low-symmetry monoclinic (spatial group P2/m) or tetragonal
(spatial group I4/mmm) martensite phase without substantial
magnetization change (�M) [19]. Ni2MnTi crystallizes in a
cubic B2 austenite structure, consisting of four interconnected
face-centered cubic sublattices, with TN ∼ 120 K [19]. The
antiferromagnetic (AFM) ground state may be originated
due to indirect Ruderman-Kittel-Kayusa-Yosidda (RKKY)
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between neighboring Mn atoms mediated through conduction
electrons [20]. Moreover, RKKY interaction may be promoted
by the hybridization of d-Mn and d-Ti electronic states [21].
This d − d hybridization results in the enhancement of
ductility, especially in the vicinity of MST where the intrinsic
brittleness of Ni-Mn-based Heusler alloys could lead to a
crack inside the material during phase transformation under
a high external field [22–24]. However, by inducing an
obvious �M through element substitutions and following the
above-mentioned benefit, the most remarkable physical
properties across the IMT such as large inverse and
conventional MCE [25–27], giant exchange bias [28],
colossal elastocaloric effect [29], giant barrocaloric effect
[30], large magnetostrain [31], and large MR [32–34] are
observed. These exciting features not only emphasize the
potential interest in all-d-metal Heusler alloys for future
solid-state refrigeration but also provide an ideal path for a
deeper understanding of the compelling physics subjected to
these properties in this system.

A magnetic field can induce an IMT during heating where
martensitic fractions transform into austenite phases. Al-
though this IMT is highly irreversible in all-d-metal Heusler
alloys, i.e., one cannot completely recover the transformed
phase fraction by removing the field [33,34]. Recently, us-
ing the geometrical compatibility condition, we reported that
Ni(Co)-Mn-Ti all-d-metal Heusler alloy forms an exactly
compatible and stress-free phase boundary which drastically
lowers its hysteresis (�Thys) and sharpens the transfor-
mation width (�Tint) [32]. Cosubstitution in the Ni site
enhances the saturation magnetization in the austenite phase,
which leads to a large sensitivity. Thus, a complete or
partially reversible IMT is formed and, sequentially, the
large reversibility of magnetoresponsive properties has been
observed. The same scenario holds for the interstitial B dop-
ing in Ni36.5Co13.5Mn35Ti15B0.4, where the first-principles
calculations predict nearly 40% enhancement of saturation
magnetization, however, experimentally obtained reversible
MCE has remained 22% smaller than the total one for 5 T
magnetic field, presumably due to small sensitivity originating
from partial field-induced IMT [35]. Hereby, the tuning of
IMT and corresponding features can promote a key relevance
for a sizable optimization of the above-mentioned multifunc-
tional properties.

In this paper, we establish a comprehensive experimental
picture of field-induced inverse martensitic structural evolu-
tion in terms of the Clausius Clapeyron equation (CCE) and
Landauer equation to enhance the reversible properties in
bulk Ni35Co15Mn34.5−xCuxTi15.5 (x = 1, 2, and 3) all-d-metal
Heusler alloys under an applied magnetic field of 5 T and 7 T.
Our previous work in Ni(Co)-Mn-Ti showed that Co substi-
tution in Ni site enhances the saturation magnetization in the
austenite phase, which leads to a large sensitivity [32]. So in
the present work, Ni35Co15Mn34.5Ti15.5 is considered the par-
ent system. Through systematically tuning the Cu substitution
in the Mn site, a giant reversible �SM ∼ 22.8 J kg−1 K−1,
RCeff ∼ 374 J kg−1 and a giant reversible MR ∼ 40% around
room temperature is found for the optimized x = 2 sample.
The observed giant reversible MCE over a wide temperature
range and the giant reversible MR concurrently in the present
system are the highest values achieved in this all-d-metal

Heusler family. Our study also demonstrates how phase vol-
ume fraction between austenite and martensite phases in the
vicinity of IMT can maximize the reversible magnetorespon-
sive properties in these systems.

II. EXPERIMENTAL DETAILS

Ni35Co15Mn34.5−xCuxTi15.5 (x = 1, 2, and 3) polycrys-
talline samples were prepared by arc melting technique under
a 4 N purity argon atmosphere using high-purity constituent
elements from Sigma Aldrich. To ensure compositional ho-
mogenization, the samples were re-melted five to six times
on each side. The melted ingots were wrapped with tantalum
foil and sealed in an evacuated quartz tube. The samples were
annealed at 1323 K for four days and quenched in ice water.
The actual compositions of the studied samples were verified
by energy dispersive x-ray. The details are in the Supple-
mental Material [36]. The room temperature x-ray diffraction
(XRD) patterns of all the samples and temperature-dependent
XRD for x = 2 sample in powder form were performed using
SmartLab9kW, Rigaku with Cu-Kα radiation. The details of
the XRD data of all three samples are given in Secs. S1 and S2
of the Supplemental Material [36]. Magnetic measurements
were done in a vibrating sample magnetometer (VSM) using
a physical property measurement system (PPMS, Quantum
Design). Each M(T) and M(μ0H ) curve were taken at a
ramp rate of 2 K/min and 20 Oe/s, respectively. Differen-
tial scanning calorimetry (DSC, TA Instrument, Q2000) was
performed to measure the heat flow curve of the sample with
a constant heating/cooling rate of 10 K/min. The obtained
results of all the samples are manifested in Sec. S3 of the
Supplemental Material [36]. The specific heat capacity (CP)
was measured by a modulated-DSC technique to obtain adia-
batic temperature change (�Tad). Magnetotransport properties
were performed in the PPMS (Quantum Design, USA) using
the electrical-transport option. For the MR measurements,
the electrical contacts were made in the standard four-probe
configuration using conducting silver epoxy and copper wires.

III. RESULTS AND DISCUSSIONS

A. Modulating magnetostructural transformation behavior

Figures 1(a)–1(c) display the temperature-dependent mag-
netization M(T) data for all the samples measured in a
magnetic field of 0.05 T, 5 T, and 7 T during field-cooled (FC)
and zero-field-cooled (ZFC) protocols. All samples undergo
a first-order MST at martensite transition temperature (TM)
from FM austenite to weak magnetic martensite below the
Curie temperature (TC) on cooling and an IMT at austenite
phase transition temperature (TA) on heating. The charac-
teristic transition temperatures of first-order MST, namely,
austenite start (As), austenite finish (A f ), martensite start (Ms),
martensite finish (M f ) are determined by the tangent method
from the M(T) and DSC curves, and (TM = (Ms + M f )/2),
(TA = (As + A f )/2), thermal hysteresis (�Thys = TA - TM),
and TC of all the samples are tabulated in Table I.

It is found from Figs. 1(a)–1(c) that the Cu substitution
in the Mn site shifts the first order-MST towards higher tem-
perature and moves the TC towards lower temperature. In
addition, the hysteresis width is observed to increase from
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FIG. 1. Temperature-dependent ZFC and FC magnetization of (a) x = 1, (b) x = 2, and (c) x= 3 samples under 0.05, 5 T, and 7 T. Inset of
Fig. 1(b) shows the shift of transformation temperatures and its linear fitting as a function of the magnetic field. Field-dependent magnetization
across the inverse martensitic transition for (d) x = 1, (e) x = 2, and (f) x = 3 samples. Closed symbols refer to the first cycle M(μ0H ) loop
and open symbols indicate the second cycle taken after the first one during the heating protocol.

8.1 K to 15.1 K from the sample x = 1 to 3. Because
Cu increases the metallic character of the Ni–Ti bond, i.e.,
the higher degree of d-d hybridization produces a stronger
metallic bonding, sufficient energy is required to lead the
MST and subsequently results in the increase of MST
temperatures [37–39]. On the other hand, reducing Mn con-
centration weakens the Mn–Mn exchange interaction and
consequently, overall magnetization and TC decrease with Cu
doping [39–42].

With increasing magnetic field, the TM and TA go towards
lower temperature, in agreement with the magnetic field sta-
bilizing the large magnetization cubic austenite phase. An
increase of the magnetic field, for example, 0.05 T to 7 T,
stabilizes the high-temperature FM austenite phase, causing
a shift of the TM by 4.4, 4.3, and 3.1 K/T, whereas the TA

changes by 4.1, 3.6, and 2.4 K/T for x = 1, 2, and 3 alloys,

respectively. The sensitivity of transition temperatures to the
magnetic field obtained from the linear fitting of TM/TA versus
magnetic field is shown in the inset of Fig. 1(b) for the x =
2 sample. The data for the rest of the samples are given in
Figs. S4(a) and S4(b) of the Supplemental Material [36], and
all these data are gathered in Table I. This value is larger than
the reported Cu-doped Heusler systems [37,39]. According
to the CCE, the sensitivity of IMT (dTA/dμ0H) is directly
connected to �M and transformation entropy change (�Str)
[2]. Meanwhile, �Str decreases with increasing the distance
of (TC–TA) because the spin alignment increases, leading to
a larger dTA/dμ0H (and thus reversible MCE) [42–44]. Our
present result indicates a similar scenario, i.e., the increase
of �Str with Cu substitution for the Mn site is attributed
to the negative magnetic contribution to �Str which lowers
the �M [45]. This has been analogously reported in other

TABLE I. Transition temperatures determined from both the M(T) curves under 500 Oe and DSC data of all-d-metal
Ni35Co15Mn34.5−xCuxTi15.5 Heusler alloys. Field sensitivity is also calculated for all the samples.

Ms Mf As Af TM TA �Thys TC dTA/dμ0H dT M/dμ0H
Alloys Tools (K) (K) (K) (K) (K) (K) (K) (K) (K/T) (K/T)

x = 1 VSM 254.9 244.7 253.3 262.8 249.8 257.9 8.1 387.7 4.1 4.4
DSC 251.6 245.9 253.8 260.1 248.8 256.9 8.2

x = 2 VSM 273.9 258.3 268.6 280.5 266.2 274.6 8.5 376.4 3.6 4.3
DSC 275.1 259.1 269 281.8 267.1 275.4 8.3

x = 3 VSM 320.1 266.9 287.9 329.5 293.7 308.7 15.1 334.9 2.4 3.1
DSC 316.8 272.2 291.9 326.7 294.5 309.3 14.8
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Ni-Mn(Cu)-Ga [38], and Ni-Mn(Cu)-Ga-Al Heusler systems
[46]. Using the CCE, the sensitivity dTA/dμ0H is found to
be ∼ 4.1, 3.6, 1.8 K/T for x = 1 to 3 samples, which is in
good agreement with the above fitting value (where �M is
∼82, 89, 41 emu/g of the respective x = 1 to 3 samples for
�μ0H = 7 T).

It is reported that a complete reversible field-induced IMT
and corresponding magnetoresponsive properties can occur in
the temperature range between A f at μ0H and M f at 0 T when
A f (μ0H ) < M f (0 T) [47,48]. It is noteworthy to introduce
that a partial reversible IMT happens within the temperature
interval between AS under μ0H , and the MS under 0 T. From
Figs. 1(a) and 1(b), a large temperature window, respectively,
from 224 K (AS) and 241 K (AS) under 7 T to 253 K(MS)
and 274 K (MS) under 0 T is observed for x = 1 and 2
samples.

Though the x = 1 sample possesses large dTA/dμ0H and
higher magnetization in the austenite phase compared to the
other two alloys, it experiences a smaller �M due to its intrin-
sic magnetic properties in the martensitic phase, as observed
from the M(T) curve during cooling in Fig. 1(a). Furthermore,
a broaderlike nature of M(T) curve can lead to a reduction of
the reversible properties of x = 1 sample. Elsewhere, a sharp
IMT, moderate �Str, and large dTA/dμ0H are observed for
the x = 2 sample. In addition, the complete field-induced IMT
can be expected to occur between ∼246 K (A f ) at 7 T and
∼259 K (M f ) at 0 T with the condition A f < M f , which can
result in large reversible magnetofunctional properties for the
x = 2 sample.

Figures 1(d)–1(f) exhibit field-dependent magnetization
M(μ0H ) curves during cyclically magnetic field sweeping
record in the temperature range between AS under M(μ0H )
and MS under 0 T for all samples. For simplicity, we have
shown M(μ0H ) curves in the vicinity of the IMT region
under the applied magnetic field of 7 T. During the first field
cycle, the sample is cooled down to 100 K to assure the
fully martensitic phase from 330 K and then heated back
to the selective temperatures where the M(μ0H ) data are
taken [49]. In the second field cycle, the M(μ0H ) data are
taken at the same temperature just after the first field sweep-
ing. In the case of x = 1, the field-induced transition occurs at
the field of 6.6 T at AS (under 7 T), whereas for x = 2 it leads
to a complete field-induced transition at the field of 6.2 T,
and for x = 3 the transition is not complete. However, for
the x = 2 sample, the M(μ0H ) curves of both cycles are more
reproducible than the others, i.e., the M(μ0H ) curves lie close
to the first one. In addition, across the TA first field increase of
7 T, the magnetic field-induced transition starts around 4.5 T
and finishes at a field of 5.8 T, while for the second cycle
M(μ0H ) curve saturates at the same field. Magnetization does
not increase uniformly yet exhibits steplike features. From the
field decreasing mode of 7 T, both curves follow the same
path. This steplike feature is associated with the fact that the
field-induced austenite mostly transforms back to martensite,
which can participate reversibly to transform back and forth
between martensite and austenite during the second and all
subsequent field cycling. Therefore, large reversible magneto-
functional properties could be expected in this specific x = 2
sample.

FIG. 2. (a) Austenite phase volume fraction f (T) under 0.05, 5,
and 7 T is determined from M(T) curve during heating mode and
induced austenite phase volume fraction � fIA(T ) represented by a
cyan solid circle and blue star symbols for 5 T and 7 T field change,
respectively. (b) The f (T) under 0, 5, and 7 T from ρ(T ) curve and
corresponding � fIA(T ) for 5 T and 7 T applied fields.

B. Evaluation of phase fraction from M(T) and ρ(T ) curves

The reversibility of magnetofunctional properties of shape
memory alloys is correlated to the magnitude of field-induced
inverse martensitic phase transformation. So, it is crucial
to yield the physical origin of such functionality for fur-
ther improvement toward large-scale practical applications.
We demonstrate the evolution of the different phase frac-
tion in the vicinity of IMT in different applied fields. The
temperature-dependent magnetization and electrical resistiv-
ity [ρ(T )] under different magnetic fields of x = 2 sample are
measured. Corresponding evolution of the volume fraction of
austenite using the M(T) curve under 0.05 T, 5 T, and 7 T and
ρ(T ) curve under 0 T, 5 T, and 7 T is depicted in Fig. 2. The
austenite phase volume fraction, f (T) triggered by a magnetic
field change is evaluated on the basis of total magnetization
originating from FM austenite phase and can be estimated
from the M(T) curve as [50]

f (T ) = M(T ) − MLT(T )

MHT(T ) − MLT(T )
(1)

where MLT(T) and MHT(T) represent the magnetization of
the low-temperature martensitic phase and high-temperature
austenite phase, respectively. Field-induced austenite phase
fractions (� fIA) are determined from the heating M(T) curve
for the field change of 0.05 T to M(μ0H ). It is observed
from Fig. 2(a) that in the vicinity of phase coexistence region
(AS < T < A f ), � fIA starts to increase with temperature and
a maximum � fIA ∼ 90% at 262 K for 5 T and ∼96% at 255 K
for 7 T is induced as a reversible part while the remaining 10%
and 4% residual austenite phase, respectively, is unchanged,
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which is a good agreement with the M(μ0H ) curve of the
above-mentioned section. This tiny residual phase is arrested
by applying the magnetic field due to the little big transforma-
tion width of x = 2 sample. Note that a sharp transformation,
smaller hysteresis, and larger sensitivity are necessary to erase
this tiny residual phase. However, with further increase in
temperature, the � fIA exhibits a rapid decrease and drops to
zero above A f as no martensitic phase is observed [48].

To get further insight into the phase transformation fea-
tures, phase fractions from the ρ(T ) of Fig. 5(a) are calculated
using the Landauer equation [51] for two coexisting phases in
the following form:

σ (T ) = 1
4 [(3 fA − 1)σA − (3 fM − 1)σM + [{(3 fA − 1)σA

+ (3 fM − 1)σM}2 + 8σAσM]
1
2 ], (2)

where σA and σM are the conductivity of pure austenite and
martensite phases, respectively. ρA and ρM in the form of σA

and σM can be roughly obtained through linear extrapolation
of the ρ(T ) curve from the transition point. Further, it is
known that the total phase fraction in the form of fM(T, H) and
fA(T, H) at a particular temperature and field can be written as

fM (T, H ) + fA(T, H ) = 1. (3)

One can solve Eq. (2) for a particular temperature and
field using Eq. (3) and substituting the values of σA and σM .
When the magnetic field is applied isothermally in the phase
transition regime, a fraction of the martensite phase is trans-
formed into the austenite phase, then we can write � fIA in the
following form:

fIA(T,�H ) = fM (T, 0) − fM (T, H ). (4)

The calculated fA(T, H) under 0 T, 5 T, and 7 T, respec-
tively, and their difference, � fIA curves, are illustrated in
Fig. 2(b). It is observed that � fIA follows the same path of
fM(T,0). In the region of AS , � fIA start to grow 17% and
35%, and at the middle of the transition, � fIA reaches their
maximum value of 76% at 261 K and 96% at 255 K for the
field change of 5 T and 7 T, respectively. This can be attributed
to the conversion of the entire metastable martensitic phase
(76% for 5 T and 96% for 7 T) into the austenite, while
the remaining 24% and 4% are the residual austenite phases.
With further increasing temperature, due to the increase of
instability of martensite, the field-induced � fIA decreases and
above A f , � fIA becomes zero [56]. It is noteworthy that the
� fIA from both measurements under 5 T show slight differ-
ences. This difference likely occurs in a way that field-induced
IMT shift in ρ(T ) ∼ 16 K is smaller than that ∼20 K in
the M(T) under 5 T. Thereby, a relatively smaller amount
of metastable martensitic phase is transformed into the FM
austenite phase in the ρ(T ) measurement. This analogous
behavior has been previously observed in all-d-metal Heusler
alloys, as well as various other Heusler systems where that
disparity arising from M(T) and ρ(T ) measurements has been
noticed [19,34,57]. However, the obtained field-induced � fIA

using Eq. (2) is well consistent with that estimated using the
Landauer equation. Therefore, it could be feasible to simulta-
neously achieve more or less reversible MCE and MR across
IMT for x= 2 in all-d-metal Heusler alloy.

C. Reversible magnetocaloric performances

To study the importance of phase fraction on MCE, we per-
formed isofield M(T) and isothermal magnetization M(μ0H )
measurement protocols [58–60]. Isothermal M(μ0H ) curves
are record during cyclic magnetic field sweeping in the tem-
perature range between 240 K to 264 K with an interval of
3 K, shown in Fig. 3(a). It is clearly shown that a metam-
agnetic characteristic in the M(μ0H ) curves of both cycles,
indicates a magnetic field-induced transition. Henceforth, the
reversibility of isothermal magnetic entropy change (�SM) is
determined using different methods. CCE using the transfor-
mation fraction method is appropriate for the first-order MST,
�SM values are obtained during heating mode from the M(T)
curve for the different field changes [50],

�SM = � f · �Str = −� f · �M

(
dTA

dμ0H

)−1

, (5)

where � f is the change of phase fraction of austenite induced
by the change of magnetic field that can be defined as � f (T,
μ0�H) = f (T, μ0Hf ) - f (T, μ0Hi). μ0Hi and μ0Hf are the
initial and final applied magnetic fields, respectively.

The maximum �SM during heating and cooling for the
field changes from Hi ∼ 0.05 T to Hf ∼ 5 T and for Hi ∼
0.05 T to Hf ∼ 7 T is plotted in Fig. 3(b). The giant reversible
value is 19.2 J kg−1 K−1 at 259 K and 22.8 J kg−1 K−1 at
257 K for a field change of μ0H = 5 T and 7 T, respectively.
The cyclic �SM and corresponding reversible �SM can be
estimated by the overlapping region of the both heating and
cooling branch which is shown in the green shaded area in
Fig. 3(b). Further �SM is also determined across TA, using
Maxwell relation [61],

�SM (T,�H ) = μ0

∫ H

0

(
∂M(H, T )

∂T

)
H

dH, (6)

where, μ0, M, H, and T are the permeability of free space,
magnetization, applied magnetic field, and instantaneous tem-
perature, respectively. Compared with the parent compound,
the maximum value of �SM ∼ 20.16 J kg−1 K−1 at 257 K
and 23.74 J kg−1 K−1 at 259 K is obtained for x = 2 under
5 T and 7 T, respectively, shown in Fig. 3(c), which is in
good agreement with �Str , determined from the DSC curve
as depicted in Fig. S3(a) of the Supplemental Material [36].

It is observed from Fig. 2 that a small fraction of residual
austenite persists after the first field cycling and contributes
a slightly negative roll in the reversible magnetoresponsive
properties in our system. Therefore, the transformation frac-
tion method (CCTF) based on isothermal M(μ0H ) curves is a
feasible procedure to determine reversible and reproducible
MCE properties [48]. The field-induced phase fraction of
austenite is determined from the M(μ0H ) curve of both cycles
at the respective temperatures using the following equation:

f (T ) = M(H ) − MLT(H )

MHT(H ) − MLT(H )
, (7)

where MLT (H ) and MHT (H ) represent the magnetization of
the martensite and austenite phase which can be deduced
by extrapolating M(μ0H ) curve at 200 K and 300 K of
the pure martensite and austenite phase, respectively [62]
[shown in green dotted lines in Fig. 3(a)]. Figures 3(c) and
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FIG. 3. (a) Isothermal M-μ0H hysteresis measured during the first (solid circle) and second (hollow circle) cycles of field sweeping from
240 K to 264 K during heating for x = 2 sample. (b) Magnetic entropy change as a function of temperature (�SM versus T) during heating and
cooling under the magnetic fields change of 5 T and 7 T estimated using Clausius Clapeyron equation from M(T) curve. The green shaded area
is reversible �SM . Comparison of �SM versus T determined from Maxwell relation [Maxwell_M(μ0H )], and transformation fraction method
[CCTF_Mμ0H )] during first and second field cycles under (c) 5 T and (d) 7 T, where the second cycle for both cases �SM is reversible.

3(d) compares the �SM of the first cycle obtained from both
the CCTF_M(μ0H ) equation and Maxwell relation, with the
second cycle obtained from the CCTF_M(μ0H ) equation un-
der μ0�H = 5 T and 7 T, respectively (details are shown in
Fig. S4 of the Supplemental Material) [36]. In comparison,
the �SM value obtained from various methods for the first
cycle exhibits good consistency, confirming the validity of the
results we obtained. However, it is interesting to note that
�SM from the second cycle is almost reversible and repro-
ducible with the first cycle, only with a reduction of ∼ 6%
(19.2 J kg−1 K−1) and ∼ 4% (22.8 J kg−1 K−1) due to μ0�H
= 5 T and 7 T, respectively. The obtained maximum reversible
�SM value is higher than the largest value reported so far in
the all-d-metal Ni(Co)-Mn-Ti Heusler alloys [32,35].

Moreover, operating a magnetic refrigerator under a cyclic
low magnetic field change of 1 or 2 T is highly desirable.
We have performed M(T) measurements for the field change
of 0.05 T, 1 T, 2 T, and 3 T using the isofield measurement
protocol shown in Fig. S5 of the Supplemental Material [36].
The application of a 2 T magnetic field shifts the AS by
∼9 K which is comparable to the �Thys, exhibiting a partially
reversible field-induced IMT. The overlapping area of both the
heating and cooling branch produces a large reversible �SM

about 9 J kg−1 K−1 at 269 K which is shown by the blue
shaded area in Fig. S5(b) of the Supplemental Material [36].
This magnitude is slightly lower than Ni-Mn-based Heusler
alloys but higher than the benchmark material Gd [13].

Another main quantity for a magnetic refrigerant material
is the adiabatic temperature change (�Tad). We have roughly
determined �Tad using temperature-dependent specific heat

capacity (Cp) from modulated DSC measurement following
the equation

�Tad = − T

Cp
× �SM. (8)

Cp versus temperature has been measured in zero field
conditions using modulated DSC technique as exhibited in
Fig. 4(a). Putting reversible �SM obtained from Fig. 3(c)
in the above equation, the reversible �Tad is obtained and
is illustrated as a function of temperature across the IMT
in Fig. 4(b). A maximum reversible �Tad of x = 2 sample
∼8.7 K is obtained for the field change of 5 T in our system.
The negative �Tad corresponding to inverse MCE and the
magnitude of reversible �Tad at a temperature of 259 K is
larger than the reported all-d-metal Heusler alloys [34,35] and
similar to the other Ni-Mn-based Heusler systems [6,55,63].

To further investigate the cooling efficiency of the studied
system, we have determined the refrigerant capacity (RC),
an often useful parameter for practical applications. The RC
can be calculated using the formula [64]

RC =
∫ Thot

Tcold

�SMdT, (9)

where cold end temperatures (Tcold) and hot end temperatures
(Thot) correspond to the temperature at full width at half max-
imum of �SM peak. The detailed explanations are given in
Sec. S5 of supplemental Material [36]. The obtained giant
effective refrigerant capacity (RCeff) of the present x = 2
sample is ∼382 and 610 J kg−1, respectively, for a magnetic
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FIG. 4. Temperature-dependent specific heat capacity taken under zero field for heating protocol and (b) reversible �Tad as a function of
the temperature of x = 2 sample.

field change of 5 T and 7 T. Due to the repeatable hysteresis
cycle of the M(μ0H ) curve of the first-order material, RCeff

is taken as a reproducible parameter upon repetitive magnetic
field cycling. Therefore, a giant reversible RCeff obtained in
our system is the largest value reported so far in all-d-metal
Heusler systems and other reported systems [32,34,35,55].

Table II summarizes the magnitude of reversible �SM with
the obtained �SM at the first magnetic field cycle at their
respective temperatures and corresponding RC reported for
different systems with the present system. However, the re-
versible MCE in each family is significantly limited compared
to the first cycle of MCE since � fIA is not fully achieved.
However, the concomitant magnitude of giant reversible and
reproducible MCE over a wide temperature range as well
as a large RC has been achieved in our system. In view of
the solid-state cooling applications, developing an appropriate
material with large MCE under a cyclic low magnetic field
change of 1 or 2 T with strong mechanical stability is of
great importance. Therefore, Cu-doped all-d-metal material
is expected to be a conventional MCE material for practical
applications.

An irreversible MST can give rise to magnetoplasticity,
which manifests as the one-way shape memory effect. Con-
versely, a complete recovery of the martensite phase may drive
the magnetoelasticity, which implies a two-way shape mem-
ory effect [65]. Henceforth, the reversibility of the structural
transformation relies on the crystalline symmetry and geomet-
ric compatibility between the parent and product phase based
on the geometrical nonlinear theory of martensite [23,66,67].
Therefore, we determined the geometrical compatibility of
the austenite and martensite phase of x = 2 sample. We per-
formed temperature-dependent-XRD measurement of the x =
2 sample and detailed explanations are given in Sec. S2 of the
Supplemental Material [36]. The result shows that the sample
undergoes an IMT upon heating from the martensitic phase
with a modulated (3M) monoclinic structure (P2/m) and a
little amount of nonmodulated tetragonal structure (I4/mmm)
to an austenite B2 cubic structure (Pm3̄M). As has been well
reported in the literature, the deformation gradient governs
the tetragonal structure skeleton into a monoclinic structure
[46,68]. The refined lattice parameters at 275 K are ac =
5.918 Å, aM = 4.215 Å, bM = 5.501 Å, cM = 12.868 Å, and

TABLE II. Comparison of reversible magnetic entropy change (�SM ) at their respective transition temperatures (T peak), �SM of the first
cycle and estimated refrigerant capacity (RC) at the applied field of the present Ni35Co13Mn34.5−xCuxTi15.5 all-d-metal Heusler system with
other related promising systems.

|�Speak
M |2nd T peak |�Speak

M |1st Applied field RC
Materials (J kg−1 K−1) (K) (J kg−1 K−1) (T) (J kg−1) References

Gd 10.2 294 5 462 [13]
Gd5(Si2Ge2) 18.5 278 5 462 [12]
LaFe11.4Si1.6 19.4 208 19.4 5 427 [52]
Ni49Co3Mn34In14 16.5 268 17.6 3 127 [6]
Ni46Co3Mn35Cu2In14 16.4 258 16.6 5 490 [39]
Ni50.7V0.3Mn33.4In15.6 18.9 276 21 5 252 [53]
Ni41Ti1Co9Mn39Sn10 18.7 287 21.3 5 540 [48]
Mn0.9Fe0.2Ni0.9Ge 18.6 222 39.6 5 252 [54]
Ni49.8Co1.2Mn33.5In15.5 14.6 235 15 5 125 [55]
Ni36.5Co13.5Mn35Ti15B0.4 18.9 283 24.3 5 278 [35]
Ni36Co14Mn34.5Ti15.5 17.8 277 19.8 5 229 [32]
Ni35Co15Mn34.5Ti15.5 16.7 243 18.6 5 230 [32]
Ni35Co15Mn34.5−xCuxTi15.5 19.2 259 20.2 5 474 Present paper
x = 2
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FIG. 5. (a) Temperature dependence of electrical resistivity under 0 T, 5 T, and 7 T for x = 2 sample. (b) Austenite phase volume fraction
fIA(T ) and MR as a function of temperature for the x = 2 sample.

βM = 91.32°, and at = 4.213 Å, ct = 7.121 Å for austenite
phase and martensitic phase, respectively. By solving the
transformation matrix U for cubic to monoclinic transforma-
tion, the middle eigenvalue λ2 is calculated to be 1.0069,
closing to unity. Hence, |1 − λ2| = 0.0069 with a deviation
of 0.69% from the unity indicates that good geometric com-
patibility for the x = 2 sample.

D. Reversible magnetoresistance

The temperature dependence of electrical resistivity on
heating and cooling is measured between 50 K to 350 K under
0 T, 5 T, and 7 T magnetic fields as elucidated in Fig. 5(a). The
sample is first slowly cooled to 50 K under 0 T, then back to
desired temperature under the magnetic field, and ρ(T ) data
are collected. All ρ(T ) curves display an obvious change in
resistivity from AFM-like martensite to FM austenite phase
across the MST, as evident from the M(T) curve of Fig. 1(b).
It is interesting to note that the ρ(T ) in the martensitic phase
is about 2.2 times larger than that in the austenite phase. This
change is attributed to the larger change in the electronic
density of states at the Fermi energy, owing to the lattice dis-
tortion of the phase transformation [33]. An applied magnetic
field of 5 T and 7 T governs in a decrease of TM and TA by
17 K, 28 K and 16 K, 26 K with the reduction rate of 3.5,
4, and 3.2, 3.7 K/T, respectively, which is nearly consistent
with the M(T) curve. In addition to this shift, a complete
reversible IMT and corresponding MR can be expected in the
temperature range between 245.7 K (A f ) at 7 T and 254.8 K
(M f ) at 0 T where the condition A f < M f . Note that a partial
reversible field-induced IMT would be expected to occur in
a wide temperature range between 239.6 K (AS) at 7 T and
268.8 K (MS) at 0 T for the x = 2 sample.

Figure 5(b) manifests the temperature dependence of MR
and fIA(T,�H) under a magnetic field change of μ0H during
heating obtained from the following equation:

MR =
[
ρ(μ0H ) − ρ(0)

ρ(0)

]
× 100%, (10)

where ρ(μ0H ) and ρ(0) stand for the electrical resistance
under μ0H and zero field. A maximum MR value of −37.1%
and −42.7% are observed across the IMT under the fields of
5 T and 7 T.

Generally, the MR of the metamagnetic Heusler alloy
across the IMT can be written as [69]

MR ∝ dρ

dμ0H
= dρ

dT

dTA

dμ0H
. (11)

With the change in resistivity (dρ/dT ) at IMT and the
field-induced transformation temperature shift (dTA/(dμ0H ).
Therefore, in the application of the magnetic field, two
contributions can play a pivotal role in the phase transfor-
mation; one is that the free energy of the FM austenite
phase decreases because of the change in magnetic energy
(Mdμ0H). Consequently, a higher fraction of the higher re-
sistive AFM martensitic phase is transformed into the FM
austenite phase [70]. Hence, a large field-induced downward
shift dTA/(dμ0H ) in IMT is observed. Another is the change
in resistivity dρ/dT in the martensite and austenite phases,
respectively, without the IMT. Therefore, these contributions
would be responsible for the significantly large MR. However,
this is the largest reported value so far among the all-d-metal
Heusler family and also larger than the other Ni-Mn-based
Heusler alloys [19,31,32,34].

To further investigate this fIA(T, �H) mechanism, we have
performed isothermal field-dependent resistivity, ρ(μ0H )
measurements. For this, we collected ρ(μ0H ) data up to third
field cycling taken in the above-mentioned temperature in-
tervals, and hence phase fraction-induced MR is ascribed in
Figs. 6(a)–6(c), respectively. As the FM austenite phase is
energetically favorable to the applied field, the application
of the field is equivalent to the rise of temperature. Con-
sider a coexisting region with martensitic and austenite phase
fractions as fM(T, H) and fA(T, H) = 1 − fM(T, H) [71].
When the field is increased isothermally from 0 T, due to the
field-assisted nature of austenite, the energy barrier between
the two phases decreases. Progressively, the more martensitic
phase transforms into the austenite phase. For example, the
phase fraction at 255 K goes from 0.9% to 94% for 7 T while
the remaining 6% is unchanged. Once the field is reduced to
zero, this smaller residual 6% causes the arrested phase and
the rest portion can participate reversibly for the second and
subsequent field cyclic measurements. Note that this residual
austenite is unchanged until the energy barrier height is altered
by changing T or μ0H . Therefore, 40% of reversible MR
out of 42% is obtained. Furthermore, with the temperature
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FIG. 6. Field dependence of MR at (a) 255 K, (b) 260 K, and (c) 265 K upon heating mode across the transition for x = 2 sample. The
solid red star points represent first cycle and the rest are the second and third cycles ρ-H of the magnetic field. (d)–(f) Austenite phase volume
fraction fIA(T ) and MR for the x = 2 sample at their corresponding temperatures.

increment, for example, 260 K and 265 K, further increase
of μ0H governs a higher amount of austenite and the region
attains different fM(T, H) and fA(T, H) ratios through the min-
imization of the free energy barrier. Consequently, a decrease
of reversible MR from 31% to 22% is due to a decrease of
fIA(T, H) from 82% to 59% from 260 K to 265 K. Therefore,
fIA(T, H) is a decisive factor to tune the reversible MR in this
system.

IV. CONCLUSIONS

In summary, a giant reversible MCE and MR have been
experimentally obtained by varying the field-induced phase
fraction. We demonstrate the evolution of � fIA using the
CCE and the Landauer equation under field cycling, leading
to a realization of enhanced reversible magnetoresponsive
properties of the optimized x = 2 sample. Moreover, the sam-
ple exhibited larger MST sensitivity to the field ∼ 4.3 K/T
and low thermal hysteresis ∼ 8.3 K, which is evidenced by
good crystallographic compatibility. Subsequently, a giant
reversible �SM of about 22.8 J kg−1 K−1 (∼ 96%) over a wide

temperature range ∼ 20 K (9 J kg−1 K−1 at 269 K for 2 T) and
giant reversible MR of 40% over 42% of the total MR in a field
change of 7 T is observed when field-induced IMT is fully
induced. The obtained magnitude of reversible �SM and MR
is the highest reported value so far in the all-d-metal Heusler
family. The concurrent observation of giant �SM , RCeff and
MR is also very rare in Heusler alloys. Hence, our results
can provide the generality of utilizing the � fIA to realize
the enhanced magnetoresponsive properties in conventional
all-d-metal Heusler system. Moreover, the synergistic combi-
nations of giant MCE and MR by proper tailoring of Cu-doped
all-d-metal Heusler alloys may lead a diverse range of solid
state-based technological applications.
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