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Structural and magnetic transitions of Ni48.5�xCoxMn37Sn14.5 (x = 0, 1 and 2) alloys were studied by ther-
mal, electrical and magnetic measurements. The exchange bias was found to be present in all the samples
below 120 K. Contrary to other Heusler alloys, no magnetic hysteresis was observed in the isothermal
M–H curves for x = 0 sample at the first order magneto-structural transition. Large magnetic entropy
change (DSM) � 6.15, 10.36 and 9.85 J/kg K was obtained respectively for x = 0, 1 and 2 due to a change
of only 1.5 T magnetic field. Incorporating hysteresis losses, refrigerant capacity was estimated to be
50, 74 and 54.7 J/kg for the same samples respectively.
1. Introduction

Ni–Mn–Z (Z = Ga,Sn, In,Sb) Heusler alloys are found to be good
magnetocaloric materials [1–4] as they exhibit large magnetic en-
tropy change (DSM) near first order magneto-structural transition
(FOMST). It is well known that most of the functional properties
of these alloys depend on FOMST. Variation of martensitic transi-
tion temperature of Ni–Mn–Sn alloys was studied extensively by
varying the ratio of Ni/Mn and Mn/Sn [5,6]. Ni50Mn50�xSnx alloys
with x = 13, 15 was studied by Krenke et. al. [5] and DSM� 20 J/kg K
for x = 13 was reported under 5 T magnetic field. DSM� 32 J/kg K
was obtained for Ni47Mn40Sn13 alloy under the same field [6].
Ni–Mn–Sn ribbon showed DSM � 4 J/kg K due to the application
of 2 T field [7]. Some authors also reported the conventional mag-
netocaloric effect (MCE) for these alloys in the vicinity of second
order magnetic transition (SOMT) [8].

Substitution of Co in the Ni site for Ni–Mn–Sn alloys enhances
DSM to giant values. DSM � 33 J/kg K was reported for Co and Fe
substituted Ni–Mn–Sn alloys in the presence of 5 T magnetic fields
[9,10]. Co enhances Ni–Mn exchange interaction in Ni–Mn–Z
(Z = Sn, In,Sb) alloys. This exchange interaction changes various
properties of Ni–Mn based alloys [11]. In off-stoichiometric Ni–
Mn–Sn alloys, excess Mn atoms occupy the regular Sn, Ni or both
Sn and Ni sites depending on the compositions. The magnetic cor-
relations of these alloys depend on the Mn–Mn separation, which
is responsible for different magnetic properties in different
structural phases [12]. In addition to inverse magnetocaloric effect
(IMCE), Ni–Mn–Sn alloys also exhibited large magnetoresistance
(MR) associated with FOMST [13]. Exchange bias (EB) was reported
for many Ni–Mn–Sn alloys containing mixture of different mag-
netic phases below their EB blocking temperature (TEB) [14].

It was reported that DSM increases for Ni–Mn–Sn alloys when a
small percent of Ni atoms are replaced by Mn [6]. So, large DSM can
be achieved by taking Ni < 50 at% and then substituting Co in Ni
site [10]. Though some recent works reported large DSM in
Ni–Mn–Sn off-stoichiometric Heusler alloys, large hysteresis
appears in isothermal M–H curves due to the field induced mag-
neto-structural transition (FIMST). This limits the total refrigerant
capacity (RC) of these alloys to a significant extent [1]. It is desirable
to find out those alloys that have negligible hysteresis in isothermal
M–H curves taken in the vicinity of martensitic transition [15].

In this paper, we report large IMCE in Ni48.5�xCoxMn37Sn14.5

(x = 0, 1 and 2) alloys under a low magnetic field of 1.5 T. There
exists EB in all the samples. Field induced hysteresis in isothermal
M–H curves is absent for x = 0. But, Co substituted sample with
x = 1 and 2 show usual hysteresis nature. Hysteresis loss due to
FIMST is also estimated and subtracted from total refrigerant
capacity (RC) to obtain the net RC. It is found that both the
structural and magnetic transitions of x = 0 have nearly the same
potential to achieve high magnetic cooling.

2. Experimental

Ni48.5�xCoxMn37Sn14.5 (x = 0, 1 and 2) alloys were prepared by conventional arc
melting technique under 4 N purity Argon atmosphere [16]. Each ingot was
wrapped with a Tantalum foil and sealed in highly evacuated quartz ampoules
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Table 1
Characteristic transition temperatures of Ni48.5�xCoxMn37Sn14.5 alloys as confirmed
from DSC, resistivity and magnetization data. Maximum possible error is ±3 K.

x
(at%)

AS

(K)
Af

(K)
TA

(K)
MS

(K)
Mf

(K)
TM

(K)
DThys

(K)
TM

C

(K)
TA

C

(K)

0 291 306 298.5 297 282 289.5 9 240 317
1 270 288 279 267 252 259.5 19.5 240 327
for homogenization. After 24 h of annealing at 1173 K, the ampoules were
quenched in ice water. The nominal compositions were confirmed by energy-
dispersive spectroscopy (EDS). X-ray diffraction patterns have been carried out
using Cu Ka radiation to detect crystallographic parent phase. The structural phase
transitions were checked by differential scanning calorimetry (DSC) and a home-
made four probe resistivity measurement setup. Magnetic measurements were
performed using a vibrating sample magnetometer (Lake Shore, model-7144) up
to 1.6 T magnetic fields.
2 243 264 253.5 240 213 226.5 27 – 341

Fig. 2. ZFC and FC magnetization vs temperature (M–T) curves for (a) x = 0, (b) x = 1
and (c) x = 2 in the presence of 0.01 T magnetic fields. (d) Phase diagram as a
function x for Ni48.5�xCoxMn37Sn14.5 (x = 0, 1 and 2) within the temperature 400 K
and 80 K.
3. Results and discussions

3.1. Thermal and electrical properties

From the room temperature XRD patterns (not shown here),
mixed phase with martensite and austenite phase fractions is
found for x = 0 sample as its martensitic transition temperature is
close to the room temperature as observed from the DSC heat flow
study plotted in Fig. 1a. Cubic austenite (L21) structure is observed
in x = 1 and 2 at room temperature. Fig. 1b–d shows the tempera-
ture dependence of electrical resistivity (q–T curve) for the
samples with x = 0, 1 and 2. Both the DSC and resistivity measure-
ments agree well with each other. The characteristic transition
temperatures for FOMST: austenite start (AS), austenite finish (Af),
martensite–austenite (M–A) transition (TA), martensite start (MS),
martensite finish (Mf), austenite–martensite (A–M) transition (TM)
are given in Table 1. An enormous change in electrical resistivity
(q) is observed along with the martensitic and reverse transition.
Austenite parent phase of these samples shows metallic behavior.
Large value of q in martensite phase indicates their semi-metallic
nature in that phase. As some of the Ni atoms are replaced by Co,
the martensite phase becomes unstable resulting decrease in
FOMST temperature with increasing x which is discussed in detail
in the next subsection.
3.2. Structural and magnetic phase transitions

Fig. 2a–c represents the zero field cooled (ZFC) and field cooled
(FC) magnetization vs temperature (M–T) curves of all the samples
within the temperature range of 80–400 K in presence of 0.01 T
field. The ZFC and FC M–T curves of these samples split at low tem-
peratures and the ZFC magnetization curve shows a step like nat-
ure within 120 K and 140 K. A sudden drop in magnetization is
observed at around 230 K for x = 0 and 1, which may refer to the
Curie temperature of martensite phase ðTM

C Þ. Here the samples
Fig. 1. (a) DSC heat flow as a function of temperature of Ni48.5�xCoxMn37Sn14.5

alloys. Temperature dependence of electrical resistivity for (b) x = 0, (c) x = 1 and (d)
x = 2.

Fig. 3. Magnetic hysteresis loops for (a) x = 0, (b) x = 1 and (c) x = 2 at 80 K
measured after FC under 1 T fields. (d) Exchange bias field (HEB) as a function of
temperature of Ni48.5�xCoxMn37Sn14.5.
jump from ferromagnetic martensite to paramagnetic like mar-
tensite state. As the FOMST of x = 2 is in relatively lower tempera-
ture, no such TM

C is observed for that sample.
The characteristic transition temperatures for FOMST as found

from M–T curves are in good agreement with the results obtained
from DSC and q–T curves. Curie temperature of austenite phase
(TA

C) is given in Table 1. It is interesting to note that FOMST and
SOMT of x = 0 are very close to each other and occur near 300 K.
The transition width (DT = ((Af � AS) + (MS �Mf))/2) and thermal



Fig. 4. Magnetic isotherms (M–H curves) for x = 0 at different temperatures near
FOMST. Inset: ZFC M–T curves in the vicinity of FOMST under 0.5 T and 1.5 T
magnetic fields.

Fig. 5. Magnetic isotherms (M–H curves) for x = 1 at different temperatures near
FOMST. Inset: ZFC M–T curves in the vicinity of FOMST under 0.5 T and 1.5 T
magnetic fields.

Fig. 6. Magnetic isotherms (M–H curves) for x = 2 at different temperatures near
FOMST. Inset: ZFC M–T curves in the vicinity of FOMST under 0.5 T and 1.5 T
magnetic fields.
hysteresis (DThys = TA � TM) at FOMST increase with Co substitu-
tion. Increase of Co content also decreases TA and increases TA

C .
The detailed phase diagram for this series of materials as a function
of x is shown in Fig. 2d.

Aksoy et. al. [12] have studied Ni–Mn–Sn and Ni–Mn–Sb alloys
by neutron-polarization-analysis experiments and found that fer-
romagnetic (FM) correlations are present in the cubic austenite
phase in the temperatures between MS and TA

C . The Mn–Mn separa-
tion decreases as the structure of the sample transforms from aus-
tenite to martensite. As a result, FM exchange starts to weaken and
antiferromagnetic (AFM) correlations become stronger. This is why
the magnetization of these samples decreases due to martensitic
transition. According to recent reports the change of TA depends
on the hybridization of 3d states of Mn and Ni atoms [17]. Ye et.
al. [18] have theoretically investigated Ni2Mn1+xSn1�x alloys and
showed that the peak of total density of states (DOS) in the minor-
ity spin 3d eg states shifts systematically towards Fermi level (EF)
with increasing x. This peak shift is attributed to the 3d states
hybridization between Ni atoms and excess Mn atoms in the Sn
site. The Mn–Mn AFM interaction and the Ni–Mn 3d states hybrid-
ization contribute significantly to stabilize the modulated martens-
ite phase. Substitution of Co in the Ni site increases ferromagnetic
exchange interaction, which weakens the AFM interaction in this
system and draws more stability in ferromagnetic austenite phase
[11]. This explains the reason behind decrease in TA and increase in
TA

C with increasing x.

3.3. Exchange bias

Fig. 3a–c shows the M–H hysteresis loops at 80 K for x = 0, 1 and
2. All the samples were first heated above their respective TA

C and
then cooled to 80 K in the presence of 1 T magnetic fields before
taking data. A small but finite shift in hysteresis loops is observed
for all the samples which proves the existence of EB behavior in
these samples [14]. EB is attributed to AFM–FM interfaces present
within a system because of the coexistence of AFM and FM ex-
change interactions [19]. Temperature dependence of exchange
bias field (HEB) for these alloys is plotted in Fig. 3d. HEB decreases
with increasing temperature and is blocked near TEB for all the
samples (x dependence of TEB is plotted in the phase diagram,
Fig. 2d). As the temperature increases, the size of the AFM grains
decreases [20]. This is responsible for the weakening of AFM–FM
coupling at the interfaces resulting decrease in HEB. One can ob-
serve that HEB decreases with increasing x also. This result can be
ascribed to the enhancement of FM correlations due to increase
of Co content which in turn weakens the AFM–FM exchange inter-
action at the interfaces between the two (AFM and FM) magnetic
layers.

3.4. Magnetic hysteresis

Magnetic isotherms (M–H curves) near structural transition for
the samples with x = 0, 1 and 2 are plotted in Figs. 4–6 respectively.
Difference in saturation magnetization between austenite and
martensite phase ðDMsat ¼ MA

sat �MM
satÞ for the same samples are

respectively, 47, 80 and 60 emu/g. No hysteresis nature in M–H
curves is observed for x = 0 sample. But, hysteresis between field
increasing and field decreasing M–H curves is observed for other
two samples. This predicts the existence of FIMST in x = 1 and 2 al-
loys. To understand the absence of hysteresis in x = 0 in a better
way, we performed ZFC M–T measurements in presence of 0.5 T
and 1.5 T magnetic fields for all the samples. From the insets of
Figs. 4–6 we can see that a shift between two M–T curves is visible
for all the samples. Vertical shift in M–T curves of these samples is
originated from the change in magnetization in the saturation re-
gion due to application of higher magnetic fields, but the horizon-
tal shift for x = 1 and 2 is only due to the field induced effect on
structural transition. No such horizontal shift in transition temper-
ature is observed for x = 0, which implies that the structural tran-
sition of this sample is not field induced.

If we consider Gibbs free energy of ferromagnetic shape mem-
ory alloys (FSMA), two minima present at the two structural
phases [21]. One minimum is hindered to the other by an energy
barrier at transition point. This barrier height can be changed by
both the temperature and magnetic field. When the minimum



Fig. 7. (a) Temperature dependence of DSM of Ni48.5�xCoxMn37Sn14.5 alloys due to a
change of 1.5 T magnetic fields. Hysteresis losses due to field induced structural
transition of (b) x = 1 and (c) x = 2.
occupied by the system becomes unstable phase transition takes
place. If the magnetocrystalline anisotropy energy of the sample
is high, the magnetic moments rotate together with the twin
boundaries to align the easy axis along the direction of applied
magnetic field and as a result, a single variant is formed. When a
magnetic field is applied on the sample at a temperature close to
its AS, the martensite structure transform to austenite at that single
temperature. The reverse transformation occurs during the re-
moval of field and the sample regains its initial phase. For x = 0
sample, perhaps due to smaller magnetocrystalline anisotropy,
magnetization is easily changed by a magnetic field without dis-
turbing the twinned structure. In other words, the energy barrier
between austenite and martensite phases remains undisturbed un-
der the applied magnetic field and hence no hysteresis is observed
in M–H curves. On substitution of Co atoms, magnetocrystalline
anisotropy increases resulting hysteresis losses for the sample with
x = 1 and 2.

3.5. Magnetocaloric effect

DSM of Ni48.5�xCoxMn37Sn14.5 (x = 0, 1 and 2) alloys has been
estimated using Maxwell’s thermodynamic relation [6]:

DSM ¼
Z H

0

@MðT;HÞ
@T

� �
H

dH ð1Þ

where M, H and T are respectively, magnetization, magnetic field
and temperature. The temperature dependence of DSM for these
alloys is plotted in Fig. 7a. DSM is found to be 6.15, 10.36 and
9.85 J/kg K at 300 K, 279.5 K and 254 K for x = 0, 1 and 2 samples
respectively, due to 1.5 T magnetic fields. Co atoms works here as
a ferromagnetic activator, which weakens the AFM interaction
between Mn–Mn atoms and imposes extra ferromagnetic exchange
interaction in the austenite phase [11]. This is the reason behind the
larger DSM for x = 1 and 2 compared to that for x = 0. As the SOMT of
these samples resides near and just above room temperature, we
also have calculated their MCE near TA

C and it is found ��3.5, �4
and �3.6 J/kg K respectively for x = 0, 1 and 2 under the same field.
These values are larger than reported MCE associated with SOMT
for other reported Heusler alloys.

3.6. Refrigerant capacity

RC of all the samples has been obtained using the relation [22]:

RC ¼ �
Z T2

T1

DSMðTÞdT ð2Þ
where T1 and T2 are temperatures defined by the full width at half
maxima of the peak of DSM vs T curve. RC estimates the amount of
thermal energy that can be transferred by the material between the
cold source (T1) and hot sink (T2) in one ideal thermodynamic cycle.
Estimated RC values for x = 0, 1 and 2 samples at FOMST under 1.5 T
magnetic fields are respectively, 50, 88 and 69 J/kg.

The hysteresis loss for x = 1 and 2 due to FIMST is plotted
against temperature in Fig. 7b and c respectively. Integrating over
the temperatures of full width at half maxima, 14 and 14.3 J/kg
average hysteresis loss is found for x = 1 and 2, which lowers their
effective RC factor to 74 and 54.7 J/kg. Recently, Phan et. al. [22]
showed that FOMST shows larger DSM compared to SOMT, but
net RC during FOMST is smaller than that of SOMT. This is because
of the hysteresis loss in FOMST due to field induced transition. Sim-
ilar result is obtained for x = 1 and 2, where RC in SOMT (83 and
62.7 J/kg) is larger than RC in FOMST. But, RC � 50 J/kg is obtained
from both FOMST and SOMT for the sample with x = 0. This con-
cludes that due to the absence of hysteresis loss efficient magnetic
refrigeration can be achieved by using the materials having negli-
gible hysteresis like x = 0.
4. Conclusions

In summary, we have studied MCE and IMCE in Ni48.5�xCox-

Mn37Sn14.5 (x = 0, 1 and 2) alloys. Substitution of Co lowered the
structural transition temperature with larger width and thermal
hysteresis. All the samples show exchange bias behavior. No hys-
teresis is observed in isothermal M–H curves for x = 0 sample per-
haps is due to very weak coupling between magnetic moments and
twin variants. The estimated DSM � 6.15, 10.36 and 9.85 J/kg K
near FOMST for x = 0, 1 and 2 respectively due to 1.5 T magnetic
field. Incorporating hysteresis losses due to FIMST, it is found that
unlike x = 1, 2 and other reported alloys, both the FOMST and SOMT
of x = 0 contain equal potential to achieve better magnetic cooling.
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