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a b s t r a c t

A series of Mn50Ni50−xInx (x = 9.75, 10, 10.25, 10.5 10.75, and 11) ferromagnetic shape memory alloys
with Mn content as high as 50 at.% were prepared. The martensitic transformation (MT), magnetocaloric
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effect, and magnetoresistance in Mn50Ni50−xInx alloys were investigated. With x increasing from 9.75 to
11, the MT temperature decreased from 270 to 110 K and the Curie temperature of austenite remains rel-
atively constant. Large positive magnetic entropy change and negative magnetoresistance were observed
around MT temperatures in these alloys. Large magnetic entropy change and magnetoresistance would
be ascribed to the temperature and magnetic field-induced MT in Mn50Ni50−xInx alloys.
agnetocaloric
agnetoresistance

. Introduction

Heusler Ni–Mn–Ga alloys have drawn great attention in recent
ears since they show many functional properties around marten-
itic transformation (MT) [1–5]. Therefore, tuning MT in these alloys
s of great importance and has been realized by adjusting the con-
ents of Ni, Mn and Ga or doping other elements [4–6]. Up to now,

any studies have focused on the off-stoichiometric Ni–Mn–Ga
lloys in which the content of Ni is larger than that of Mn [4,5].
owever, MT can also be observed in the system with high con-

ent of Mn even up to 50% (at.%), i.e. Mn2NiGa [7]. It exhibits a MT
round room temperature and distinguishes itself from the well-
nown Ni2MnGa alloy by showing a much larger c/a ratio and much
roader thermal hysteresis. An excellent two-way shape memory
ffect with strain of 1.7% and field controllable shape memory effect
p to 4.0% have been observed in single crystalline Mn2NiGa [7].

Recently, the new ferromagnetic shape memory alloys (FSMAs)
i–Mn–X (X = In, Sn, Sb) have been extensively studied owing

o their several interesting physical properties associated with
T [8–13]. It is well known that these alloys in some particu-

ar composition ranges undergo a first-order magnetic transition
FOPT) from a high symmetry phase (austenite) to a low sym-
etry phase (martensite) with decreasing temperature, associated
ith the sharp changes of magnetization, leading to large magne-

oresistance (MR), giant magnetocaloric effects (MCE), and large
agnetic-field-induced strain (MFIS) [10–16]. Similar to Ni2MnGa,
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the Ni–Mn–X alloys with high Mn content, in which the content of
Mn is larger than that of Ni, have rarely been investigated. Accord-
ing to our previous results, in the Mn50Ni40−xSn10+x (x = 0, 0.5, and
1) alloys, the excess Mn atoms would occupy both Ni and Sn sites
and result in a large exchange bias and different MT temperature
[17]. In present study, we focused our study on Ni–Mn–In alloys and
a series of MT were observed in the high-Mn content Mn50Ni50−xInx

alloys. Moreover, large MCE and MR around MT temperature have
been studied systemically.

2. Experiment

Polycrystalline ingots of Mn50Ni50−xInx (x = 9.75, 10, 10.25, 10.5, 10.75, and 11)
alloys were prepared by arc-melting raw materials under a high-purity argon atmo-
sphere. To attain a good compositional homogeneity, the samples were sealed in
evacuated quartz tubes and annealed at 1073 K for 48 h, then quenched in cool
water. The crystal structure was verified by X-ray diffraction (XRD) analysis using
Cu K� radiation at room temperature. The magnetization measurements were per-
formed by a vibration sample magnetometer (7400 Lakeshore) under a magnetic
field up to 12 kOe. The transport properties were measured in a physical property
measurement system (PPMS, Quantum Design) using the four probe method.

3. Results and discussions

The XRD patterns of the Mn50Ni50−xInx (x = 9.75, 10, 10.25, 10.5,
10.75, and 11) alloys are shown in Fig. 1. All of them have a cubic L21
structure (austenite) at room temperature. Obviously, the diffrac-

tion peaks shift towards low angels with x increasing from 9.75 to
11, suggesting the increase in lattice constants. With the decrease
of In content, a small extra phase appears [18], which indicated
by asterisks in Fig. 1. Magnetization as a function of tempera-
ture for Mn50Ni50−xInx alloys was measured in a low magnetic
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Table 1
The values of austenitic start temperature (As), austenitic finish temperature (Af),
the Curie temperature of austenitic phase (TA

C
), valence electron concentration (e/a),

refrigerant capacity (RC), and magnetic entropy change �SM for Mn50Ni50−xInx

(x = 9.75, 10, 10.25, 10.5, 10.75 and 11) alloys.

x As (K) Af (K) TA
C

(K) �SM (J/kg K) RC (J/kg) e/a

9.75 270 300 337 2.3 27 7.8175
10 255 286 337 8.1 42 7.80
10.25 220 250 339 7.7 54 7.7825
ig. 1. Room temperature XRD patterns of Mn50Ni50−xInx (x = 9.75, 10, 10.25, 10.5,
0.75, and 11) alloys.

eld of 100 Oe. Fig. 2(a) shows the M–T curves for Mn50Ni39.5In10.5
lloy on heating and cooling. With decreasing temperature, a sharp
ncrease of magnetization is observed at the ferromagnetic (FM)
rdering temperature of the austenite of 340 K. Further decreas-
ng temperature, a sudden drop of magnetization occurs at 190 K,

hich corresponds to the MT. Upon heating, the reverse MT from
eak-magnetic martensite to FM austenite takes place at 188 K,
hile the FM transition of austenite occurs still at 340 K, suggest-

ng the nature of FOPT for MT. Fig. 2(b) shows the M–T curves for
ll Mn50Ni50−xInx samples on heating under a magnetic field of
00 Oe. Obviously, a series of MT are observed in all alloys with high
n content (50 at.%) in different temperature, which is associated
ith a sharp change of magnetization. Noted that most studies in
i–Mn–In system have focused on tuning the ratio of Mn to In with

fixed Ni content of 50 at.% [11–13]. However, in present alloys,

he MT temperatures can also be tuned in a wide range by fixing
n content (50 at.%) with various Ni and In contents. From Fig. 2(b),

he austenitic start temperatures (As) of Mn50Ni50−xInx alloys shift

ig. 2. Temperature dependence of magnetization under a magnetic field of 100 Oe
or (a) Mn50Ni39.5In10.5 alloy on heating and cooling and (b) Mn50Ni50−xInx (x = 9.75,
0, 10.25, 10.5, 10.75, and 11) alloys on heating.
10.5 188 215 340 7.2 61 7.765
10.75 150 189 342 5.6 45 7.7475
11 110 136 340 4.1 50 7.73

substantially towards lower temperature with increasing content
of In, while the Curie temperature of the austenite phase remains
almost unchanged. This behavior agrees in general with previously
reports [11,12]. It is reported that characteristic temperatures in
FSMAs are relative to the valence electron concentration e/a (elec-
trons per atom) [17,19]. Here the valence electron is calculated as
the number of 3d and 4s electrons of transition metals (Ni, Mn) and
the number of 5s and 5p electrons of In. Since In has less valence
electrons than Ni, increasing the content of In would result in an
decrease of e/a, and consequently, MT temperature decreases from
270 to 112 K for x = 9.75 to 11 in Mn50Ni50−xInx alloys. The values
of characteristic temperatures and e/a are listed in Table 1.

Isothermal magnetization curves M–H for Mn50Ni50−xInx

(x = 9.75, 10, 10.25, 10.5, 10.75, and 11) alloys were measured
around MT temperatures. Fig. 3 shows a series of M–H curves for
Mn50Ni39.5In10.5 alloy with a temperature interval of 1 K. It is obvi-
ous that the sample shows FM behavior above 210 K and weak
magnetism below 200 K, which is consistent with the results of
M–T. No obvious metamagnetic behavior can be observed between
200 and 210 K under the field of 12 kOe, suggesting that the
applied magnetic field is not high enough to completely induce
MT in Mn50Ni39.5In10.5 alloy. It is well known that in the Mn rich
Ni50Mn50−xInx alloys, the excess Mn atoms would occupy the In
sites and the moments are coupled antiferromagnetically (AFM)
to those of the surrounding Mn atoms on the regular Mn sites
[9,17,19]. After the MT, the Mn–Mn distance would decrease due to
the twinning of the martensitic phase, leading to the enhancement
in the strength of the AF exchanges [9,17,19]. If the content of Mn
is further increased to 50 at.% by decreasing Ni, i.e. Mn50Ni50−xInx,
the Mn atoms would occupy both the regular Ni and In sites, which
would introduce more AFM regions [17].
The magnetic entropy changes (�SM) were calculated from
the isothermal magnetization curves using Maxwell relation
[10,11,14]. �SM as a function of temperature for Mn50Ni50−xInx

(x = 9.75, 10, 10.25, 10.5, 10.75, and 11) alloys under the applied

Fig. 3. Isothermal magnetization curves for Mn50Ni39.5In10.5 alloy around MT tem-
perature.
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The variation of MR with temperature for Mn50Ni50−xInx

(x = 10.5, 10.75) alloys is shown in Fig. 6. The MR is determined
by using the relation [�(H) − �(0)]/�(0). It is obvious that large
MR is only observed around MT temperature. Under the field of
ig. 4. Temperature dependence of �SM in the magnetic field of 12 kOe for
n50Ni50−xInx (x = 9.75, 10, 10.25, 10.5, 10.75, and 11) alloys.

eld of 12 kOe is shown in Fig. 4. The maximum values of �SM

re 2.3, 8.1, 7.7, 7.2, 5.6, and 4.1 J/kg K for x = 9.75, 10, 10.25, 10.5,
0.75, and 11, respectively. These values are comparable to �SM in
d5Si2Ge2 [20], Ni–Mn–Sn [10,14], and Ni50Mn50−xInx alloys [11],
hich display large MCE near the FOPT. The refrigerant capacity

RC) value, one useful parameter used to quantify the MCE proper-
ies, was calculated by integrating the �SM (T, H) curves over the
ull width at half maximum [11]. The maximum value is 54 J/kg
or x = 10.25, which is comparable with that in Ni50Mn34In16 alloy
nder the same magnetic field [11]. The �SM and RC values for
ifferent In contents are presented in Table 1. It can be seen that

arge low-field �SM and RC can be obtained from 300 to 120 K by
uning the component of the Ni and In. Since MT temperatures of

n50Ni50−xInx alloys can be easily tuned, it is possible to develop
omposites based on these alloys that exhibit large �SM in a wide
emperature range.

Nowadays, it is still controversial to calculate the value of
SM by using Maxwell relation in the FOPT systems [21,22].

ome researchers think that there are some discrepancies between
he MCE computed from specific heat measurements and mag-
etization measurements [21,22]. It is noticed that the entropy
ariations in Ni45Co5Mn37.5In12.5 single crystal determined using
axwell and Clusius–Clapeyron relationships are comparable [23].
oreover, the result roughly agrees with each other for �SM of
i45Co5Mn36.5In13.5 alloy calculated by Maxwell relation and that
f Ni45Co5Mn36.5In13.5 alloy by DSC measurements [15,24]. Thus,
he values of the �SM can be calculated to some extent by Maxwell
elation based on magnetization measurements in these Ni–Mn
ased FSMAs. Nevertheless, detailed experiments are still required
or fully understanding the intrinsic MCE in these alloys.

Fig. 5(a) shows the temperature dependence of resistivity
�–T) for Mn50Ni39.25In10.75 alloy on heating and cooling processes
nder zero-field. The resistivity of the alloy remains almost con-
tant at low temperatures and drops abruptly around reverse MT
emperature which corresponds to the phase transition between
eak-magnetic martensite and FM austenite. Above reverse MT

emperature, the resistivity increases slowly with increasing tem-
erature, showing a typical metallic behavior. It is noted that the
tructure of martensite is different from that of austenite. So, the
rystal symmetry changes through the MT, and the density of state
n the vicinity of the Fermi level may be modified, which can lead to
he sharp decrease of the electrical resistivity [13,25]. Upon cooling
rocess, the similar behavior for resistivity can be observed. Obvi-

usly, the existence of a large thermal hysteresis between heating
nd cooling processes confirms the first order nature of MT.

The�–T curves for Mn50Ni50−xInx (x = 10.5, 10.75) alloys at 0 and
0 kOe on heating are plotted in Fig. 5(b). In the low and high
emperature range, the value of resistivity at zero field is almost
Fig. 5. Temperature dependence of resistivity for (a) Mn50Ni39.25In10.75 alloy at zero
field on heating and cooling and (b) Mn50Ni50−xInx (x = 10.5, 10.75) alloys at 0 and
50 kOe on heating.

the same with that at 50 kOe, suggesting that there is no obvious
MR effect in martensite and austenite. It is well known that mag-
netic field can induce MT in Ni–Mn based FSMAs, and this phase
transition is associated with drastic changes of electrical resistivity
between martensite and austenite. Therefore, around MT temper-
ature, the electrical resistance of these alloys can be effectively
modified by a magnetic field. In addition, the reverse MT tem-
perature decreased by 9 and 8 K under 50 kOe for the alloys with
x = 10.75 and 10.5, respectively, indicating the effect of magnetic
field on MT. Moreover, it is obvious that the changes of resistivity
in the alloy of x = 10. 5 is larger than that of x = 10.75. As shown in
Fig. 2(b), MT occurs between a FM austenite and a weak-magnetic
martensite for x = 10. 5. But in the case of x = 10.75, since the Curie
temperature of martensite is larger than MT temperature, a phase
transition from FM martensite to FM austenite is observed with
increasing temperature. It seems that the different magnetic state
around MT would make a contribution to the different changes of
resistivity in x = 10.75 and 10.5 alloys.
Fig. 6. Temperature dependence of MR for Mn50Ni50−xInx (x = 10.5, 10.75) alloys at
a magnetic field of 50 kOe. Inset: Field dependence of MR for Mn50Ni39.25In10.75 alloy
at 181 K.
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0 kOe, the negative peak values of MR are 10% and 24% for x = 10.75
nd x = 10.5, respectively, which are slightly smaller than that in
i50Mn50−xInx alloys [13]. As we know, martensite and austen-

te have different crystal structures, and consequently, different
esistivities. Therefore, around the MT, with the variation of tem-
erature and magnetic field, the electric structure together with the
ensity of states near the Fermi surface should be modified, leading
o the abrupt change of electrical resistivity and then resulting in
large MR. The inset presents the MR curves for x = 10.75 at 181 K.
efore measurement, the sample was first cooled down to 100 K,

ar below the MT temperature, and then heated to the required
emperature. The value of MR decreases gradually with increasing

agnetic field, showing no obvious saturation even the field up to
0 kOe, since the applied field is still insufficient to fully induce MT.
owever, resistivity remains almost constant as the magnetic field
ecreases from 50 kOe to zero, implying that the return transition
rom austenite to martensite cannot be realized [26,27].

. Conclusion

We have studied the phase transition, MCE and MR in high-Mn
ontent Mn50Ni50−xInx alloys. MT can be observed in these high-Mn
ontent alloys and tuned in a wide temperature range by adjust-
ng the Ni and In contents. With x increasing from 9.75 to 11 on
eating process, the reverse MT temperature decreases from 270
o 110 K and the Curie temperature of austenite remains relatively
onstant. Such behaviors are consistent with the dependence of
ransition temperature on the valence electron concentration e/a.
arge MCE and MR effects, which are ascribed to the tempera-
ure and field induced MT, are observed around MT temperature.
he Mn50Ni50−xInx alloys have large positive MCE, negative MR,
djustable MT temperature and low cost, which would be a multi-
unctional applied material candidate.
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