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a b s t r a c t

The structural, magnetic, magnetocaloric and magnetoresistance behavior in Ni50−xCoxMn40Sb10 (x = 9
and 9.5) has been studied around the magnetostructural transition. The X-ray diffraction results at room
temperature show that the compound with x = 9 is predominantly martensitic whereas the one with
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x = 9.5 is austenite in nature. The maximum magnetic entropy change of 9.2 J kg K was achieved in
x = 9.5 at 246 K in a field of 50 kOe and a value of 8.2 J kg−1 K−1 was found near room temperature for x = 9.
The effective refrigeration capacity of 106 J/kg has been calculated for x = 9, which is larger than the same
observed in other Ni–Mn based Heusler alloy systems. A large magnetoresistance of 25% was obtained
around room temperature for x = 9. The large difference in the magnetization between the martensitic
and austenite phases is responsible for the large magnetocaloric effect and magnetoresistance in these
artensitic transition compounds.

. Introduction

It is observed that materials undergoing magnetostructural
ransition exhibit many interesting properties, as there is a large
hange in the magnetic properties that occurs at the structural
ransition. The most interesting candidates in this category are
i–Mn based ferromagnetic Heusler alloys. After the discovery of

arge magnetic field-induced strain in Ni–Mn–Ga by Ullakko et al.
1], Heusler alloys have received considerable attention for their

ultifunctional applications in various fields. In recent studies the
agnetostructural transition has been reported in many Heusler

lloy systems such as Ni–Mn–X (X = Ga, Sn, In, Sb) [2–5]. These
lloys undergo a structural transition from high magnetic austen-
te phase to a considerably low magnetic martensitic phase. Owing
o this change in magnetization around the martensitic transition,
large magnetocaloric effect and magnetoresistance are obtained

2,6–12]. A large magnetic field-induced shape memory effect
as been found in Ni45Co5Mn36.7In11.3 single crystals [12]. Sim-

lar magnetic and magnetocaloric properties have been reported

n Ni–Co–Mn–Sn [13], Ni–Co–Mn–Ga [14] and Ni–Co–Mn–Sb [15]
ystems.

Recently, several studies have been reported on the magne-
ostructural and magneto-thermal properties of Ni–Mn–Sb Heusler
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system [5,9,15–17]. In a very recent work, Nayak et al. have
reported that Ni50−xCoxMn38Sb12 shows a large magnetic entropy
change (�SM) and enhanced exchange bias behavior [15,18]. It was
also reported that the martensitic transition temperature can be
tuned remarkably by application of field as well as pressure [19].
However, in most of the Heusler alloy systems, including the one
studied by us, the width of the �SM vs. T is very narrow, which
gives rise to low refrigeration capacity (RC). It can be mentioned
that refrigeration capacity is one of the quality factors characteriz-
ing a magnetic refrigerant. RC is defined as the area under the full
width at half maximum in �SM vs. T curve. In the present study we
observed that by suitable adjustment of Ni and Co concentrations,
a large RC can be achieved at room temperature. Also we found
that the hysteresis loss, which is undesirable, has been considerably
reduced. In addition, we have also measured the magnetoresistance
around the martensitic transition temperature.

2. Experimental details

Polycrystalline Ni50−xCoxMn40Sb10 (x = 9, 9.5) alloys were prepared by arc-
melting the stoichiometric amounts of Ni, Co, Mn, Sb of at least 99.99% purity in
high pure argon atmosphere. The ingots were re-melted several times to get good
homogeneity and were subsequently annealed in evacuated quartz tubes at 850 ◦C
for 24 h. The structural characterization of the materials was done by powder X-

ray diffractograms (XRD) using Cu-K� radiation. The magnetization measurements
were carried out using a vibrating sample magnetometer attached to a Physi-
cal Property Measurement System (Quantum Design, PPMS-6500). The resistivity
measurements were done by the four-probe method using PPMS. The differential
scanning calorimetry (DSC) measurements were performed using the TA Q100 setup
with a cooling/heating rate of 20 Kmin−1.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:suresh@phy.iitb.ac.in
dx.doi.org/10.1016/j.jallcom.2010.03.190
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ig. 1. The X-ray diffraction patterns of Ni50−xCoxMn40Sb10 (x = 9, 9.5) along with
he Rietveld refinement. The plots at the bottom show the difference between the
xperimental and the theoretical patterns.

. Results and discussion

The X-ray diffraction patterns at room temperature, along
ith the Rietveld refinement for the two alloys are shown in

ig. 1. The refinement for alloy with x = 9 shows martensitic
hase (orthorhombic, space group – Pmma, lattice parameter –
= 8.38 Å, b = 5.76 Å, c = 4.11 Å), whereas the one with x = 9.5 shows
ustenite phase (cubic, space group – Fm3m, lattice parameter –
= b = c = 5.95 Å) at room temperature. For x = 9.5 the existence of a
mall peak near the (2 2 0) austenite peak indicates the presence of
very small amount of martensitic phase. This is because the alloy
ossesses a high temperature austenite phase which is transformed
o low temperature martensitic phase around room temperature.
he details of the phase transition from austenite to martensitic
hase have been reported in similar types of compounds elsewhere
15,18].

Fig. 2 shows the DSC studies for the alloys with x = 9 and 9.5.
he temperature vs. heat flow measurements were performed in
oth heating and cooling modes. In the heat flow curve the vertical
isplacements (peaks) are proportional to the heat capacity of the
ample and is expected to change with composition. The start and

nish of the transition temperatures are taken at the temperature
here the heat flux curve starts changing the slope. In the cool-

ng curve the start and finish points indicate the martensitic start
MS) and martensitic finish temperatures (MF). Similarly in heating

ig. 2. Heat flow as a function of temperature in Ni50−xCoxMn40Sb10 (x = 9 and 9.5),
oth in cooling and heating modes.
Fig. 3. The field cool cooling (FCC) and field cool warming (FCW) magnetization data
as a function of temperature for Ni50−xCoxMn40Sb10.

curve, the start and finish points indicate the austenite start (AS) and
austenite finish (AF) temperatures. The martensitic transition tem-
perature is defined as TM = (MS + MF)/2 and the austenite transition
temperature as TA = (AS + AF)/2. For x = 9, the various transition tem-
peratures obtained from DSC are MS = 304 K, MF = 270 K, AS = 296 K,
AF = 324 K and for x = 9.5, the corresponding values are MS = 262 K,
MF = 232 K, AS = 250 K, AF = 276 K. From these data, it has been calcu-
lated that TM = 291 K, TA = 310 K for x = 9 and TM = 247 K, TA = 263 K
for x = 9.5. The transition temperatures obtained from the DSC are in
very good agreement with those obtained from the magnetization
data.

The temperature dependence of magnetization around the
martensitic transition is shown in Fig. 3. The measurements have
been performed in two different modes. In the field cooled cooling
(FCC) mode, the data was collected during the cooling in field, while
in the field cooled warming (FCW) mode, the data was collected
while heating, after field cooling. In both the cases, the cooling and
the measuring fields were 1 kOe. There are two types of transitions
expected in these materials. The ferromagnetic–paramagnetic
transition of the austenite phase is not shown in Fig. 3 as it occurs
above 330 K. As the temperature decreases below 330 K, the magne-
tization initially goes through a maximum value and then decreases
drastically. The temperature corresponding to the maximum mag-
netization value is called the martensitic start (MS) and that of
minimum value called the martensitic finish temperature (MF), as
indicated in the FCC curve of x = 9.5. In the FCW curve the minimum
magnetization point is called the austenite start temperature (AS)
and the maximum point is called the austenite finish temperature
(AF). In the MF–AF temperature regime, a mixture of austenite and
martensitic phase is expected. The difference between FCC and FCW
curves reflects the thermal hysteresis associated with the first order
structural transition. The sharp decrease in magnetization below
MS indicates the presence of some non-ferromagnetic component
in the MS–MF regime. It is expected that in the entire martensitic
region, there is a coexistence of both FM and AFM components.
In the off-stoichiometric Ni50−xCoxMn40Sb10 alloys the extra Mn
atoms occupy the Sb sites. The Mn–Mn distance between the Mn
atoms occupying the Mn and Sb sites decreases after the marten-
sitic transition, which introduces an antiferromagnetic component
in the martensitic phase [20].

The isothermal magnetization curves taken at 2 K inter-
vals around the martensitic transition temperature for
Ni Co Mn Sb and Ni Co Mn Sb are shown in Fig. 4.
41 9 40 10 40.5 9.5 40 10
In Fig. 4(a) both the increasing and the decreasing field data are
shown, whereas in Fig. 4(b) only the increasing field data is shown.
The inset of Fig. 4(a) shows the hysteresis loss for the compound
with x = 9. The upward nature of the M–H isotherms (in Fig. 4(a))
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Fig. 4. (a) Isothermal magnetization M(H) curves around the martensitic transi-
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ion temperature for Ni41Co9Mn40Sb10. The solid line represents the increasing field
ata and the dotted line indicates the decreasing field data. (b) M(H) curves for
i40.5Co9.5Mn40Sb10. The inset of (a) shows the variation of hysteresis loss with

emperature.

tarting just below 50 kOe is an indication of the metamagnetic
ransition. The first order nature of this transition can be seen from
he M2 ∼ H/M (Arrott) plots shown in Fig. 5. The metamagnetic
haracter of the M–H isotherms is due to the field-induced reverse
artensitic transformation from a low magnetization martensitic

tate to a higher magnetization austenite state. The S-shaped

rrott plots clearly suggest that the metamagnetic transition is of
rst order in nature.

The magnetocaloric effect (�SM) was calculated from the
sothermal magnetization curves obtained in intervals of 2 K

ig. 5. Arrott plots for Ni41Co9Mn40Sb10, showing the first order nature of transition.
Fig. 6. Magnetic entropy change (�SM) as a function of temperature in
Ni50−xCoxMn40Sb10 (x = 9, 9.5). In x = 9 the filled symbols represent �SM calculated
from increasing field data and the open symbols correspond to the decreasing field
data.

around the martensitic transition and using the Maxwell’s relation
given by

�SM(T, H) =
∫ H

0

(
∂M(T, H)

∂T

)
H

dH (1)

Since we used a constant temperature interval, Eq. (1) can be
written as

�SM ≈ 1
�T

[∫ H

0

(M(T + �T, H) − M(T, H))dH

]
(2)

The refrigeration capacity was calculated using the relation

RC =
∫ T2

T

(�SM(T))�HdT (3)

where T1 and T2 are the temperatures of the cold and the hot sinks.
Fig. 6 shows the variation of �SM with temperature in vari-

ous applied field for x = 9 and 9.5. �SM of 9.2 J kg−1 K−1 is obtained
around 245 K for x = 9.5 and a value of 8.2 J kg−1 K−1 at room tem-
perature for x = 9. These values are larger than the value reported in
Ni–Mn–Sb system [16]. The refrigeration capacity is calculated by
integrating �SM(T) curve over the temperature span corresponding
to the full width at half maximum (FWHM) points. The RC values
obtained for x = 9 is 120 J/kg. The average hysteresis loss is esti-
mated to be 14 J/kg for the same temperature interval used for
calculating the RC and this is subtracted from RC to get the effective
refrigeration capacity of 106 J/kg. This value of RC is much larger
than that obtained in other Ni–Mn–Sb alloys as well as many other
Heusler alloy systems [6,9,16]. The present observation is even
more interesting as the large RC value occurs at room temperature.

The fact that the martensitic transition temperature can be
tuned by suitable adjustment of Co/Ni concentration along with the
observation of large RC over the room temperature make this sys-
tem quite interesting from the application point of view. The large
magnetic entropy change is related to the strong magnetostruc-
tural coupling giving rise to a large value of (∂M/∂T). In general,
the Ni–Mn based Heusler alloys have different magnetic states in
martensitic and austenite phases. The low magnetization marten-
sitic state can be tuned to high magnetization austenite state by
application of field as well as temperature. Therefore, one gets a
large difference between two consecutive magnetization isotherms
and consequently a large �SM.
Fig. 7(a) shows the variation of resistivity with temperature for
Ni41Co9Mn40Sb10. The variation of resistivity with temperature is
constant until the temperature reaches the martensitic transition
region. Near the martensitic transition it drops abruptly to nearly
half of its previous value and then increases slightly with further
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[18] A.K. Nayak, K.G. Suresh, A.K. Nigam, J. Phys. D: Appl. Phys. 42 (2009) 115004.
ig. 7. (a) Temperature variation of resistivity for Ni41Co9Mn40Sb10 measured in
ero field, (b) field dependence of magnetoresistance at various temperatures.

ncrease in temperature. The first order nature of the structural
ransition is clearly reflected from the hysteresis between the cool-
ng and heating data. It is observed that field can remarkably reduce
he martensitic transition temperature [15]. A large magnetore-
istance is expected in the same temperature range over which
he applied magnetic field can induce the transformation. Fig. 7(b)
hows the variation of magnetoresistance with field at various
emperatures for Ni41Co9Mn40Sb10. The measuring temperatures
ere achieved by cooling the sample from 330 K. Once the desired

emperature was achieved, the measurement was carried out by
arying the field from −80 kOe to +80 kOe. The curves are found to

e asymmetric for the positive and negative fields. This may be due
o the variations in the relative concentrations of martensitic and
ustenite phases (in this mixed phase region) as negative and pos-
tive fields are applied. Supercooling/superheating associated with
he first order transition must be responsible for this asymmetry

[
[

[
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[21]. The magnetoresistance value is found to be very large, about
25%, in a field of 80 kOe, around room temperature.

4. Conclusions

In conclusion, we have studied the magnetic, magnetocaloric
and magnetoresistance behavior of Ni50−xCoxMn40Sb10 (x = 9 and
9.5) around the martensitic transition temperature. By suitable
adjustment of Co/Ni composition, a large magnetocaloric effect and
magnetoresistance have been achieved around room temperature.
Strong magnetostructural coupling with large ∂M/∂T is responsible
for the large entropy change and magnetoresistance. The observa-
tion of large refrigerant capacity is due to the spreading of �SM

curve over a larger temperature interval, which is attributed to
the continuous nature of the martensitic transition. The results
obtained in this study seem to be very promising as far as the
multifunctional applications of Heusler alloys are concerned.
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