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In this work, we have investigated structural, transport, magnetic, magnetocaloric (MC) properties and
critical exponents analysis of the (Niy;_xCox)Mngg Ga (x =0, 0.04, 0.12 and 0.2) Heusler alloys. For all
compositions, cubic austenite (A) phase with metallic character is observed at room temperature (RT).
With increasing of Co content, magnitude of resistivity decreases, whereas residual resistivity (pp) and
electron scattering factor (A) increases linearly. Magnetic measurements exhibit that ferromagnetic
(FM) Curie temperature (T2) increases towards RT by increasing Co concentration. All samples show con-
ventional MC and maximum magnetic entropy change (ASE®) of —2.8 Jkg~! K~! is observed for x = 0.12
at 147 K under 5 T. Further, hysteresis is observed between cooling and warming cycles around FM-PM
(T2) transition in x = 0, 0.04 samples, which suggests that first order nature of transition. However, there
is no hysteresis across T for x =0.12 and 0.2 samples suggesting second-order nature of the transition.
The critical exponents are calculated for x = 0.12 sample around T using Arrott plot and Kouvel-Fisher
method, the estimated critical exponents are found closer to the mean-field model reveals the long range
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ferromagnetic ordering in this composition.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The family of Ni-Mn based Heusler alloys afford an extensive
playground of interesting physical properties. The novel properties
of Ni-Mn-Ga alloys have attracted a lot of attention in magneto-
strain owing to their prospective applications in sensors and actu-
ators [1,2]. The phase transformation [3] displayed in these alloys
give rise to thermos-elasticity, shape memory effect (SME) [4-6],
magneto resistance (MR) [7-10] and magnetocaloric (MC) [11-16].

Heusler alloys exhibits two transformations. A pure magnetic
transition from paramagnetic (PM) to ferromagnetic (FM) within
the cubic austensite phase and a structural transition from cubic
austenite to low symmetry martensite phase. The martensite
phase can be FM (or) antiferromagnetic (AFM)/PM depending on
the alloy composition [4,6,17-19]. In the recent decade, the effect
of compositional changes in Ni-Mn-Ga alloys by doping different
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elements have been studied intensively by experiment and theory
[20-25]. Doping of magnetic elements in Heusler alloys exhibit
trivial changes in physical properties. Curie and martensitic transi-
tions (Tc and Ty,;) are altered by replacing various elements in X site
of Ni-Mn-X (X = Al, Ga, In, Sn and Sb) system [26], T¢ can be con-
trolled by substitution of Co at Ni site of (Nis325_xCox)Mny;Gazs
(x=0.75, 1.5, 2.25) alloys [27].

We discuss about doping of magnetic elements at different sites
of Ni-Mn-Ga system as follows: Doping of Co element at Ni site
affects the critical temperatures and exchange interactions of
martensite and austenite phases in NisgMnsgGayo alloy [28]. Fe
doping at Mn site of Nisg;Mn,gFe,Gasy, improves the magne-
tostriction and fracture toughness without change in its magnetic
and thermos-elastic properties [29,30]. Doping of magnetic ele-
ments in Ni-Mn-Ga system at Ni site is expected to give more
interesting phenomenon than other sites.

Inter-martensitic transformation is absent by substituting Co at
Ni site in Nige9Co3.3Mnyg8Gaz; system due to local spins inversion
of Co [31]. The structural stability and alteration of transformation


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2017.07.016&domain=pdf
http://dx.doi.org/10.1016/j.jmmm.2017.07.016
mailto:sarumugam1963@yahoo.com
http://dx.doi.org/10.1016/j.jmmm.2017.07.016
http://www.sciencedirect.com/science/journal/03048853
http://www.elsevier.com/locate/jmmm
SH-USER1
Text Box
HPSTAR
439-2017


S. Arumugam et al. /Journal of Magnetism and Magnetic Materials 442 (2017) 460-467 461

temperatures (Ty and T¢) causes the change in electron density at
Fermi level by interchanging of Co at Ni site of (Niy 15_xCox)Mngg4 Ga
(x =0.03-0.09) system [32]. In the Niso_xCoxMnsg_yGay (7 < x < 13,
18 <y < 20) system, Yu et al. [33] reports that partial substitution
of Co for Ni atoms tuned the magnetic ordering of parent phase
from AFM to FM and decreases T,; while increases T.. The phase
diagram of Ty, and T¢ in the (Niy 19 _xFex)Mngg; Ga (x =0-0.04)
system reveals that Ty, decreases gradually whereas T¢ increase
with Fe concentration [34]. Soto-parra et al. [21] clearly pointed
out the electron per atom ratio (e/a) variation of Ty and T¢ with
Co content at Ni site of (Nisgg_xC0ox)Mnys5Gazss (x =0-5.2) and
Fe doped at Ni site of (Nis, 7_xFex)Mny,q 9Gays 4 (x = 0-5.3). The dop-
ing of both Co and Fe in these system reveals that Ty, decreases
whereas T¢ increases with e/a. The magnetic field induced reverse
phase transformations from AFM (or PM) martensite to FM
austenite phase appear near RT in Nig5CosMnsg7Ing33 [4]. A steep
increase (decrease) of thermal expansion is observed in
Niz;CogMnsq 5Gag s due to martensitic (reverse martensitic) tran-
sition [35].

On the other hand, Co substitution at Mn site of Nig;Mns;X;-
Gay; (X = Co, Fe) has strong effect on Tc and Ty, while for substitu-
tion of Fe at Mn site shows opposite effect in the same system [36].
The change in transformations temperatures (Ty; and T¢) causes the
change in electron density at the Fermi level by interchanging Mn
site in Niy 16(Mng g4_yCoy)Ga (¥ = 0.04-0.14) system [32]. When the
Cois doped in Ga site of (Niso_ZGMn27_30Gazz_44)1oo,XCOX (X = 0—6),
the phase transformation temperatures and crystal structures of
martensitic phase is altered and Curie temperature of martensitic
phase is lower than that of austenitic phase [37].

From the structural measurements, Satish Kumar et al. [31]
observed that Co doped in Ni site of Nigg eMn;g gGayC03 3 stabilizes
cubic austenite structure at RT and martensite at low temperatures
(230 and 180 K). On the other hand doping in Mn site of Niggg-
Mn,7>Gay1,Coq g non-modulated tetragonal and 7M orthorhombic
phase observed at 290 and 200 K, respectively. When Fe replaces
Ga in NisgMny7(Gays_xFey) (x=1,2) orthogonal structure is
observed [36]. Cubic L2; structure is shown for Co doping in Ga
and Mn site of NiggMny7(Gazs_xCoyx) (x = 1-4) and Nigg(Mnyg_xCox)
Gays (x = 1-5) respectively [38]. X-ray diffraction patterns for the
Nis» sMnyo.1Gazs Fea 3 [21] sample reveals martensite monoclinic
14M and 10M modulated structure at 145 and 270 K, respectively.
X-ray diffraction patterns for Nigg7(Mnsg1_xFex)Gazio (x=0-11)
[39] depict that cubic austenite and tetragonal martensite phase
coexist in x =0 and 2, whereas only the cubic parent phase exists
for remaining x=5, 8 and 11 alloys. Martensite transformations
are identified clearly from transport measurements for Co
doped in Ga and Mn site of NiggMny7(Gays_xCox) (x=1-4) and
Nigg(Mnyg_xCox)Gagg (x = 1-5) alloys [38].

For some of the compositions change in magnetic entropy (ASy)
has been reported as follows: The melt spun ribbons of Nis;Mnyg-
Gaye shows magneto-structural transition around 354 K with the
increasing trend of MC (=15 to —30.3 Jkg~' K1) for 2 and 5 Tesla
fields [40]. Rama Rao et al. [41] reported near RT-MC (~309 K) for
NissMn20_5G324_4 (—95 Jkgi1 K71) and Ni55Mn19'5G325.4 (—]04
Jkg~! K~1) ribbons. The Ni,15Mnggs Ga and Niy1sMngg; Ga alloys
shows an increasing trend of MC (7.2 to —28 JKg~' K1) [42].
All these literature survey reports suggest an importance of doping
(especially Co) in various Heusler alloy system.

The first and second order phase transitions of Ni-Mn-In-Si
alloys have been correlated through magnetic entropy and magne-
toresistance [43]. Critical exponents are analysed near Tc in man-
ganites [44] re-entrant metallic alloys like AuggiFeg 19,
Nig78Mng 22, Nig79Mng 21, amorphous FegggZrg g [45] and Heusler
alloys Ni50M1‘13511‘114Si1 [46], Mn4Fe(Ge3,XSiX) [47], NiSO(Mn50,XSl’1X)
(x=13,14) [48], Hence, the same analysis has been carried out to
find the magnetism model theory. Moreover, Co addition in

NiMnGa alloys provides an opportunity to control the Curie tem-
perature of transforming phases (FM-Austenite to AFM/PM-
Martensite).

The purpose of this work is to show how the doping of Co effec-
tively improves structure, electron scattering, Tc, MC and critical
behavior. To the best of our knowledge, no experimental study of
the critical phenomena is reported in literature for the Co substitu-
tion in (Ni ;_xCox)Mngg Ga (x = 0-0.2) based system. However, the
effect of Co doping increases the ASy;, Curie and martensitic tem-
peratures due to effective magnetic moment (Co) ions at Ni site
of Ni-Mn-Ga system. Among all samples, the x = 0.12 composition
shows conventional MC with maximum ASy, of —2.8 Jkg~! K~! near
Ty region. Austenite structures are stabilized by varying Co (0-0.2)
substitution and lowering the structural transition temperature.
Further, critical behavior of x=0.12 composition has been also
studied, in which second order nature of FM-PM transition exists
during magnetization measurement.

2. Experimental details

Ingots of (Niy;_xCox)Mngg Ga (x =0, 0.04, 0.12 and 0.2) alloys
are prepared by melting the high purity starting elements (99.9%
pure) in a vacuum arc melting furnace (procured from M/S.
Vacuum Techniques Pvt. Ltd, Bangalore) under partial Argon atmo-
sphere. The samples are re-melted four times to ensure homogene-
ity. These alloys are sealed and annealed under high vacuum at
1175K for 24 h and then quenched. Elemental compositions are
determined using scanning electron microscope (SEM, Leo 440i)
attached with an X-ray energy dispersive spectroscope (EDS)
setup. The structural analysis is carried out at RT using a Philips
3121 X-ray diffractometer with Cu-K, radiation. The transport
studies are carried out between 300-4 K using Closed Cycle Refrig-
erator with Variable Temperature Insert (CCR-VTI) from M/S.Cryo
Industries of America, USA. The magnetization measurements are
performed by means of a physical property measurement system
(PPMS-9T) using vibrating sample magnetometer (VSM) module
(Quantum Design, USA). The data are collected for all samples dur-
ing field cooling and warming modes and isothermal magnetiza-
tion data are measured at different temperatures around Ty, and
Tc regions. The transition temperatures such as Tc and Ty, are
obtained from deep point of corresponding derivative plots.

3. Results and discussion

The powder X-ray diffraction patterns are recorded at RT in
(Niy.1_xCox)Mngg Ga (x =0, 0.04, 0.12 and 0.2) which are shown
in Fig. 1. The Bragg peaks for all samples indexed with cubic cell
L2; structure with lattice parameter a=5.8729, 5.8691, 5.8637
and 5.8618 A for x=0, 0.04, 0.12 and 0.2 samples, respectively.
Only x=0.12 composition has mixed martensite and austensite
(M + A) phase at room temperature although the martensite tran-
sition temperature is below room temperature (147 K, Fig. 2a).
The martensite phase at room temperature is stabilized due to
the residual strains generated via grinding the ingot into powder.
[49,50]. However, x=0, 0.04 and 0.20 samples are retained in
austensite phase at room temperature.

Fig. 2(a) shows the temperature dependent resistivity p(T)
curves for (Nip.;_xCoy)Mngg Ga (x = 0-0.2) alloys. The small hump
in resistivity is observed around 147 K and 165 K for x=0.12 and
0.2 respectively which shows clear indication of martensite transi-
tion (Ty;). The resistivity of all samples decreased with decreasing
temperature. In general, resistivity of Heusler alloys can be influ-
enced by electron-electron, electron-phonon and electron-
magnon scattering mechanisms. However, the electron-phonon
scattering contribution is relatively small in Heulser alloys at low
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Fig. 1. XRD pattern of Niy;_Co,Mngg Ga (x =0, 0.04, 0.12 and 0.2) alloys at room
temperature.

temperature due to very low thermal fluctuation [51]. Hence, in
our alloy system the electron-electron scattering is dominant at
low temperature when compared to other scattering mechanisms.
Therefore, power law equation is used to fit for all samples of p(T)

(1)

where, pg is residual resistivity (due to the impurities or defects)
and A is electron-electron scattering factor which depending on
the slope of p(T). The estimated values p, and A of are plotted as
a function of Co doping as shown in the Fig. 2(b). It is clearly seen
from the Fig. 2(b) that both the values are increased with Co con-
centration. The rate of decrease of resistivity with respect to tem-
perature [i.e., dp/dT] increases with Co doping throughout all the
temperature range. i.e., the slope of curves increases with Co con-
centrations throughout all the temperature range. This is confirmed
by the increasing of A value with Co doping [right axis of Fig. 2(b)].
This effect is due to the “substitution-induced” disorder by Co dop-
ing [52]. In the special case of x = 0, nominal upturn in the resistivity
is observed at the low temperature range of 4-15 K. It is probably a
localization effect due to Kondo effect or electron-electron interac-
tion. But mostly in half metal Heusler alloys the low temperature
minimum originates due to electron-electron interaction [53].

The temperature dependent magnetizations [M(T)] are mea-
sured in the range of 320-10 K during field cooled (FC) and field
warming (FW) modes for (Niy;_yCox)Mngg Ga (x=0, 0.04, 0.12
and 0.2) alloys at constant magnetic field of 0.01 T which are
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shown in the Fig. 3(a-d). The x = 0 and 0.04 exhibit FM magneto-
structural transition at 273 and 275 K respectively. Here, we have
confirmed the first order transition by the presence of hysteresis
between cooling and warming cycles [inset of Fig. 3(a) and (b)].
The decoupling of FM-PM and structural transition has been
observed for x =0.12 and 0.2 samples. The hysteresis around T¢ is
suppressed for these samples and suggested that presence of sec-
ond order transition by increasing of Co content. The characteristic
transformations temperatures of martensite transition (Ms, My, As
and Ay) are indicated around the hysteresis region. On the other
hand, an abrupt change in magnetization indicate Curie transitions
(T2) at 286.5 and 309 K for x=0.12 and 0.2 samples respectively.
The actual T2 is derived from the minima of the dM/dT vs T curves
[shown in the inset of Fig. 3(c)]. Moreover, addition of Co brings T¢
to higher values due to enhanced FM in the austenite phase. We
found that T2 increases with the effect of Co doping in Ni site.
The M(H) is measured around Ty, region for x = 0 (between 260-
310K at 5K interval), 0.04 (between 260-310K at 5K interval),
x=0.12 (110-170K at 10K interval) and x=0.2 (110-180K at
10 K interval), and it is shown in Fig. 4(a and b) during increasing
and decreasing of magnetic field up to 5 T. It is found that magne-
tization decreases with increasing temperatures for x=0 and
x = 0.04 samples which are shown in Fig. 4(a and b). The magneti-
zation is hard to saturate below 147 K (x=0.12) and 165 K (x = 0.2)
where these compositions are in martensite phase while this easily
saturates above these temperatures because of austenite phase.
From these isothermal magnetization curves, the magneto
entropy change (4Sy,) is calculated for x=0, 0.04, 0.12 and 0.2
samples around marternsitic region using Maxwell relation,

(" (OM(H,T)
ASy = /O <7ar )HdH

(2)

The temperature dependence of magneto entropy change
[ASy; (T)] at different magnetic fields of 1, 3 and 5 T for (Nip ;_xCox)
Mngg Ga (x=0, 0.04, 0.12 and 0.2) alloys are shown in Fig. 5(a-d).
The applied magnetic field increases the magnetic entropy change
and the values are found to be negative corresponds to normal
(conventional) MC. Further, the maximum AS,; values around Ty,
region are found to be —2.4, —2.34, —2.8 and —1.75 Jkg"' K™ at
5T for x=0, 0.04, 0.12 and 0.2 alloys respectively. In comparison
with Ni51_5MH22_7G825_3 and Ni4g‘5Mn25_4G325.1 which show ASM of
4.1]Jkg 'K~ 'at 196 K in the field of 0.9 T and —11 Jkg~! K~! around
177K at a field of 2T respectively [11,12], the value of ASy
obtained in our system is lower, however it is higher than the
ASy (2.2 Jkg ' K~ ! around 296 K at 5 T) value of NisoCoMns36Sn;3
[54].

Furthermore, Tc and Ty, variation of magnetic elements (Co, Fe)
doped in NiMnGa compounds are presented in Fig. 6(a and b). In
our present series Co is doped at Ni site of (Niy;_xCox)Mngg Ga
(x=0-0.2) for which Ty, decreases (273-164 K) and T¢ increases
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Fig. 2. Transport studies (a) p(T) of Niy ;_xCoyMngg Ga (x =0, 0.04, 0.12 and 0.2) alloys, (b) Co% variant residual resistivity (po) and electron-electron scattering factor (A).



S. Arumugam et al. /Journal of Magnetism and Magnetic Materials 442 (2017) 460-467 463

6F (a) x=0 6 (b) x=0.04 o~ FC
-=FC —o=FW
=O=FW
g 4 , ’ %“ 4 | R -
S = E’/
= K p
2Fs, 2F
0
260 280
0 ) T (K) , a 0 240 .TZ?IQ) ) E
0 100 200 300 0 100 200 300
T (K) T (K)
6(c)x=0.12 FM  -0—FC 01(d) x=020 Mg M
o “O=FW Mg Ag
::5 4t X 4f Ag
g i g
< g A
=, 3 =l e TA=309 K
5 -O=FW
=
s PM
O 26? X 0 1 I "
0 100 200 30 0 100 0 200 300

T (K)

Fig. 3. Temperature dependent Magnetization of Ni, ; ,CoxMngo Ga, (a) x = 0 [inset: enlarged view of main plot in hysteresis region], (b) x = 0.04 [inset: enlarged view of main
plot in hysteresis region], (c) x = 0.12 [derivative plots for main graphs to find T¢ and also show suppression of hysteresis], (d) x = 0.2 alloys under 0.01 T.

60 260 K] 60 (b) x=0.04 260 K
M N
™ I ) I
240 = 240 -
5
£ o 2 =
L L
310K 310 K]
= 20 = 20
0 1 1
0 2 4 6 6
Ho-H (T)
60F () x=0.12 110K ¥ ;
m I
—~ =
= 170K < 5D <
240 E
5 )
=
= 20
, . 0 . .
% 2 ; 6 0 2 4 6

LoH (T) Ho-H(T)

Fig. 4. (a-d) Isothermal curves at Ty of Niy;_yCoxMnggo Ga (x =0, 0.04, 0.12 and 0.2) alloys.
(347-395K) for (Niy,_xFex)Mngg Ga (x = 0.04-0.16). For another

system (Niy 19_xFex)Mngg; Ga (x=0-0.04), T,, decreases (340-
285 K) and T¢ slightly increases (340-345 K) [34].

(284-309 K). Khovailo et al. [27] reports that T, decreases (318-
306 K) and T¢ increases (348-367 K) in (Nip.16_xCox)Mng g4 Ga
(x =0.03-0.09) system, Ty; decreases (317-223 K) and T increases
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0.03, 0.04) [Sokolovsiy et al [34], JMMM (2013)].

Generally, e/a ratio decreases with doping of magnetic elements
at Ni site of NiMnGa systems. The e/a variation of doped (Co, Fe)
magnetic elements at Ni site of NiMnGa and our system are shown
in Fig. 7(a-c). Soto—-parra et al. [21] reported that doping of Co in Ni
site of (Ni2.03C0x)Mn0.gGao_97 (X=O—O.2) and Fe in (Niz.log,xFex)
Mng g7 Ga (x =0-0.21) decreases Ty, and increases T¢ follows the
e/a variation. The e/a ratio can be correlated with the Ty where
an increase (decrease) in e/a ratio increases (decreases) the value
of Ty, [55]. In our selected Co doping compounds, Ty, decreases with
increasing e/a ratio.

As discussed earlier, for the selected series of samples
((Niz.1_xCox)Mngg Ga) a first order FM-PM transition is observed
for x=0 and 0.04, whereas second order FM-PM transition for
x=0.12 and 0.20. Hence, M (H) around FM region are also mea-
sured for x=0.12 (275 to 330K at 5K interval) and x =0.2 (240
to 320K at 10K interval) as shown in Fig. 8(a and b). As we
expected, these samples do not show hysteresis; and hence

confirms the presence of second order nature. Fig. 9(a) shows the
Arrott plots around magnetic transition (T2) for x=0.12 around
FM-PM transition in the austenite phase.

However, at low field region, small deviations from a straight
line can occur in the Arrott plot due to misaligned magnetic
domains. Hence, it has been removed to consider the sample as
homogeneous for the analysis. Based on Banerjee criterion, the
positive slopes are observed in all curves of Arrott plot reconfirms
the presence of second-order phase transition. Moreover, second-
order phase transitions, T¢ can also be derived from M? vs H plot
[57] and it is shown an inset of Fig. 9(a). In order to understand
the FM nature of second order transition in x =0.12 sample, the
critical behavior is analysed using conventional iterative method
through Arrott plot and Kouvel-Fisher plots [56,57] as follows:

The second order FM transition near the Curie points are char-
acterized by a set of critical exponents’ p (associated with the
spontaneous magnetization Ms), 7 (associated with the initial
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Fig. 9. (a) Arrott plot (b) Temperature dependence of spontaneous magnetization (Ms) and inverse initial susceptibility (x5') (c) Kouvel- Fisher plots of Ms(dMs/dT)~! and

%0 '(dyd/dT)~" vs T (d) In(M) vs In(H) plot of Ni,;_,Co,Mngg Ga (x = 0.12) alloy.

susceptibility ), and ¢ (associated with the critical magnetization
isotherm at T¢). The mathematical definitions of the critical expo-
nents from magnetization measurements are given as following
relation:

Ms(0,T = Mo(—¢) €< 0,T<Tc 3)
%' (0,T) = (ho/Mo)(e)’  &>0,T>Tc (4)
M(H,Tc)=DH)"’  £=0,T=Tc (5)

where, My, ho/Mp and D are the critical amplitudes. Ms, xo Tand g =
(T-T{)/T2 are the spontaneous magnetization, initial inverse suscep-
tibility and reduced temperature respectively, these parameters can
be calculated from Fig. 9(b) and (c) as follows: the temperature at
which the curve passes through the origin is T¢. The polynomial fit-
ting of each curve and linear extrapolation above T2 yields Mg

whereas below T2 yields yg’. The temperature dependence of Ms
and yp! of x=0.12 alloy is shown in Fig. 9(b).

The conventional way of Kouvel-Fisher method is used for the
efficient and accurate determination of T and the critical expo-
nents g, y and ¢ Kouvel et al. [58]. The Eqgs. (3)-(5) are modified
as per Kouvel-Fisher method as

Mg(T)  T-Tc

dMy(T)/dT ©
LT T-T

G D/dT ~ 7 @

logM(H,T¢) = logH (8)

According to Eqs. (6) and (7), Ms (dMy/dT)" vs T and yg'(dyo?/
dT)~" vs T should be a straight line with slopes 1/ and 1/y should
meet T axis corresponds to the T2. Fig. 9(c) shows the Kouvel-Fisher
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Table 1
Critical exponents values of Ni, ;_xCoyMngg Ga (x = 0.12) alloy.

X Tu (K) T, (K) Critical exponents
B Y B Order
0.12 147 286.5 0.601 0.999 2.55 Long range FM - Mean field theory
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Fig. 10. (a) Modified Arrott plot using the equation of state; (b) Scaling plot on log-log scale indicating two universal curves below and above T¢; (c) Field dependence of the
magnetic entropy change —AS), for the x = 0.12 sample. The solid lines are fitted plot using universal curve to determine the value of n; (d) Normalized entropy change ASEs?/

ASy vs rescaled temperature (0) for different magnetic fields.

plots [Ms(dMs/dT)~" vs T and y5'(dyo'/dT)~"! vs T] for x = 0.12 sam-
ple. The T2 for x=0.12 sample obtained from these iterative
method is 286.5 K which agrees with T2 derived from M (T) plots.
The values of g and y for x=0.12 sample is calculated from the
reciprocal of slopes from Mg(dMs/dT)~' vs T and yg'(dyo'/dT)!
vs T plots respectively. The g and ) values are 0.601 and 0.999
for x =0.12 sample and these values are shown in Table 1.0ne of
the critical exponent § which is associated with the critical magne-
tization isotherm at T is determined using Eq. (8). Fig. 9(d) shows
In M vs In H plots at T2 of x = 0.12 sample. Based on the Eq. (8), the
linear fit of each plot yields the value of 1/6. The ¢ value is 2.55 for
x=0.12 sample. The reliability of the calculated values with
Widom scaling relation y — (6 — 1) = 0, the obtained values is
0.067 for x = 0.12 sample. Our critical exponents values are nearly
match with the values of mean field theory (f=0.5, y=1.0, 6 = 3.0)
and it confirms that x=0.12 exhibits long range ferromagnetic
ordering. Thus, the increasing of Co content in Ni, ;_xCoxMngg Ga
increases the long range ferromagnetic order around austenitic
transition.

The estimated values of these critical exponents have been ver-
ified by Modified Arrott plot and scaling equation of state as
follows:

(5)(1/7) 4 (T TTTC) i pM/P 9)
(M(H, &) = (&)"f .[H/e"P] (10)

The modified Arrott and scaling equation plots are shown in
Fig. 10(a and b) respectively. As clearly seen in Fig. 10(a), at higher
fields, the isotherms introduce almost linear and parallel straight
lines with values of =0.601 and 7y = 0.999. Similarly, 8 and y are
tested by using the static-scaling hypothesis generalized in the
Eq. (10) Where f. for T> T¢ and f. for T < T¢ are regular functions.
Me~" as a function of He~"*?) is plotted in Fig. 10(b) by using the
values of critical exponents. All magnetization data points fall on
the universal branches of f. for T < Tc and of f. for T > T¢ are in good
agreement with the descriptions of the scaling hypothesis. This
also supports that values of critical exponents and Tc are accurate
enough.

The MC data of different materials of same universality class
should fall onto the same curve, irrespective of the applied

magnetic field. The field dependence of ASy, is given by the follow-
ing equation

ASuly_r.ocH™wheren = 1+ 1/5(1 — 1/p) (11)

Thus, the value of n from Eq. (11) is 0.7505 using the values of
B=0.601 and y=0.999. The MC has been calculated around FM
region of 0.12 sample, since Eq. (11) requires (not shown here).
Based on Eq. (11), ASEf® vs H is plotted as show in Fig. 10(c),
and value of n obtained from fitting of above equation is 0.83,
which is nearly with that obtained from the critical exponents.

4. Conclusion

In summary, the partial substitution of Co in Ni site of
(Niz1_xCox)Mngg Ga (x=0, 0.04, 0.12 and 0.2) alloys has been
investigated through structural, transport, magnetic and magne-
tocaloric properties. For all the compositions, the L2; cubic struc-
ture is confirmed by powder XRD at RT. Transport measurement
reveals that increase in the magnitude of p, residual resistivity
(po) and electron scattering factor (A) with Co substitution. The
magnetization measurements reveal that decoupling of austenitic
and maternstic transition for x=0.12 sample. The presence of
martensite around FM transition in x =0 and 0.04 samples exhibit
first-order transition, whereas, appearance of austenite around FM
transition leads second-order nature for x=0.12 and 0.2 samples.
The change in magnetic entropy (ASy) is also calculated using
Maxwell’s relation for all four samples. The ASE is obtained
(—2.8 Jkg 1K) for x =0.12 sample. Further, critical behavior of
x =0.12 composition has been studied due to its second order nat-
ure of FM-PM transition. The estimated values of critical exponents
suggested mean-field model, and hence suggested the presence of
long-range ferromagnetic nature. The values are verified by
modified Arrott plot, scaling equation of state using isothermal
curves, where as ASE® vs H plot and universal curve theory using
MC values.
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