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Promising multifunctional magnetoresponsive effects such as magnetoresistance, magnetostrain, and the
magnetocaloric effect have recently been extensively studied in Ni-Mn-based metamagnetic shape memory
alloys, but large reversible magnetoresponsive effects are usually obtained under high magnetic fields, which
is an obstacle for practical applications. Here, through manipulating magnetostructural transition, we achieved
large reversible magnetoresponsive effects under a relatively low magnetic field of 3 T in a Ni-Co-Mn-In alloy.
By systematically tuning the Mn/In ratio and Co substitution, an optimum composition NigCozMnsIn;4 with a
low thermal hysteresis (8 K), a narrow transformation interval (7 K) and a high sensitivity of transformation
temperature to field change (6 KT~'), was obtained. Good geometric compatibility between austenite and
martensite was revealed by in situ synchrotron high-energy x-ray diffraction experiment, which accounts for the
low hysteresis and narrow transformation interval. A reversible transformation between pure austenite and pure
martensite is induced by a relatively low field of 3 T, which was directly evidenced by in situ neutron diffraction
experiments. As a result, a large reversible magnetocaloric effect with entropy change of 16.5Jkg™' K™, a
large reversible magnetostrain of 0.26%, and a large reversible magnetoresistance of 60%, under a relatively
low field of 3 T, were simultaneously achieved. These reversible magnetoresponsive effects are comparable
to the maximum reversible values obtained under high fields in other Ni-Mn-based alloys, but the magnetic
field we applied is much lower. This study may guide the design of metamagnetic shape memory alloys with
low-field-induced magnetoresponsive properties for magnetic refrigeration, magnetic sensing, and magnetic

recording applications.

DOI: 10.1103/PhysRevMaterials.3.034404

I. INTRODUCTION

In recent years, Heusler-type Ni-Mn-based Ni-(Co)-Mn-
X (X =Sb, Sn, In) metamagnetic shape memory alloys
(MSMAs) undergoing solid-to-solid martensitic transforma-
tion have aroused great interest due to their multifunctional
magnetoresponsive effects such as magnetoresistance [1-3],
magnetostrain [4-6], magnetocaloric effect [7-10], and mag-
netothermal conductivity [11]. Among these magnetorespon-
sive effects, magnetoresistance, magnetostrain, and magne-
tocaloric effect show promising prospects for applications
in magnetoresistive heads for magnetic recording devices
[12], high-performance actuators [13], and environmentally
friendly magnetic refrigerators [14], respectively. The magne-
toresponsive effects in Ni-Mn-based MSMAs stem from the
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magnetic-field-induced first-order magnetostructural transfor-
mation from the low-symmetry and weak magnetic martensite
to the high-symmetry and ferromagnetic austenite, accompa-
nied with an abrupt change of lattice parameters. The first-
order nature of the magnetic-field-induced transformation, on
the one hand, leads to much enhanced magnetoresponsive
effects, but on the other hand, makes it difficult to transform
completely and reversibly between the two phases under low
fields owing to the pronounced transformation hysteresis and
transformation interval.

Great efforts have been devoted to investigating the mag-
netoresponsive properties in Ni-Mn-based MSMAs in the past
decade. Large magnetoresistance under a magnetic field of 5T
was reported in the Nig; CogMn39Sby; [15], Nig; CogMnySnyg
[16], and NispMns4In;e [17] MSMAs, where the magne-
toresistance was up to 60, 53.8, and 64%, respectively.
Large magnetostrain was obtained under high magnetic fields
in a NisoMnssIn;g alloy (0.12% under 5 T) [6] and in
a Nig3Co7Mn39Sn;; alloy (0.56% under 8 T) [18], whose
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magnetic work output was considered to be higher than that
of the Ni-Mn-Ga alloys [19]. A large magnetocaloric effect
under high magnetic fields (above 5 T), with considerable
magnetic refrigeration capacity, was reported in various Ni-
Mn-based MSMAs [6-8,20,21]. However, almost all of the
large and reversible magnetoresponsive properties were ob-
tained under high magnetic fields above 5 T [1-3,5,6,20-27].
If the magnetic field is low, the magnetic-field-induced trans-
formation in Ni-Mn-based MSMA: s is largely irreversible due
to the coexistence of austenite and martensite across the field-
induced transformation, leading to the significant irreversibil-
ity of the magnetoresponsive effects which deteriorates the
performance during cyclic operation. For practical applica-
tions, it is extremely difficult and costly to generate high
magnetic fields. Therefore, it is highly desirable to achieve
large and reversible magnetoresponsive effects under low
magnetic fields. This is the motivation for our present work.

For the sake of realizing complete and reversible transfor-
mation and large reversible magnetoresponsive effects under
low magnetic fields, it is important to manipulate the magne-
tostructural transition in MSMAs. In particular, the thermal
hysteresis (AThys), phase transformation interval (ATi,), and
sensitivity of transformation temperature to field change are
of great relevance [20]. In practice, ATy and ATy can be
estimated as Af — M, and M, —M; (M, M¢, A, and As are the
martensitic and austenitic transformation start and finish tem-
peratures), respectively [21,27], and the sensitivity of transfor-
mation temperature to field change can be estimated with the
Clausius-Clapeyron relation [4], which approximately equals
AM/ASA (AM is the magnetization difference between the
two phases and AS, is the transformation entropy change
for austenitic transformation). The minimum field required
to induce the complete and reversible transformation between
austenite and martensite is [21]

A(poH)min = (AThys + ATin)/(AM/ASA). (1)

Apparently, to obtain large reversible magnetoresponsive ef-
fects under a low field, the MSMAs should have low ATy,
narrow ATy, and high AM/ASA. It was reported that the
value of AM/AS, is closely related to the relative tem-
perature distance between the Curie temperature (7;) and
austenitic transformation temperature (7, the temperature
corresponding to the transformation peak) [28-30]; the larger
the T, — Ty, the larger the AM/ASA. Hence, it is viable to
tune AM/ASy via tailoring T, — Tx. In addition, to facilitate
practical applications, the large reversible magnetoresponsive
effects should occur around room temperature [1,4,31-35].
Since chemical modification has been proved to be an instruc-
tive and effective way used to manipulate magnetostructural
transition in MSMAs [1,21,26,36—40], in this work we will
use this method to synergistically optimize the magnetostruc-
tural transition parameters, with the final goal being to achieve
large reversible magnetoresponsive effects under low fields.
Among Ni-Mn-based MSMAs, Ni-(Co)-Mn-In alloys have
been viewed as very promising candidates for multifunctional
magnetoresponsive applications [4,9,14]. The magnetostruc-
tural transition in Ni-(Co)-Mn-In alloys can occur within a
narrow transformation interval and with a low transformation
hysteresis, beneficial for attaining excellent magnetorespon-
sive properties [1,4,6,9]. Nevertheless, up to now, most studies

on the Ni-(Co)-Mn-In system are focused on the Ni-Mn-In
alloys with 50 at.% Ni or the Ni-Co-Mn-In alloys in which
Co is added to substitute for Ni and the sum of Ni and Co
is 50 at.% [1,4,6,9,11,17,22,28,29,41]. Unfortunately, these
Ni-(Co)-Mn-In alloys always require high magnetic fields
to induce a complete and reversible phase transformation,
which severely limits their practical applications. Increasing
the Ni content in Ni-(Co)-Mn-In alloys could increase the
electron concentration (e/a) and thus raise the martensitic
transformation temperature, because in these kinds of alloys
the martensitic transformation temperature is strongly corre-
lated with e/a: the higher the e/a, the higher the martensitic
transformation temperature [42—44]. This allows substitution
of more Co for Ni to form a composition with transformation
temperature around room temperature, since substitution of
Co for Ni results in decrease of e/a and thus decrease of trans-
formation temperature [34]. Substitution of more Co for Ni
could also lead to higher T; and larger 7. — T4, and thus greater
sensitivity of transformation temperature to field change, as
mentioned above. Moreover, it was recently reported that
the Ni-Mn-In alloys with Ni content higher than 50 at. %
possess a relatively small AThys + ATy, [45,46]. Therefore,
we envisage that, through manipulating the magnetostructural
transition, prominent magnetoresponsive properties could be
achieved in the Ni-(Co)-Mn-In alloys with higher Ni content.
Here in this work, we selected Nis;Mnj3sIng; as the start-
ing material and systematically tuned the magnetostructural
transition parameters via simultaneously tailoring the Mn/In
ratio and the amount of Co substitution for Ni. Optimized
magnetostructural transition parameters were obtained in the
Nig9CosMnszylny4 alloy. As a result, large reversible near-
room-temperature magnetocaloric effect, magnetostrain, and
magnetoresistance were successfully achieved under a rela-
tively low magnetic field of 3 T.

II. EXPERIMENT

A total number of 21 polycrystalline button ingots
(each of ~40g) with compositions of Nis;Mn3s_,Inj34,
(.XZO, 1, 2, 3, and 4), Ni52_yCoyMn35In13 (y: 1, 2, 3,
4, 5, and 5.2), Nis;_,CoMnylny, (y=1, 2, 3, 4, and
4.5), Nis;—yCo,Mns3In;s (y =1, 2 and 3), and Nis,_,Co,
MnsyIngg (v = 1 and 2), were prepared by repeated melting
(for five times) of the high-purity raw elements (Ni, Co, and
In) mixed with the master alloy NiggMng in an arc furnace
protected under Ar. Since the master alloy NigMng, was used
to alleviate the Mn evaporation during melting, no additional
elements were added. The weight loss during repeated melting
was less than 0.5 wt. %. For homogeneity, the ingots were
sealed into an evacuated quartz tube and then annealed at
1173 K for 24 h followed by quenching into water. The actual
composition of the NigCo3zMnsylnyy4 alloy was measured
with an electron probe microanalyzer (EPMA-1720H,
SHIMADZU); the composition was determined by averaging
the compositions of five randomly measured points, and it
turned out to be Niyg 9+0.1C03.24+0.5Mn34.21+0.81013.710.4-

The phase transformation temperatures and transfor-
mation entropy change were analyzed by differential
scanning calorimetry (DSC) experiments performed with
heating and cooling rates of 10 Kmin~!. The specific heat
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FIG. 1. (a) DSC curves for the Nis;Mnss_ Injzy,
(x=0,1, 2, 3, and4) alloys. (b) Phase transformation
temperatures, transformation thermal hysteresis (A7), and
transformation interval (AT, ) as a function of x.

capacity (C,) was measured with the modulated DSC tech-
nique using a standard sapphire sample with a well-known C,,.
The microstructure was characterized by scanning electron
microscopy. The magnetic measurements and electrical resis-
tivity measurements were conducted in a physical property
measurement system (PPMS, Quantum Design). The mag-
netostrain was measured by using a strain gauge and a data
logger (TDS 150, Tokyo Sokki Kenkyujo Co., Ltd.) under
magnetic field up to 3 T provided by PPMS.

The crystal structure evolution during phase transformation
was investigated during cooling and heating in the tempera-
ture range between 250 K and 290 K by in situ synchrotron

high-energy x-ray diffraction (HEXRD) experiments carried
out at the 11-ID-C beam line of the Advanced Photon Source,
Argonne National Laboratory, USA; A monochromatic
x-ray beam with a wavelength of 0.1173 A was used and the
diffraction Debye rings were collected by a two-dimensional
(2D) large area detector while the sample (®2 x 1 mm?) was
rotated at high speed. The crystal structure evolution dur-
ing magnetic-field-induced transformation was studied during
increasing and decreasing magnetic field at 268 and 270 K
by in situ neutron diffraction experiments, performed on the
high intensity diffractometer WOMBAT [47] at the Australian
Nuclear Science and Technology Organisation. A wavelength
of 2.41 A was used. The diffracted neutrons were collected on
the cylindrical position-sensitive area detector that subtends
an angle of 120° on the sample in the diffraction plane and
~15° in the vertical, out-of-plane direction. For the in situ
experiments, WOMBAT was equipped with a vertical field
magnet (0—11 T) with a temperature range of 1.5-300 K. The
disc sample of ®2 x 1 mm? was glued to a pure aluminum
bolt for the in situ experiments. Considering that the sample
possesses a coarse-grained microstructure and there are only
a limited number of grains within this sample, reciprocal
space mapping was conducted to provide sufficient structural
information.

III. RESULTS AND DISCUSSION

A. Magnetostructural transition manipulation

To manipulate the magnetostructural transition for optimal
magnetoresponsive properties, we systematically tuned both
the Mn/In ratio and the amount of Co substitution for Ni. The
DSC curves of Nis;Mnss_,Inj3, (x =0, 1, 2, 3, and 4)
alloys are plotted in Fig. 1(a). As can be seen, the phase
transformation temperatures decrease rapidly with increasing
x(0 < x < 3). When it comes to x = 4, the martensitic trans-
formation cannot be detected within the measured tempera-
ture range between 110 and 500 K. For easy visualization, the
composition dependence of My, Ty, My, As, Ta, and Ag (Ty is
the peak temperature of martensitic transformation) is shown
in Fig. 1(b) (see Table I for detailed values). It is worth noting
that, for the alloys showing martensitic transformation, even
the one (Nis;Mnj3,In;¢, x = 3) with the lowest transformation
temperature presents phase transformation above room tem-
perature, which is much higher than the phase transformation
temperature (around 220 K) reported for the NisoMns4Ing
alloy [1,6,17,48]. The higher phase transformation temper-
ature of Nis;Mnss_,Injz3y (x =0, 1, 2, and 3) offers op-
portunities for substituting more Co for Ni to attain higher

TABLEI. Martensitic and austenitic transformation characteristic temperatures (K), phase transformation interval AT, (K), transformation
thermal hysteresis AT;y(K), and the entropy change for austenitic (AS,) and martensitic (ASy) transformations (J kg=' K1) for the
Nis;Mnj3s_,Injs, (x =0, 1, 2, and 3) alloys. The letters “M” and “A” denote martensitic and austenitic transformations, respectively.

x Alloys M, M; A, A T Ty AT ATy ASa ASw
0 Nis,MnssIn, s 388 377 383 396 383 390 11 8 33.9 335
1 Nis;MnssIn gy 362 354 360 367 357 364 8 5 31.7 30.5
2 Nis,Mns;1n;s 341 333 338 349 339 344 8 7 28.6 28.3
3 Nis;MnsIn 311 301 306 318 308 313 10 7 224 21.9
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FIG. 2. DSC curves for (a) Nis;_,Co,Mn3sIn;3 (y =0, 1, 2, 3, 4, 5, and 5.2), (b) Nis;_,Co,Mn3In;4 (y =0, 1, 2, 3, 4, and 4.5),
(c) Nis;—,CoyMns3In;s (y = 0, 1, 2, and 3) and (d) Nis,—,Co,Mns,In;s (y = 0, 1, and 2) alloys, respectively.

sensitivity of transformation temperature to field change while
bringing down the transformation temperature to around room
temperature, as mentioned before. The transformation entropy
changes for the austenitic transformation (AS,) and marten-
sitic transformation (AS,,) estimated from DSC results are
also shown in Table I, from which one can see that both ASy
and AS,, decrease with increasing x(0 < x < 3). The influ-
ence of transformation entropy change on magnetoresponsive
effects will be taken into consideration when manipulating
the magnetostructural transition. Figure 1(b) also shows the
variation of ATy and ATy as a function of x for the
Nis;Mn3s_,Inj34, alloys. Overall, all the Nis;Mnss_,Injzyy
(x=0, 1, 2, and 3) alloys have relatively small ATy +
ATy, beneficial for obtaining a low-field-induced transforma-
tion [see Eq. (1)].

Based on the Nis;Mn3s_,Inj3, (x =0, 1, 2, and 3) al-
loys, we further substituted Co for Ni to optimize mag-
netostructural transition parameters. In practice, we in-
creased the amount of Co continuously until no marten-
sitic transformation could be detected in the measurement
temperature range between 110 and 500 K. Figures 2(a)-
2(d) show the DSC curves of the Nis;_y,Co,Mnssln;s
(y=0, 1, 2, 3, 4, 5, and 52), Ni52,yC0yMn34In14 (y=
O, 1, 2, 3, 4, and 45), Ni52_yC0yMIl33IIl]5 (y=0, 1, 2,
and 3), and Nis;_,Co,MnsInig (y =0, 1, and 2) alloys,

respectively. For each series of alloys, the phase transforma-
tion temperatures decrease with increasing the Co content y,
until martensitic transformation disappears in the measure-
ment temperature range at y = 5.2 for Nis;_,Co,MnszsIn;3
[Fig. 2(a)], y =4.5 for Nis;_,Co,Mnz4Ini4 [Fig. 2(b)],
y =3 for Nis;_,Co,Mn33In;5 [Fig. 2(c)], and y =2 for
Nisy_,CoyMn3yIn;g [Fig. 2(d)]. The detailed phase transfor-
mation characteristic parameters of these series of alloys,
determined from the DSC curves [Figs. 2(a)-2(d)], are shown
in Table II. As can be seen, for each series of alloys, the Curie
temperature 7. tends to increase and thus 7. —T, becomes
larger, with increasing y.

As discussed above, to achieve reversible near-room-
temperature magnetoresponsive effects under low magnetic
field, the alloys should have a small ATpy + ATy, a large
T.—Ta, and a T, around room temperature. In addition,
an appropriate ASa is essential for achieving a reversible
magnetocaloric effect. If AS, is too large, the sensitivity
of transformation temperature to field change is low; if
ASx is too small, the magnetocaloric effect as a result of
magnetic-field-induced transformation is small. Taking into
consideration the above criteria, we plotted ATy + ATy and
T.— T, together in Fig. 3(a) and ASy and T, together in
Fig. 3(b) for the Co-substituted alloys (shown in Table II),
to guide the selection of an optimum composition for
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TABLE II. The martensitic and austenitic transformation characteristic temperatures (K), phase transformation interval AT, (K),
transformation thermal hysteresis AThy (K), AThy + ATy (K), and the entropy change for austenitic (AS,) and martensitic (ASy)
transformations (J kg~! K1) for the Co-doped Ni-Co-Mn-In alloys. The letters “M” and “A” denote martensitic and austenitic transformations,

respectively.

AHOYS Ms Mf As Af TM TA Tc AT;m AThys ATi1ys + ATint ASA ASM
A Nis; Co;MnssIngs 384 373 379 393 379 388 - 11 9 20 32.8 31.7
B NisoCo,MnssIngs 378 364 369 382 370 378 - 14 4 18 30.3 294
C Nig9CozMnssIn; 370 353 365 379 363 374 380 17 9 26 27.9 27.1
D NissCosMnssIngs 348 331 350 365 341 358 385 17 17 34 22.1 21.2
E Nis7CosMnssIngs 321 308 324 334 315 328 397 13 13 26 19.2 18.4
F Nis; Co;Mnsylny 335 324 334 344 331 339 345 11 9 20 259 25.1
G NisoCoxMnsslny 315 306 317 327 312 322 344 9 12 21 23.7 23
H NisCosMnsyIngy 275 268 276 283 271 279 363 7 8 15 17.6 16.9
I NiygCosMnsylny 251 238 260 273 245 266 367 13 22 35 139 13.1
J Nis; Co;MnssIns 274 264 275 288 271 283 354 10 14 24 18.8 17.2
K NisoCo,Mns;In;s 246 239 250 264 243 259 354 7 18 25 12.3 11.4
L Nis; Co;Mns,In6 242 229 245 259 235 254 357 13 17 30 11.2 10.5

large and reversible magnetoresponsive effects under low
magnetic fields. Clearly, among all the alloys shown
in Fig. 3(a), the alloy H (NigCozMnssIny4) shows the
smallest AThys + ATiy (15 K) and a relatively large
T.-Tpn (84 K). As seen from Fig. 3(b), the alloys H
(NigoCoszMnsy4lni4) and J (Nis;Co;Mnszlngs) both exhibit
an appropriate ASa (18.8Jkg’1 K~! for Nis;Co;Mn3z3In;s
and 17.6Jkg’1K’l for NigCo3Mnsslni4) and a near-
room-temperature 7, (283 K for Nis;Co;MnssIngs and
279 K for NigCo3zMnslnyy). Nevertheless, the alloy J
(Ni5;CoiMn33Inis) shows a much larger ATy + ATy
and a smaller 7.—T, as compared with the alloys H
(NiggCosMnsylnyy) [see Fig. 3(a)]. Therefore, we se-
lected NiggCosMnsaylnyy (H) as the optimum composi-
tion. Through magnetostructural transition manipulation, this
NigCosMnzlnis alloy possesses a small ATy + ATip
(15 K), a large T. —Tx (84 K), a near-room-temperature T
(279 K), and an appropriate AS, (17.6Jkg~' K~!) and thus
we expect that large reversible magnetocaloric effect, mag-
netostrain, and magnetoresistance could be achieved under a
low magnetic field in this alloy. The following investigation
will be focused on this alloy.

B. Reversibility of temperature-induced transformation
studied by in situ synchrotron HEXRD

To trace the structural evolution and the reversibility
of phase transformation during cooling and heating in the
Nig9Co3zMns3yInyy alloy, in situ synchrotron HEXRD exper-
iments were carried out. The sample was first cooled from
room temperature to 290 and 250 K, and then heated to
290 K. Figures 4(a)-4(c) show the 2D HEXRD patterns
collected at 290 K reached by cooling, and 250 and 290 K
reached by heating, respectively. By integrating the 2D pat-
terns along the azimuth angle from 0° to 360°, 1D diffraction
patterns were obtained and shown in Fig. 4(d). At 290 K, the
sample shows an austenitic structure. When cooled to 250 K,
the sample transforms into martensite. As can be seen, the
2D HEXRD patterns collected at 290 K reached by cooling
[Fig. 4(a)] and 290 K reached by heating [Fig. 4(c)] are almost
the same, indicating that the transformation is fully reversible.

The 1D diffraction pattern at 250 K [Fig. 4(d)] can all be well
indexed according to the six-layered modulated monoclinic
martensitic structure (space group No.10, P2/m) [21,49] with
the lattice parameters of ay = 4.4 A, by = 5.616 A, oM =
26.014 A, and B = 92.95°. No residual austenite could be
observed at this temperature. This suggests that the transfor-
mation is complete. Therefore, during the cooling and heating
process, the transformation between austenite and martensite
is complete and reversible. Indexation of the 1D diffraction
pattern at 290 K [Fig. 4(d)] reveals that the austenite shows
a cubic L2; Heusler structure (space group No. 225, Fm3m)
with the lattice parameter of a, = 5.99 A.

Utilizing the crystalline symmetry and the lattice param-
eters of austenite and martensite determined by in sifu syn-
chrotron HEXRD experiments, we evaluated the geometric
compatibility between austenite and martensite, which can
be characterized by the middle eigenvalue (A,) of the phase
transformation stretch matrix U [50-56]. It should be noted
that HEXRD has high resolution, which ensures the accuracy
of the crystal structure information. Our calculation reveals
that the A, for the NigCoszMnsz4lnyy alloy is 1.0033, which
is fairly close to 1. The comparison of the X, for the present
alloy with the values for other Ni-Mn-based MSMAs reported
in the literature [9,21,23,36,54] is shown in Fig. 4(e). Usually,
good geometric compatibility leads to small thermal hystere-
sis (AThys) [51]. Besides, recently it was reported that good
geometric compatibility also results in narrow transformation
temperature interval (AT;,.) and completeness of phase trans-
formation [36,55]. In the present alloy, the excellent geometric
compatibility between austenite and martensite accounts for
the small ATy + ATy and the completeness of phase trans-
formation, facilitating a reversible and cyclically stable phase
transformation.

To check the reversibility and cyclic stability of phase
transformation, which plays a significant role in the functional
fatigue of MSMAs, we carried out thermal cycling test across
austenitic transformation and martensitic transformation.
Figure 5 shows the DSC curves recorded during 100 thermal
cycles for the NiggCosMnsyslnyy alloy. Clearly, no significant
shift of the DSC peaks can be observed during 100 thermal
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denote the designed alloys shown in Table II; A: Nis; Co;MnjssIn;s,
B: Ni50C02Mn35In13, C: Ni49CO3M1’l351]’113, D: Ni4gCO4Ml’l35In13,
E: Ni47CO5MIl35II’l|3, F: Ni5|CO]M1’l34IIl|4, G: Ni50C02Mn34In]4,
H: Ni49C03Mn34ln14, I: Ni48C04Mn34In14, J: Ni51CO]MH33Il’115, K:
Ni50C02Mn331n15, L: N151C01MH3211'11().

cycles. The migration of the martensitic transformation tem-
peratures is within 1 K and the latent heat remains almost
unchanged during the cycling test. After the 100 thermal
cycles, AThys + ATy still keeps a small value of 15 K, which
is the same as that before thermal cycling. Moreover, the
sample remains intact with no cracks observed after 100
thermal cycles (see the inset of Fig. 5). Taken together, these
observations indicate good reversibility and cyclic stability of
phase transformation in the NigCo3zMns4Iny4 alloy.

C. Magnetic-field-induced complete and reversible
transformation evidenced by in situ neutron diffraction

As mentioned before, the NigCo3Mn34Iny4 alloy shows a
small AThys + ATiy and a large T, — Ty ; thus, magnetic-field-

induced complete and reversible transformation could be ex-
pected under a low magnetic field. Figure 6(a) shows the tem-
perature dependence of magnetization [M (T )] measured un-
der magnetic fields of 0.02 and 3 T for the NigCo3zMn34In 4
alloy. From the M(T) curve under 0.02 T, M, My, As, Ag,
and T are determined to be 274, 267, 275, 282, and 363 K,
respectively, which are well consistent with the transformation
temperatures determined from DSC measurements. As seen
from the M (T') curve under 3 T, there is a large magnetization
difference (AM) of 98 emu g~! between austenite and marten-
site across the transformation. Comparing the M(T') curves
under 0.02 and 3 T, one can see that applying a relatively
low magnetic field of 3 T dramatically decreases As by about
18 K, with the sensitivity of transformation temperature to
field change AA,/A(uoH) ~ 6 K T~!. This is in good agree-
ment with the AM/AS, value (5.6 KT~! ) estimated based
on the results obtained from DSC and M (T ) measurements. It
is known that if the magnetic-field-induced shift of transfor-
mation temperature is larger than ATy + ATy, a reversible
magnetic-field-induced transformation can occur in the tem-
perature range between A; under the magnetic field and My
under zero field [20,21,27,57]. In order to get insights into
the magnetic-field-induced transformation and its reversibil-
ity, isothermal magnetization [M (H)] curves were measured
during cyclically increasing and decreasing magnetic field in
the temperature range from 258 to 270 K with an interval of
2 K and the results are shown in Fig. 6(b). For measurement
at each temperature, first the sample was zero-field cooled to
258 K to get a full martensitic state and then heated to the
desired temperature for measurement; the field change of 0
T-3 T-0 T was repeated twice for each measurement. As seen
from the M (H) curves in Fig. 6(b), this alloy shows a strong
metamagnetic transformation behavior between 262 and
270 K, indicating a magnetic-field-induced transformation
from weak magnetic martensite to ferromagnetic austenite.
At each temperature, the M (H) curves measured during the
two cycles of field change almost overlap with each other,
suggesting that the magnetic-field-induced transformation is
reversible [58]. In the temperature range between 264 and
270 K, the magnetization saturates under the magnetic field
of 3 T, implying that the magnetic-field-induced transforma-
tion is complete. Therefore, it is inferred that complete and
reversible transformation occurs under a relatively low field
of 3 T at temperatures between 264 and 270 K. Notably,
the magnetic hysteresis (AHyy) of the magnetic-field-induced
transformation is quite narrow, which is about 1 T. This is the
smallest AHyy value among those reported for Ni-Mn-based
MSMAs [3,4,34,59,60]. Such a narrow AHypy will substan-
tially minimize the energy loss during magnetic field cycles
[20,35], beneficial for attaining high magnetocaloric perfor-
mance (especially effective magnetic refrigerant capacity).
To provide direct evidence on the magnetic-field-induced
phase transformation as well as its completeness and re-
versibility, we employed an in situ neutron diffraction tech-
nique to trace the crystal structure evolution during applying
and removing magnetic field. Reciprocal space mapping was
carried out during magnetic field change of 0 T-3 T-0 T at 268
and 270 K, respectively. The sample was initially cooled down
from room temperature to 250 K to get a full martensitic state
and then heated to 268 K for the in situ neutron diffraction
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FIG. 4. (a)-(c) Two-dimensional (2D) high-energy x-ray diffraction (HEXRD) patterns experimentally collected at 290 K (reached by
cooling) (a), 250 K (reached by cooling) (b), and 290 K (reached by subsequent heating) (c) for NigCo3;Mns4Ini4. (d) 1D HEXRD patterns
obtained by integrating the 2D patterns in (b) and (c), corresponding to the martensitic and austenitic states, respectively. (e) Correlation
between the X, and the thermal hysteresis in typical Ni-Mn-based MSMAs. The compositions corresponding to the reference numbers are
[9]-Nis0.4Mnay gInys g, [21]-Niy; Ti; CogMnszeSn g, [23]-NisoMn3; sInisCuy s, [36]-NisgCoioMnygSngAl,, and [54]-NiysCosMnyoSn .

experiment. The reciprocal space maps measured during in-
creasing and decreasing magnetic field at 268 K are shown in
Figs. 7(a)-7(c). The coordinates of the figures are expressed
with respect to the scattering vector Q with its length Q =

e
w
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FIG. 5. DSC curves recorded during 100 thermal cycles
across martensitic transformation and austenitic transformation for

NigCo3MnsyInyy. The inset shows the microstructure of the sample
after 100 thermal cycles.

2n/d = 4m sin 0 /A, with d being the interplanar spacing and
26 the diffraction angle. To better illustrate the structural
evolution during the field change of 0 T-3 T-0 T, in Fig. 7
we only focused on the representative diffraction spots within

the Q range from 1.3 to 2.5 Afl, but the other spots out of this
range were also taken into consideration when we analyzed
the results. Analysis of the diffraction spots in Fig. 7(a) shows
that the sample is in a fully martensitic state before applying
the magnetic field. When the magnetic field is increased to
3 T, all of the diffraction spots of martensite disappear while
the diffraction spot of austenite emerges [Fig. 7(b)], clearly
showing the complete magnetic-field-induced transformation
from pure martensite to pure austenite. When the magnetic
field is decreased from 3 to 0 T, the diffraction spots of marten-
site reappear and the diffraction spot of austenite completely
vanishes [Fig. 7(c)]. The diffraction spots of martensite before
applying the magnetic field [Fig. 7(a)] and after removing the
magnetic field [Fig. 7(c)] are almost identical, demonstrating
that the magnetic-field-induced transformation is fully re-
versible. Overall, Figs. 7(a)-7(c) unambiguously confirm that
the sample can transform completely and reversibly between
austenite and martensite under a relatively low magnetic field
of 3 T at 268 K. This corresponds well to the M (H) curve at
268 K shown in Fig. 6(b). After the in situ neutron diffraction
experiment at 268 K, the sample is heated to 270 K where
all of the diffraction spots still indicate a fully martensitic
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FIG. 6. (a) Temperature dependence of magnetization [M(T)]
measured under magnetic fields of 0.02 T and 3 T, respectively,
for NigCosMnsylIny,. (b) Two cycles of isothermal magnetization
[M(H)] curves recorded at constant temperatures from 258 to
270 K with an interval of 2 K for NiysgCoszMnsz,Iny.

structure [Fig. 7(d)]. Upon applying a magnetic field of
3 T at 270 K, the martensite transforms completely into
austenite [Fig. 7(e)]. After removing the magnetic field, the
field-induced austenite mostly transforms back to martensite
[Fig. 7(f)], but there is still a tiny amount of residual austenite
as suggested by the weak intensity of the (200), diffraction
spot in Fig. 7(f).

For a more comprehensive analysis, the evolution of the
1D diffraction patterns, obtained by azimuthal integration of
the reciprocal space maps, during applying and removing
magnetic field at 268 and 270 K, are shown in Figs. 7(g)
and 7(h), respectively. Based on the 1D diffraction patterns,
the completeness and reversibility of magnetic-field-induced
transformation under 3 T at 268 and 270 K are clearly
presented. The above in situ neutron diffraction experiment
clearly evidences that a complete and reversible magnetic-
field-induced transformation occurs under a relatively low
magnetic field of 3 T in the NiggCo3Mns34In4 alloy. Thus,

large reversible multifunctional magnetoresponsive effects
can be expected under a relatively low field of 3 T in this alloy.

D. Magnetocaloric effect

To examine the magnetocaloric effect under a magnetic
field of 3 T, we first evaluated the magnetic entropy change
(ASpy) which is one important characteristic parameter for the
magnetocaloric effect [9,20,35]. Based on the M(H) curves
shown in Fig. 6(b) [for clarity, the M(H) curves recorded
during increasing magnetic field in the second cycle are
displayed in the inset of Fig. 8], ASy, is estimated using the
Maxwell relation:

noH
ASw = Su(T, H) = Su(T, 0) = f

—d(ug, H).
. 3T (o, H)

2

It should be noted that AS,, is usually overestimated
with the Maxwell relation if there is a phase coexistence of
the weak magnetic martensite and ferromagnetic austenite
before applying a magnetic field [61,62]. Fortunately, our
Nig9Co3Mns34lIny4 alloy is in the pure martensitic state before
applying a magnetic field at each temperature at which the
M (H) curves in Fig. 6(b) were recorded; in this case, the ASy,
estimated with the Maxwell relation is reliable [20,62]. The
estimated ASy, under 3 T is shown as a function of tempera-
ture in Fig. 8. Clearly, the maximum value of AS;, under 3 T
is ~16.5Jkg~! K~!, which is very close to the transformation
entropy change AS, (17.6Jkg~! K~!) determined from the
DSC curve in Fig. 2(b) (see Table II). Since the magnetic-
field-induced transformation is reversible (as demonstrated
above in Sec. IIIC), the AS,, as a result of such transfor-
mation is also reversible. Therefore, a large reversible ASy,
of 16.5Jkg~! K~! is achieved under a relatively low field of
3 T in the NiggCo3zMns34Iny4 alloy. Table III lists the reversible
AS,, obtained in Ni-Mn-based MSMAs [20,21,27,63,64]. As
can be seen, the magnitude of the reversible AS,,, we achieved
is comparable to that obtained under higher fields (above
5 T) in other Ni-Mn-based alloys [20,21,27,63,64], but the
magnetic field we applied is significantly lower, which is
indeed beneficial for practical applications.

The adiabatic temperature change AT,4 is another impor-
tant characteristic parameter for magnetocaloric effect. It was
reported that the reversible AT,q can be estimated on the basis
of the reversible AS;, data by using the following relation [9]:

T
ATy = —— - ASp, 3
ad Cp ( )

where C, is the specific heat capacity obtained at the tempera-
ture 7. The C;, in the NigCo3Mns4In 4 alloy is determined by
using the modulated DSC technique and it is shown as a func-
tion of temperature in Fig. 9(a). Using the reversible AS;, data
shown in Fig. 8 and the C, values presented in Fig. 9(a), the
reversible AT,q is computed with Eq. (3) and shown as a func-
tion of temperature in Fig. 9(b). As can be seen, the maximum
reversible AT,q under 3 T is about —9.7 K, which actually is
a large reversible AT,4 under such a relatively low field.

For magnetic refrigeration, the refrigerant capacity (RC)
is often used to evaluate the potential magnetic cool-
ing efficiency of the magnetocaloric materials for practical
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and 26 the diffraction angle.

applications [34,35]. The RC for a reversible refrigeration
cycle is defined as [35,65]:

Tho
RC = / ASndT 4)
T:

cold

where T¢o1q (the temperature of the cold reservoir) and Ty (the
temperature of the hot reservoir) correspond to the tempera-
tures at full width half maximum of the AS,, peak [65]. Using
Eq. (4), the RC under 3 T is estimated to be ~116.6Jkg™".
It should be noted that, for magnetocaloric materials with
negligible hysteresis loss, Eq. (4) can be used to reasonably
evaluate the magnetic cooling efficiency [20,65-67], but for
the materials with apparent magnetic hysteresis (e.g., Ni-Mn-
based MSMA), it is more reliable to use the effective refriger-
ant capacity RCe¢r, computed by taking the average hysteresis

loss away from the RC value, to evaluate the final cooling ef-
ficiency for cyclic applications [68]. In the NigCo3Mn34In;4
alloy, a narrow AH,, of ~1T [Fig. 6(b)] leads to a rela-
tively small hysteresis loss of ~42.1Jkg~!. Consequently,
a RC.; value of ~74.5Jkg™! is obtained under 3 T in the
present alloy. Considering that the magnetic-field-induced
transformation is reversible and repeatable (as inferred from
Fig. 6), the magnetic hysteresis loss and thus the RC. is
consistent during magnetic cycling. Actually, this large re-
peatable RCefr (~74.5J kg™ ") under 3 T is comparable to that
obtained under a high magnetic field of 5 T (~76.6Jkg™")
in other Ni-Mn-based alloys [20]. As demonstrated above,
a large reversible magnetocaloric effect, with AS; of
16.5Jkg’1 K-! and RC.s of ~74.5Jkg’1, is achieved
under a relatively low field of 3 T in the NigCo3Mn34In 4
alloy.
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FIG. 8. Reversible magnetic entropy change (AS),) under a mag-
netic field of 3 T shown as a function of temperature. The inset shows
the M (H ) curves extracted from Fig. 6(b); for clarity, only the curves
recorded during increasing magnetic field in the second cycle are
displayed.

E. Magnetostrain

The magnetic-field-induced transformation in Ni-Co-Mn-
In alloys usually results in a magnetostrain effect [4]. We
investigated the magnetostrain under a magnetic field of 3 T
in the NiggCo3Mns34Iny4 alloy by measuring the strain during
increasing and decreasing magnetic field. A cubic sample with
the size of 7 x 7 x 7mm? was used for the magnetostrain
measurements. It was cut from the button ingot, with four
edges parallel to the solidification direction of the ingot, as
illustrated in Fig. 10(a). Owing to the temperature gradient
along the solidification direction when the ingot was prepared
in a water-cooled copper crucible, preferred crystallographic
orientation forms in the ingot. The annealed ingot consists of
columnar grains showing a texture with (001) of austenite
parallel to the solidification direction [25,26,68]. For the
magnetostrain measurements, the magnetic field is always
applied along the solidification direction, while the strain is
measured in the directions both parallel and perpendicular
to the solidification direction (Fig. 10). The magnetostrain is
defined as

AL/Ly = [L(H) - Lo]/Lo, &)

where L is the length under zero field and L(H) is the length
under a magnetic field poH. Before the measurement at each

°r (b) g
2k
af
of
AT, 4= -9.7K

Reversible AT, (K)

8k Q\ l
ol 9—0—o

256 258 260 262 264 266 268 270
Temperature (K)

FIG. 9. (a) Specific heat capacity C, measured by using the
modulated DSC technique shown as a function of temperature for
NigCosMnsyInyy. The result is for the heating process. (b) Re-
versible adiabatic temperature change AT, under a magnetic field
of 3 T, estimated with Eq. (3), shown as a function of temperature.

temperature, the sample was first cooled down to 256 K under
zero field to ensure a full martensitic state and then heated to
the measurement temperature.

Figure 10(b) shows the magnetostrain parallel to the so-
lidification direction measured at 260, 264, and 268 K in the
polycrystalline NiggCosMnssIlnyy alloy. One can see that at
each temperature the strain shows an obvious increase above
a critical magnetic field, which is owing to the magnetic-
field-induced transformation, and recovers fully to the initial
state after removing the field. The magnetostrain under 3 T
is about 0.025% at 260 K, and it increases to about 0.07% at
264 K. This is because of the increased fraction of magnetic-
field-induced transformation. The magnetostrain under 3 T

TABLE III. Magnetic-field-induced reversible AS,, in the NiggCo3Mn34In4 alloy (this work) compared with that reported in other Ni-Mn-
based alloys. “T” denotes the temperature at which the reversible AS,, is obtained.

Alloys AS, kg 'K™h T (K) Applied field (T) References
Ni49C03Mn34In14 16.5 269 3 This work
Ni49_gCO]»2MH33_5IH|5_5 14.6 236 5 [20]
Ni41Ti1COgM1’13951’110 18.7 285 5 [21]
Ni4g‘1C02'9Mn35401n1440 12.8 233 5 [27]
Niyz 47C0g 87Mn31 67Ga14 98102 01 8 413 6 [63]
Ni43C06Mn40Sn11 19.3 266 5 [64]
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FIG. 10. (a) Illustration of how the cubic sample (7 x 7 x 7mm?) for magnetostrain measurements was cut from the button ingot.
(b) Magnetostrain parallel to the solidification direction measured at 260, 264, and 268 K in the polycrystalline NisCo3zMns4In,4 alloy.
(c) Magnetostrain perpendicular to the solidification direction measured at 265, 267, and 268 K in the polycrystalline NisgCo3;Mns4In;4 alloy.

reaches 0.26% at 268 K, at which the complete transformation
is induced. Therefore, a large reversible magnetostrain up
to 0.26% 1is achieved under a relatively low magnetic field
of 3 T in the polycrystalline NigCo3zMns4Ini4 alloy. The
magnetostrain perpendicular to the solidification direction in
the same sample is also measured and the results are shown
in Fig. 10(c). At all the measurement temperatures (265, 267,
and 268 K), the magnetic-field-induced transformation is re-
versible and complete at 3 T, and hence the magnetostrain at 3
T (which is fully reversible) is approximately the same at these
temperatures, i.e., —0.12%. Apparently, the magnetostrain
perpendicular to the solidification direction shows a negative
sign and has a magnitude much smaller than that parallel to the
solidification direction [Fig. 10(b)]. This is attributed to the
anisotropy of microstructure and crystallographic orientation
in the button ingot solidified in a water-cooled copper crucible
[25,26,68-70].

To evaluate the repeatability of magnetostrain during dif-
ferent magnetic cycles, we continued to examine the mag-
netostrain during cyclic application and removal of magnetic
field after the measurement shown in Fig. 10(c). The magne-
tostrain perpendicular to the solidification direction measured
during two field cycles at different temperatures is displayed
in Fig. 11. At 267 K [Fig. 11(a)] and 268 K [Fig. 11(b)],
the magnetostrain exhibits almost the same field dependence
during the first and second cycles of increasing and decreas-
ing magnetic field. Further measurements at 268 K shows
that the magnetostrain vs field curves recorded during the
third and fourth cycles (for clarity, not shown here) coincide
well with those recorded during the first and second field
cycles. This clearly demonstrates the excellent repeatabil-
ity of the magnetostrain in the NigCos;Mnszylny, alloy. As
seen from Figs. 11(c) and 11(d), when the measurement
temperature increases to 270 and 271 K, the magnetostrain
during the first field cycle could not fully recover after re-
moving the field, which is attributed to the residual field-
induced austenite as revealed by our in sifu neutron diffraction
experiment [Fig. 7(f)]. Fortunately, the magnetostrain (—0.1%
at 3 T) becomes fully reversible and repeatable from the
second cycle [Figs. 11(c) and 11(d)].

As demonstrated above, a large reversible magnetostrain
of up to 0.26% is achieved under a relatively low field of 3 T
in the polycrystalline NigCo3zMns4In 4 alloy. Table IV lists

the reversible magnetostrain obtained in Ni-Mn-based MS-
MAs [5,6,24,26,71]. Since only the reversible magnetostrain
is useful for cyclic actuation, the irreversible magnetostrain
reported in the literature is not included in this table. As
can be seen, the large reversible magnetostrain can only be
obtained with a high magnetic field above 5 T in the literature.
In contrast, we only applied a relatively low magnetic field
of 3 T to attain a large reversible strain of 0.26%, thanks to
the optimized magnetostructural transition parameters in the
studied alloy. The reduction of the actuation magnetic field
is important for practical applications. It is worth mentioning
that predeformation or thermal-mechanical training [4,5,24]
is not needed to get the large reversible magnetostrain in the
present work. In addition, the large reversible magnetostrain is
achieved in the polycrystals, which are easier to synthesize as
compared with single crystals, which, from the technological
point of view, facilitates the applications of this material.

F. Magnetoresistance

Owing to the difference in the resistivity of austenite and
martensite in Ni-Mn-based MSMAs, there is a change in
resistivity during the magnetic-field-induced transformation,
giving rise to a magnetoresistance effect. To examine the mag-
netoresistance under a magnetic field of 3 T, we studied the
variation of electrical resistance with temperature and mag-
netic field in the NiggCoszMns4Inyy alloy. Figure 12(a) illus-
trates the temperature dependence of the electrical resistance
[0(T)] measured under O T and 3 T. As seen from the o(T)
curves, during cooling the electrical resistance undergoes
an abrupt increase upon martensitic transformation. This is
related with the variation of the density of electronic states in
the vicinity of the Fermi surface during phase transformation
[1,17,72]. Remarkably, the electrical resistance of martensite
is three times as large as that of austenite. Comparing the p(7)
curves under 0 and 3 T [Fig. 12(a)], one can see that the
transformation temperature Ag is significantly decreased by
17 K under a field of 3 T, with AA;/A(uoH) ~5.7KT!,
which is well consistent with the result obtained from the
M(T) curves [Fig. 6(a)]. If a magnetic field of 3 T is ap-
plied at a temperature close to As (under O T), there will be
a magnetic-field-induced transformation from martensite to
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FIG. 11. Magnetostrain perpendicular to the solidification direction measured during two field cycles at (a) 267 K, (b) 268 K, (c) 270 K,

and (d) 271 K in the polycrystalline NiggCo3Mns4Iny4 alloy.

austenite leading to a significant decrease of electrical resis-
tance, and thus a large magnetoresistance can be expected.

The electrical resistance during increasing and decreasing
magnetic field was measured and the magnetoresistance un-
der a magnetic field uoH was obtained from the following
relation:

AR/Ry = (Ru—Ro)/Ro, (6)

where Ry is the electrical resistance under zero field and Ry
is the electrical resistance under puoH. Figure 12(b) displays
the magnetoresistance as a function of magnetic field [p(H)]
at 240, 260, 264, and 268 K for NiygCo3Mns34In 4, where
the sample is in the fully martensitic state before applying
magnetic field at each temperature. As can be seen, the

magnetoresistance abruptly increases above a critical mag-
netic field at 260, 264, and 268 K, which is attributed to
the magnetic-field-induced transformation from martensite to
austenite; the magnetoresistance recovers to zero after re-
moving the field, indicating that the magnetoresistance in the
present alloy is fully reversible. The magnetoresistance shows
a negative value owing to the lower electrical resistance of
austenite, and it amounts to 19 and 38% (under 3 T) at 260 and
264 K, respectively. Notably, the magnetoresistance under 3 T
reaches a high value of 60% at 268 K. Thus, a large reversible
magnetoresistance is achieved under a relatively low magnetic
field of 3 T in the NigCo3Mns4Iny4 alloy. For comparison,
Table V lists the reversible magnetoresistance obtained in
Ni-Mn-based MSMAs [1,3,73-75]. As can be seen, the large

TABLE IV. Magnetic-field-induced reversible magnetostrain in the NigCos;Mns,Iny, alloy (this work) compared with that reported in
other Ni-Mn-based alloys. “T” denotes the temperature at which the reversible magnetostrain is obtained. The letters “S” in the bracket

denotes single crystal; the other alloys are all polycrystalline.

Ni-Mn-based alloys Magnetostrain (%) T (K) Applied field (T) References
Ni49C03Mn34In14 0.26 268 3 This work
Ni43C07Mn395n1. 0.3 310 8 [5]
Ni50Mn34In16 0.12 195 5 [6]
Ni30CU3CO]2M1’137Gal3(S) 0.47 264 9 [24]
NisoMn33In13Ga4 0.49 194 7 [26]
Ni46C04Mn395n11 0.012 225 3 [71]
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FIG. 12. (a) Temperature dependence of electrical resistance
[p(T)] measured under 0 and 3 T, respectively, for NiggCozMnsz4In,.
(b) Variation of magnetoresistance as a function of magnetic field
[o(H)] measured at 240, 260, 264, and 268 K, respectively, for
Ni49C03Mn34In14.

reversible magnetoresistance we achieved under a relatively
low field of 3 T is comparable to that obtained under higher
fields (e.g., 9 T) in other Ni-Mn-based alloys. Moreover,
the large reversible magnetoresistance in the present work is
achieved around room temperature whereas that reported in
the literature is usually obtained at temperatures much lower
than room temperature (below 240 K, see Table V). The
lower actuation magnetic field and the near-room-temperature
working temperature benefit the applications of the magne-
toresistance in the present NigCosMnsz4In 4 alloy.

IV. CONCLUSIONS

The magnetostructural transition in the Ni-(Co)-Mn-In
MSMAs was manipulated via systematically tuning the Mn/In
ratio and the Co substitution in a series of compositions. An
optimum composition NiggCozMns4Iny4 with best combina-
tion of magnetostructural transition parameters was singled
out. This NiggCo3Mn34In4 alloy shows a small ATpys + ATy
of 15 K and a high sensitivity of transformation temperature
to field change, 6 K T~!. A reversible magnetic-field-induced
transformation between pure martensite and pure austenite oc-
curs under a relatively low magnetic field of 3 T in this alloy,
which is directly evidenced by our in situ neutron diffraction
experiment. Based on this magnetic-field-induced transforma-
tion, large reversible multifunctional magnetoresponsive ef-
fects were obtained. A large reversible magnetocaloric effect
with AS;, of 16.5Jkg~! K~!, a large reversible magnetostrain
of 0.26% and a large reversible magnetoresistance of 60%, un-
der a relatively low magnetic field of 3 T, were simultaneously
achieved in this NigCoszMn3z4In4 alloy. The magnitudes of
these reversible magnetoresponsive effects are comparable
to those reported under high magnetic fields (above 5 T)
in other Ni-Mn-based MSMAs, but the magnetic field re-
quired to induce the magnetoresponsive effects in the present
work is drastically lower. Moreover, the large reversible
magnetoresponsive effects in NiggCo3Mns4In 4 were obtained
around room temperature. The reduced actuation magnetic
field and the near-room-temperature working temperature of
Nig9Co3Mn34In4 are quite beneficial for the practical applica-
tions of the magnetoresponsive effects. The present work may
guide the design of high-performance MSMAs with extraor-
dinary low-field-induced multifunctional magnetoresponsive
properties.
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TABLE V. Magnetic-field-induced reversible magnetoresistance in the NiggCo3zMnsyIny4 alloy (this work) compared with that reported in
other Ni-Mn-based alloys. “T” denotes the temperature at which the reversible magnetoresistance is obtained.

Ni-Mn-based alloys Magnetoresistance (%) T (K) Applied field (T) References
Ni49CO3M1’134IH14 60 268 3 This work
Ni50Mn35In15 80 150 9 [1]
Ni4] C09Mn39$b|] 70 230 13 [3]
Ni46_4Mn32,gSn20_g 5 239 12 [73]
Ni47F83MH36SH14 10 75 9 [74]
Ni50Ml’l34Il’l|5'5A10'5 50 215 5 [75]
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