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Magnetic and structural transitions are observed to coincide at around room temperature in transition-
metal-based (MnNiSi)1-x(FeCoGa)x (x = 0.15 and 0.16) alloys, which leads to a coupled first-order
magnetostructural transition (MST) from paramagnetic hexagonal to ferromagnetic orthorhombic struc-
ture, and, as a result, a giant magnetocaloric effect is observed in these alloys. With subsequent doping
for x = 0.17, the MST decouples into two separate transitions, structural and magnetic, although the tran-
sitions couple upon enhancing the applied magnetic field. The alloys with x = 0.15, 0.16, and 0.17 are
found to exhibit isothermal magnetic entropy changes (|�SM |) as large as about 25 J kg−1 K−1 at 323 K,
about 31.1 J kg−1 K−1 at 281 K, and about 23.8 J kg−1 K−1 at 213 K, respectively, due to a field change of
�H = 50 kOe. These low-cost materials may be considered as promising candidates for magnetic refrig-
eration around room temperature due to their giant magnetocaloric properties, with significantly large
relative cooling power (RCP = 191.8, 209.6, and 139.2 J/kg, respectively, for x = 0.15, 0.16, and 0.17 due
to �H = 50 kOe).
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I. INTRODUCTION

Energy-efficient and eco-friendly magnetic refrigera-
tion (MR) technology based on the magnetocaloric effect
(MCE), which has enormous potential to replace con-
ventional vapor compression technology, is expected to
be applicable in solid-state-based modern refrigeration
devices [1,2]. In this regard, it requires potential refrigerant
materials with giant magnetocaloric properties. Materials
such as Gd5Si2Ge2 [3], La(Fe, Si)13-based alloys [4–6],
Mn-Fe-based compounds [6,7], and Ni-Mn-based Heusler
alloys [8–12] are being already proposed as promising
refrigerant materials because of their excellent MCEs
around room temperature. All of these alloys are accom-
panied with a magnetic-field-induced structural transition
from an antiferromagnetic or paramagnetic (PM) phase to
a ferromagnetic (FM) phase, leading to a strongly coupled
magnetostructural transition (MST), which is associated
with significant changes in unit-cell volume, and therefore,
a sharp change in magnetization across the phase tran-
sition. However, it is a great challenge to discover such
giant magnetocaloric materials with transition-metal-based
less-expensive earth-abundant nontoxic elements.
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Intermetallic compounds with the general formula
MnTX (T = Ni, Co and X = Si, Ge) have recently attracted
considerable attention because of their potential to show
interesting multifunctional properties, such as MSTs, a
magnetic shape memory effect, a large MCE, giant mag-
netoresistance, and volume anomalies [13–17]. All above-
mentioned stoichiometric materials exhibit a second-order
magnetic transition followed by a first-order structural
transformation from low-temperature orthorhombic to a
high-temperature hexagonal structure in the paramagnetic
region, with no significant changes in magnetization. Mag-
netoresponsive properties, such as MCE and magnetore-
sistance, are associated solely with changes in magneti-
zation. Therefore, shifting of the structural transition of
these materials to the ferromagnetic region or coupling it
with a magnetic transition near room temperature may be
the best option to enrich them with the abovementioned
properties. To obtain a MST for these compounds, sev-
eral effective methods, such as elemental substitution, off-
stoichiometry, isostructural substitution, heat treatment, or
application of external parameter like hydrostatic pres-
sure, are introduced [14,18–22]. MnNiGe- and MnCoGe-
based systems have closeness between their magnetic and
structural transitions, and thus, are extensively studied
to achieve MSTs using the abovementioned techniques.
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Stoichiometric MnNiGe [23] shows a magnetic transition
at a Neel temperature (TN ) of about 346 K and a structural
transition at TM ∼ 470 K, whereas MnCoGe [24] shows a
magnetic transition at the Curie temperature (TC) of about
355 K and structural transitions at TM ∼ 372 K.

In addition to the abovementioned systems, the fer-
romagnetic MnNiSi [25] system also exhibits a second-
order FM to PM transition at TC ∼ 622 K and, beyond
that temperature, a structural transformation from TiNiSi-
type orthorhombic to Ni2In-type hexagonal structure at a
higher temperature of about TM ∼ 1210 K. Hence, it is
difficult to obtain a MST at room temperature for this com-
pound. However, considering the relatively low cost of
the raw materials, it will be commercially viable to use
them for domestic purposes. In this present work, it is
observed that, by alloying the MnNiSi system with that
of FeCoGa, a hexagonal structure is stabilized near room
temperature from 1210 K, and, for a nominal composition
of (MnNiSi)1-x(FeCoGa)x (x = 0.15 and 0.16), a MST is
achieved at around room temperature. Substitution of Fe,
with relative lower atomic radius, in place of Mn increases
orthorhombic distortion and stabilizes the hexagonal phase
at lower temperature, resulting in a reduction of both TC
and TM towards room temperature with lower saturation
magnetization [17]. To compensate for the reduction in
magnetization, Co can be doped in place of Ni, where
Co enhances the ferromagnetic interaction to the system.
Ga, with a much larger atomic radius than that of Si,
again enhances faster orthorhombic distortion to the sys-
tem, which couples TC and TM , and, as a result, a MST is
obtained in the vicinity of room temperature.

II. EXPERIMENTAL DETAILS

Polycrystalline (MnNiSi)1-x(FeCoGa)x (x = 0.15, 0.16,
and 0.17) samples are prepared by a conventional arc melt-
ing technique under 99.99% purity of argon atmosphere
using appropriate amounts of high-purity constituent ele-
ments from Sigma Aldrich. An additional amount of
3% Mn is taken to compensate for its weight loss dur-
ing melting. The samples are turned and remelted sev-
eral times (7 to 8 times) to maintain the compositional
homogeneity. All as-prepared samples are sealed in an
evacuated quartz tube and annealed at 1173 K for four
days, followed by quenching in ice water. X-ray diffraction
patterns of all samples are obtained using a PANalytical
X’pert PRO diffractometer with Cu Kα radiation. Magnetic
measurements are performed using a SQUID vibrating
sample magnetometer (MPMS, Quantum Design) with a
maximum applied magnetic field of 50 kOe.

III. RESULTS AND DISCUSSION

Figure 1 depicts the x-ray diffraction patterns at
room temperature (∼300 K) for all investigated alloys.
On enhancing the doping amount of (FeCoGa)x in

FIG. 1. X-ray diffraction patterns for (MnNiSi)1-x(FeCoGa)x
(x = 0.15, 0.16, and 0.17) alloys at 300 K, and x-ray diffrac-
tion pattern for x = 0.15 alloy at 425 K. Here, o and h represent
orthorhombic and hexagonal phases, respectively.

(MnNiSi)1-x, from x = 0.15 to 0.17, a structural phase
transformation from orthorhombic to hexagonal is
observed, which indicates shifting of the structural tran-
sition towards room temperature from the structural tran-
sition temperature of the parent MnNiSi alloy at about
1210 K. An orthorhombic phase with some traces of
hexagonal phase is observed for the x = 0.15 alloy,
whereas x = 0.16 is found to show a dominating hexago-
nal phase and x = 0.17 displays a pure hexagonal phase.
The unit-cell lattice parameters in the orthorhombic phase
for the alloy with x = 0.15 are found to be ao = 5.835 Å,
bo = 3.71 Å, and co = 6.905 Å, whereas for x = 0.17 in
the hexagonal phase the parameters are ah = 3.982 Å and
ch = 5.179 Å. From a crystallographic study [23], the
orthorhombic unit cell is related to the hexagonal unit
cell through the following relations:, ao = ch, bo = ah, and
co = √

3ah. Here, the decrease in the ch/ah (or ao/bo) ratio
from 1.573 for x = 0.15 to 1.301 for x = 0.17 can distort
the geometry of the orthorhombic structure and makes the
hexagonal structure more stable at lower temperature [26],
resulting in a decrease in the structural transition temper-
ature with increasing x. A further x-ray diffraction pattern
is recorded at 425 K for the alloy with x = 0.15, and it is
found to exhibit only the hexagonal phase. A large change
in unit-cell volume of about −3.18% is observed across the
structural transformation from a high-temperature hexago-
nal phase to a low-temperature orthorhombic phase.

The temperature dependence of the zero-field cooled
(ZFC) and field-cooled (FC) magnetization (M-T curves)
within 100–400 K in the presence of 500 Oe mag-
netic field for (MnNiSi)1-x(FeCoGa)x (x = 0.15, 0.16, and
0.17) alloys are shown in Fig. 2. On increasing the dop-
ing amount from x = 0.15 to 0.16, the magnetostructural
transition temperature (Tt ), estimated from the plot of
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FIG. 2. M-T curves for (MnNiSi)1-x(FeCoGa)x (x = 0.15,
0.16, and 0.17) alloys in the presence of 500 Oe magnetic field.
(Inset: M-T curve for the alloy with x = 0.17 in the presence of
10 kOe field).

dM/dT − T in the heating cycle, is found to shift from
about 342 K to a lower temperature of about 293 K.
The presence of a thermal hysteresis between heating and
cooling cycles in the M-T curve clearly signifies the coinci-
dence of both the magnetic transition from FM to PM and
a structural transition from low-temperature orthorhombic
to high-temperature hexagonal at the same temperature,
which leads to a first-order transition. On further enhance-
ment of the doping amount to x = 0.17, the MST decouples
and, as a result, separate structural transformations in the
ferromagnetic region and magnetic transition are observed
at TM = 224 K and TC = 234 K, respectively. However,
the separated structural and magnetic transitions are found

FIG. 3. Isothermal M-H curves during heating mode in the
temperature regime of 280–304 K for the alloy with x = 0.16.

to coincide upon enhancing the magnetic field, which
is shown in the inset of Fig. 2. The width of the ther-
mal hysteresis between ZFC and FC curves during the
MST are found to be 23 and 14 K for the alloys with
x = 0.15 and 0.16, respectively. Therefore, the thermal hys-
teresis decreases significantly with an increase in doping
amount, and it is minimum for x = 0.16, which makes
this alloy suitable for application in room-temperature
magnetic refrigeration. Moreover, Tt for this investigated
compound, (MnNiSi)1-x(FeCoGa)x, is tunable from 224 to
342 K with a broad temperature window of 118 K, which
will be beneficial for magnetic refrigeration associated
with a wide and controllable operating temperature.

(a) (b)

(c) (d)

FIG. 4. Isothermal M-H curves at a
minimum temperature interval (�T) of
2 K in cooling mode (PM to FM phase)
for the alloys with (a) x = 0.15 (b)
x = 0.16, and (c) x = 0.17. (d) Field
dependence of magnetization (M vs H )
at 5 K for all investigated alloys.
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(a) (b) (c) FIG. 5. Magnetic entropy change
(�SM ) as a function of temperature due
to different field variations for the alloys
with (a) x = 0.15, (b) x = 0.16 [inset:
estimated �SM for x = 0.16 in heating
mode due to a field change of 20 and
50 kOe], and (c) x = 0.17 in cooling and
field increasing modes.

Isothermal field-dependent magnetization (M-H ) curves
are measured across Tt in heating mode for the sample
with x = 0.16, up to a maximum field of 50 kOe, and are
shown in Fig. 3. The heating mode is not associated with
any field-induced metamagnetic transition (FIMMT); as a
result, no first-order transition takes place from ferromag-
netic to paramagnetic phases and it is unusual according
to the results obtained from the M-T curves. Here, the
change of 50 kOe magnetic field is not sufficient to induce
a FIMMT for these alloys in heating. Therefore, isother-
mal M-H curves are measured during cooling mode for
all samples from PM hexagonal phase to FM orthorhom-
bic phase (Fig. 4). To remove the field history effect of the
samples, the loop process methods are followed to measure
the isotherms [27]. Figure 4 clearly shows the observation
of a FIMMT in the vicinity of the magnetostructural transi-
tion temperature, which also confirms the first-order nature
of the MST. The low-temperature M-H measurement, as
shown in Fig. 4(d), is performed at 5 K for all alloys
and shows a typical ferromagnetic ordering. The satura-
tion magnetization (MS) for the alloy with x = 0.17 due to
a field change of 50 kOe is found to be about 104.5 emu/g
(or ∼2.79 µB/f.u.), which is larger than that of its parent
alloy, MnNiSi [25] (∼2.62 µB/f.u.)

The isothermal magnetic entropy change (�SM ), an
essential parameter of the magnetocaloric effect, can be
estimated using the Maxwell equation [1], ΔSM (T, ΔH) =
μ0

∫ H
0

(
∂M (H ,T)

∂T

)
H

dH , from the isothermal M-H curves
measured at discrete stable temperatures in the vicin-
ity of their respective MSTs during the cooling mode.
The �SM value, as calculated using the above equation,
is plotted as a function of temperature for all investi-
gated alloys in Fig. 5 for a magnetic field change of
10–50 kOe. The estimated peaks of |�SM | are found
to be as large as about 25 J kg−1 K−1 at 323 K, about
31.1 J kg−1 K−1 at 281 K, and about 23.8 J kg−1 K−1 at
213 K for the alloys with x = 0.15, 0.16, and 0.17, respec-
tively, due to �H = 50 kOe, which are associated with
the first-order MST. The significant jump in magnetization

across the MST arises from changes to the lattice and
magnetic structure in the coupled transition, developing
a giant magnetic entropy change in these investigated
alloys. Moreover, |�SM | for the alloy with x = 0.16 is
calculated in heating mode, and the estimated value is
observed to be 51.2 J kg−1 K−1 [shown in the inset of
Fig. 5(b)], which is much higher than that of the value
obtained during cooling mode. During M-H measurements
in cooling mode, a field-induced paramagnetic to ferro-
magnetic transition takes place due to the application of
the 50 kOe magnetic field in the vicinity of the MST.
However, no such field-induced ferromagnetic to para-
magnetic transition takes place during heating and the
samples remains either in ferromagnetic-paramagnetic or

TABLE I. Comparison of peak values of isothermal magnetic
entropy change (ΔSpeak

M ) due to �H = 50 kOe and the tempera-
ture where �SM is maximum (Tpeak) of (MnNiSi)1-x(FeCoGa)x
(x = 0.15–0.17) alloys with other promising refrigerant
materials.

Materials |�Speak
M | Tpeak (K) Refs.

(J kg−1 K−1)

Gd ∼10.2 294 [28]
Gd5Ge2Si2 ∼18.5 278 [3]
La(Fe0.89Si0.11)13H1.3 ∼28.0 291 [4]
MnFeP0.45As0.55 ∼18 308 [29]
Ni40Co10Mn40Sn10 ∼14.9 288 [30]
Mn46Ni39.5Sn10Si4.5 ∼20.0 205 [31]
Ni45Co5Mn38Sb12 ∼34.0 262 [32]
Ni50Mn37Sn13 ∼18.0 299 [8]
Ni55.2Mn18.6Ga26.2 ∼20.4 317 [33]
MnNi0.77Fe0.23Ge ∼19.0 267 [16]
Mn0.82Fe0.18NiGe ∼31.0 205
Mn0.6Fe0.4NiSi0.93Al0.07 ∼20.6 255 [22]
Mn0.89Cr0.11CoGe ∼27.7 292 [34]
(MnNiSi)1-x(FeCoGa)x Present

Work
x = 0.15 ∼25.0 323
x = 0.16 ∼31.1 281
x = 0.17 ∼23.8 213
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FIG. 6. Relative cooling power (RCP) as a function of mag-
netic field change for x = 0.15, 0.16, and 0.17 alloys.

in the mixed phase throughout the isothermal M-H mea-
surements, and, as a result, the temperature evolution of
the ferromagnetic phase might lead to overestimation of
the magnetic entropy change during heating. Therefore,
cooling mode is preferable to calculate an accurate mag-
netic entropy change value for these similar materials. The
peak values of �SM of the investigated samples are com-
pared with other promising refrigerant materials in Table I.
These transition-based materials shows excellent magne-
tocaloric effects in a broad and tunable temperature region,
with a minimum peak value of |�SM | of 23.8 J kg−1 K−1 at
213 K due to �H = 50 kOe.

Apart from the large magnetic entropy change, the
relative cooling power (RCP) is an important param-
eter that defines the cooling efficiency of a magnetic
refrigerant material. RCP values of these investigated
alloys are estimated from the following equation: RCP =
|�Speak

M |ΔTFWHM, where ΔSpeak
M is the peak of �SM of

a �SM −T curve and �TFWHM stands for the tempera-
ture range of the full width at half maximum of �SM
(Fig. 5). The estimated RCPs are plotted versus the mag-
netic field change in Fig. 6, and the maximum RCPs due
to a field change of 50 kOe are found to be 191.8, 209.6,
and 139.2 J/kg for the alloys with x = 0.15, 0.16, and 0.17,
respectively.

From an application point of view, the refrigerant
material composed of transition-metal-based, low-cost,
and earth-abundant elements will be commercially cost-
effective. In comparison with MnTX -based intermetallic
compounds, such as MnNiGe- [14,16], MnCoGe- [15,20],
and other MnNiSi-based [18,19,21] systems, which also
exhibit a first-order MST near room temperature, our
investigated system, (MnNiSi)1-x(FeCoGa)x, is Ge free
and contains a very low doping amount of Ga, result-
ing in the materials being very cheap. Thus, the present
system made of low-cost abundant materials with large
MS, a tunable MST, a giant magnetocaloric effect, and a

large RCP will be highly attractive for implementation in
room-temperature magnetic refrigeration technology.

IV. CONCLUSION

The magnetostructural phase transition from paramag-
netic hexagonal to a ferromagnetic orthorhombic struc-
ture within a well-regulated broad temperature region of
224–342 K surrounding room temperature, along with
tunable giant magnetocaloric properties, are observed in
(MnNiSi)1-x(FeCoGa)x (x = 0.15–0.17) alloys. The alloys
with x = 0.15, 0.16, and 0.17 show significantly large
|�SM | values of about 25, 31.1, and 23.8 J kg−1 K−1,
respectively, for the field change of �H = 50 kOe. Here,
x = 0.17 is the maximal doping content to keep the magne-
tostructural transition coupled for this system, as a higher
doping level splits it into two separate transitions. More-
over, cooling mode is found to be preferred to estimate the
precise magnetic entropy change for this type of material.
The investigated compound, (MnNiSi)1-x(FeCoGa)x, is a
very promising refrigerant material for room-temperature
nature-friendly magnetic refrigeration technology because
of its tunable giant magnetocaloric properties around room
temperature associated with a large relative cooling power.
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