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The critical behaviors of polycrystalline Ni2MnGa and Ni2Mn0.85Cu0.15Ga have been examined

through high-resolution bulk magnetization measurements. The critical exponents, b and c, were

derived from modified Arrott plots using the Kouvel-Fisher method. The values of the extracted

critical exponents satisfied the scaling equation of state and associated exponent relations, indicat-

ing self-consistency of the extracted values. In Ni2MnGa, the critical exponents (b¼ 0.401 6 0.003,

c¼ 1.27 6 0.02) indicate a deviation from the 3D-Heisenberg values toward the mean-field values,

likely due to the presence of long-range Ruderman-Kittel-Kasuya-Yosida interactions. However,

the critical exponents of Ni2Mn0.85Cu0.15Ga (b¼ 0.389 6 0.004, c¼ 1.39 6 0.02) are closer to the

3D-Heisenberg values. This indicates a weakening of the long-range exchange interactions due to

the substitution of Cu in the Mn site. Published by AIP Publishing.
https://doi.org/10.1063/1.5025196

I. INTRODUCTION

One of the most extensively studied materials in the

Heusler alloy family is the Ni2MnGa system. This compound

shows a wide variety of properties, such as magnetic field

induced strain (MFIS),1 giant magnetocaloric effects (MCE),2

etc., making it attractive from both technological and scien-

tific points of view. Ni2MnGa undergoes two transitions upon

cooling: first is a second-order magnetic (order–disorder) tran-

sition at TC� 382 K from a cubic (L21) paramagnetic (PM)

phase to a cubic ferromagnetic (FM) phase. Second, it under-

goes a structural (martensitic) transition from a cubic FM

phase (austenite) to a complex FM tetragonal (martensitic)

phase at TM� 209 K. There is also a premartensitic transition

at Tp� 260 K, which is due to a modulation in the austenitic

phase.3,4

It has been observed that, in Heusler alloys, various sub-

stitution schemes and variations in stoichiometry can signifi-

cantly modify the magnetic interactions. A critical exponent

analysis can provide insight into the range of the exchange

interactions as well as the lattice and spin dimensionalities.

This is also useful in understanding the role of a particular

substitution scheme or stioichiometry variation in modifying

the magnetic interactions. Not surprisingly, this approach has

been widely used by researchers to investigate the second-

order phase transition in Heusler alloys (see Refs. 5–9). Some

examples may be helpful in elucidating the scope of the criti-

cal exponent analysis. For instance, through critical exponent

analysis of Ni50Mn50–xSnx, Phan et al. (Ref. 5) argued that the

Sn substitution drove the system from short-range to long-

range FM order. In another study, it was revealed that Gd sub-

stitution for Ni in Ni50Mn37Sn13 drove the system from short-

range FM order to long-range order.6 In a similar manner, the

role of various substitution schemes in Ni47Mn40Sn13–xCux,

Ni43Mn46Sn8X3 (x¼ In and Cr), Ni2.2Mn0.72–xVxGa1.08,

TbCo2–xFex, and so on, was investigated through critical

exponent analysis.7–10

In Ni2Mn1–xCuxGa, increasing the Cu concentration

drives the two transitions (TC and TM) towards each other and,

when x¼ 0.25, the two transitions coincide at T¼ 308 K. A

large MCE (magnetic entropy change) has been reported for

Ni2Mn0.75Cu0.25Ga at this coupled magnetostructural transi-

tion.2,11 Over the years, experimental and theoretical investi-

gations were carried out to better understand the mechanism

behind the shift of the transition temperatures, i.e., the role of

dopants, etc.3,11–14 Roy et al. investigated the role of Cu sub-

stitution in the Ni2Mn1–xCuxGa compound using X-ray

absorption spectroscopy and X-ray magnetic circular dichro-

ism.11 They showed that the substitution of Cu enhances the

Ni-Ga hybridization and shifts the martensitic transition tem-

perature (TM) to higher temperature. Moreover, the magnetic

ordering (Curie) temperature (TC) decreases as the Mn con-

centration is reduced and the system becomes more magneti-

cally delocalized. In Ni2MnGa, long-range Ruderman-Kittel-

Kasuya-Yosida (RKKY) exchange interaction between Mn

atoms, mediated by the Ni atoms, is responsible for the ferro-

magnetism.15 As pointed out previously,11 the substitution of

non-magnetic Cu in the Mn site significantly modifies the

magnetic properties of the system. This motivated us to con-

duct a critical exponent analysis for these compounds.

In this investigation, the critical behavior near the

second-order phase transitions in polycrystalline Ni2MnGa

and Ni2Mn0.85Cu0.15Ga has been examined. Bulk magnetiza-

tion measurements were used to obtain the critical expo-

nents, b, c, and d, for each system. The range of exchange

interactions, lattice and spin dimensionalities, and the overall

modification of the magnetic interactions due to the Cu sub-

stitution will be discussed through the critical exponents.

II. THEORETICAL BACKGROUND

The critical behavior of a magnetic material undergoing

a second-order (continuous) phase transition can bea)Electronic mail: aussal1@lsu.edu

0021-8979/2018/123(20)/203904/9/$30.00 Published by AIP Publishing.123, 203904-1

JOURNAL OF APPLIED PHYSICS 123, 203904 (2018)

https://doi.org/10.1063/1.5025196
https://doi.org/10.1063/1.5025196
https://doi.org/10.1063/1.5025196
https://doi.org/10.1063/1.5025196
https://doi.org/10.1063/1.5025196
https://doi.org/10.1063/1.5025196
mailto:aussal1@lsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5025196&domain=pdf&date_stamp=2018-05-29


characterized by a set of critical exponents in the vicinity of

the Curie temperature (TC). Materials with the same critical

exponents belong to the same universality class, manifesting a

universal behavior around the critical region. These critical

exponents depend only on the dimension of the lattice (d),

order parameter (n), and the range of exchange interac-

tions.16–18 In the critical region near TC, various thermody-

namic quantities show power-law dependencies on the

reduced temperature, �¼ (T – TC)/TC. The spontaneous mag-

netization [MS � MH ¼ 0], initial susceptibility ½v0 � @M
@H jH¼0�,

and the critical isotherm ½MðHÞT¼TC
� are given by the follow-

ing equations:

MSðTÞ ¼ M0ð��Þb ð� < 0Þ; (1)

v�1
0 ¼ Cð�Þc ð� > 0Þ; (2)

M ¼ XHð1=dÞ ð� ¼ 0Þ; (3)

respectively, where, M0, C, and X are the critical ampli-

tudes.17,19,20 According to the scaling hypothesis,17,18,21,22

various formulations of a magnetic equation of state can be

expressed as

m ¼ f6ðhÞ; (4)

H ¼ MdhðxÞ; (5)

h=m ¼ 6a6 þ b6m2; (6)

where m � j�j�bMðH; �Þ is the renormalized magnetization,

h � j�j�ðbdÞH is the renormalized field, and x � �M�1=b. In

Eq. (4), the terms fþ for T> TC and f– for T<TC are unspeci-

fied scaling functions.21 According to Eq. (4), a plot of m vs.

h should collapse into two universal curves, one above and

one below TC for the correct values of the critical exponents.

This feature can be used to obtain the critical exponents of a

magnetic system. However, a more accurate approach is to

use the Arrott-Noakes equation of state,17 which is given by

ðH=MÞð1=cÞ ¼ A�þ BMð1=bÞ; (7)

and the plot of M1=b vs. (H/M)1=c, which is known as the

modified Arrott plot (MAP). For the right choices of b and c,

this plot consists of a series of parallel straight lines with the

isotherm at T¼ TC passing through the origin. From the

intercepts on the vertical and horizontal axes, the spontane-

ous magnetization MS(T) and the initial susceptibility v�1
0 ðTÞ

can be calculated, respectively. Once the intercepts are

obtained, Eqs. (1) and (2) can be used to find the values of

the critical exponents, b and c.

III. EXPERIMENTAL METHODS

Polycrystalline Ni2MnGa and Ni2Mn0.85Cu0.15Ga ingots

(approximately 5 g) were fabricated from high-purity ele-

ments (better than 99.9%) of Ni, Mn, Cu, and Ga in an

induction furnace under a high purity argon atmosphere. The

weight loss after melting was found to be less than 0.1%.

The samples were placed inside an evacuated quartz tube

and annealed at 850 �C in a tube furnace for 3 days and

slowly cooled to room temperature. X-ray diffraction (XRD)

measurements were done with a room-temperature X-ray dif-

fractometer using Cu Ka radiation and h–h geometry.

Magnetic measurements were carried out using a supercon-

ducting quantum interference device magnetometer

(SQUID-MPMS by Quantum Design). Temperature depen-

dent magnetization measurements, M(T), were performed in

a temperature interval of 10–400 K. The magnetization iso-

therms, M(H), were measured in the vicinity of the Curie

temperatures (TC) in temperature increments of DT¼ 0.5 K.

At each temperature set point, a 5 min wait time was

imposed for better temperature stabilization. The magnetic

field was applied in increments of DH¼ 0.25 T up to H¼ 7

T in no-overshoot mode.

IV. RESULTS

A. Critical behavior in Ni2MnGa

From the temperature dependent magnetization mea-

surement for Ni2MnGa shown in Fig. 1(a), the initial value

of TC was calculated as the minimum of the dM/dT vs. T
curve (not shown). The M(H) curves (isotherms) were

obtained in DT¼ 0.5 K increments in the critical region as

shown in Fig. 1(b). These data were rescaled according to

Eq. (7) by adjusting b and c. For b¼ 0.5 and c¼ 1, the M1=b

vs. (H/M)1=c plot is just the conventional Arrott plot [see

Fig. 2(a)]. Two things can be observed immediately from the

Arrott plot: first, the non-linearity of the isotherms indicates

that the mean-field theories may not be best suited to

describe the critical behavior in this system and, second, the

absence of negative slopes throughout the range of fields

indicates that the transition from the ferromagnetic (FM) to

paramagnetic (PM) phase is a second-order transition, con-

sistent with the Banerjee criterion.23

Known values of the critical exponents for various uni-

versality classes, such as 3D-Heisenberg, 3D-Ising, 3D-XY,

etc., were used to construct corresponding modified Arrott

plots (MAPs). The isotherms in the MAP constructed with

the critical exponents of the 3D-Heisenberg class exhibited

the most linear behavior compared to the MAPs constructed

with other exponents. Therefore, theoretical values of the

critical exponents for the 3D-Heisenberg model17,24

(b¼ 0.365, c¼ 1.336) were taken as the initial trial values to

construct an initial MAP similar to that in Fig. 2(b). The iso-

therms were extrapolated from high field linear regions to

find the intercepts of the M1=b and ðH=MÞ1=c ¼ ðv�1
0 Þ
ð1=cÞ

axes to calculate the values of MS(T) and v�1
0 shown in Fig.

3(a). From these values of MS(T) and v�1
0 , a new set of criti-

cal exponents b and c were calculated using the Kouvel-

Fisher method.25 This is considered to be the most reliable

method in extracting accurate values of the critical exponents

based on MAPs.17,19,22 According to this method, Eqs. (1)

and (2) can be written as

MSðTÞ
dMSðTÞ

dT

� ��1

¼ ðT � TCÞ=b; (8)

v�1
0

dv�1
0 ðTÞ
dT

� ��1

¼ ðT � TCÞ=c: (9)
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FIG. 1. (a) Magnetization (M) vs. temperature (T) for Ni2MnGa measured in an applied field of H¼ 0.1 T. TM, Tp, and TC represent the martensitic, pre-

martensitic, and Curie temperatures, respectively. (b) Magnetization isotherms, M(H), measured in increments of DT¼ 0.5 K.

FIG. 2. (a) Arrott plot of magnetization isotherms measured in the temperature range of T¼ 374.0–388.0 K with DT¼ 0.50 K for Ni2MnGa. (b) Modified

Arrott plot (MAP) using b¼ 0.4000 and c¼ 1.2705. The solid red line indicates the linear fit to the isotherm at TC¼ 382.5 K.

FIG. 3. (a) Temperature dependence of the spontaneous magnetization [MS(T, 0)] and inverse susceptibility ½v�1
0 � obtained from the linear extrapolation of the

MAP of Fig. 2(b). The lines represent best fits to Eqs. (1) and (2). (b) Kouvel-Fisher plots for Ni2MnGa. Straight lines are linear fits to the data, from which b,

c, and TC were calculated.

203904-3 Us Saleheen et al. J. Appl. Phys. 123, 203904 (2018)



The plots of MS(T)[dMS(T)/dT]�1 vs. T and

v�1
0 ½dv�1

0 ðTÞ=dT��1
vs. T are straight lines with slopes of 1/b

and 1/c, respectively, as shown in Fig. 3(b). Next, the values

of b and c found from the Kouvel-Fisher plot were used to

generate a new MAP. This process was iterated until the val-

ues converged, and a stable set of critical exponents (b, c)

and TC were obtained. For Ni2MnGa, after multiple itera-

tions, the critical exponents converged to the following val-

ues: b¼ 0.401 6 0.003, c¼ 1.27 6 0.02, and TC¼ 382.42 K

6 5.13 K (see Table I). One notable feature of the Kouvel-

Fisher method is that, unlike other methods, no prior knowl-

edge of TC is required, as the intercept of the straight lines

with the temperature axis gives TC.17,22

A ln-ln plot of some representative isotherms in the

vicinity of TC are shown in Fig. 4. According to Eq. (3), a

ln(M) vs. ln(H) plot for the critical isotherm should be a

straight line with a slope of 1/d. For Ni2MnGa, the isotherm

at T¼ 382.5 K was considered to be the critical isotherm as

it was closest to TC¼ 382.42 K. The exponent d¼ 4.10 was

calculated by performing a linear fit to the critical isotherm.

The b and c values obtained through the Kouvel-Fisher

method can be used to calculate d by using the Widom

relation18,26

d ¼ 1þ c
b
: (10)

This relation yielded d¼ 4.17 6 0.08, which is very close to

the value d¼ 4.100 6 0.007 obtained from the critical iso-

therm (see Table I). The values of d obtained from the two

independent methods (Kouvel-Fisher and critical isotherm)

are in reasonable agreement, indicating the reliability of the

b and c values.

As discussed in Sec. II, according to Eq. (4), a plot of

the reduced magnetization ðm � j�j�bMðH; �ÞÞ vs. reduced

field ðh � j�j�ðbþcÞHÞ should collapse into two separate

branches, one above and one below TC, for the correct choice

of critical exponents. This behavior is seen in Fig. 5(a),

where the m(h) curves clearly collapsed into two symmetric

curves, one above and one below that for T¼ TC. The inset

of Fig. 5(a) shows the ln(m) vs. ln(h) plot, which demon-

strates the collapsed curves more clearly. This feature con-

firms the reliability of the critical exponents to some degree.

However, the insensitive nature of the logarithms may result

in the collapse of the data into two branches, even for up to

TABLE I. The critical exponent values (b, c, and d) and the transition temperatures (TC) obtained from the Kouvel-Fisher (KF) method and the critical iso-

therms (CI). The theoretical values of the critical exponents for various universality classes are given for comparison. The experimentally calculated critical

exponent values for various other materials are also provided.

Composition Technique b c TC d

Ni2MnGa (This work) KF 0.401 6 0.003 1.27 6 0.02 382.42 6 5.13 K 4.17 6 0.08

CI 4.100 6 0.007

Ni2Mn0.85Cu0.15Ga (This work) KF 0.389 6 0.004 1.39 6 0.02 327.45 6 4.14 K 4.56 6 0.08

CI 4.66 6 0.01

Mean Field Model19,22 Theory 0.5 1.0 3.0

3D Heisenberg Model17,22 Theory 0.365 1.336 4.66

Ni50Mn50–xSnx
5

x ¼ 13 KF 0.385 6 0.035 1.083 6 0.060 303.6 K …

x ¼ 14 KF 0.496 6 0.015 1.024 6 0.059 304.5 K …

Ni50–yGdyMn37Sn13
6

y ¼ 1 KF 0.473 6 0.020 1.141 6 0.017 299.0 6 0.02 K …

y ¼ 3 KF 0.469 6 0.068 1.214 6 0.042 302.9 6 0.7 K …

Ni43Mn46Sn8In3
7 KF 0.485 6 0.013 0.987 6 0.017 296.8 K 3.035

Ni43Mn46Sn8Cr3
7 KF 0.549 6 0.008 0.965 6 0.012 301.8 K 2.758

Ni2.2Mn0.6V0.18Ga1.08
8 KF 0.48 1.05 268 K 3.02

Ni47Mn40Sn13–xCux
9

x ¼ 0 KF 0.479 6 0.010 1.087 6 0.017 313.50 K 3.269

x ¼ 0.5 KF 0.521 6 0.008 1.061 6 0.010 315.96 K 3.036

TbCo2–xFex
10

x ¼ 0 KF 0.380(4) 1.407(8) 224.83(7) K 4.85(3)

x ¼ 0.1 KF 0.541(1) 1.023(2) 304.48(5) K 2.75(4)

FIG. 4. A plot of ln(M) vs. ln(H) near the critical isotherm for Ni2MnGa.

The dashed red line represents the linear fit to the critical isotherm at

TC¼ 382.5 K; d was calculated from the slope of this line.
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10% deviations from the true b and c values (see Refs. 17,

27, and 28). The reliability of the exponent values can be fur-

ther verified in a more rigorous manner by using Eq. (6),

which is more sensitive to the critical exponent values.17,19

In Fig. 5(b), the m2 vs. h/m plot clearly collapse into two

branches: one above and one below TC. This further validates

the reliability of the critical exponents obtained through the

Kouvel-Fisher method.

B. Critical behavior in Ni2Mn0.85Cu0.15Ga

Experiment and analysis procedures identical to those

described above were applied to Ni2Mn0.85Cu0.15Ga. The

substitution of Cu reduces the second-order transition tem-

perature from TC¼ 382.4 K in Ni2MnGa to TC¼ 327.5 K in

Ni2Mn0.85Cu0.15Ga. Concurrently, the first-order (martens-

itic) transition temperature increases from TM� 209 K in

Ni2MnGa to TM� 273 K in Ni2Mn0.85Cu0.15Ga. It is to be

noted that the two transitions do not overlap for a 15% Cu

(x¼ 0.15) substitution, whereas they do occur at the same

temperature for a 25% (x¼ 0.25) Cu substitution. In order to

determine whether the martensitic phase transitions affect

the critical exponents calculated for the second-order transi-

tions, we followed the analysis procedure described in Ref.

29, and constructed the universal entropy change (DS) vs.

temperature (T) curves for both alloys. According to this

approach, the influence of another phase transition (i.e., the

martensitic transition in this case) would hinder the full col-

lapse of the DS vs. T curves when using a single reference

temperature, necessitating the usage of two well-separated

reference temperatures to achieve a good collapse. For the

present investigation, we observed a full collapse of the uni-

versal curves (not shown) with a single reference tempera-

ture for both alloys. This suggests that the martensitic phase

transitions did not appreciably affect the calculated values of

the critical exponents for the second order transitions for

either system.29

The M(H) curves (isotherms) were collected in DT
¼ 0.5 K increments using the same protocol described earlier

[Fig. 6(a)]. Similar to Ni2MnGa, the critical exponents for the

3D-Heisenberg model (b¼ 0.365 and c¼ 1.336) were used as

the initial trial values to construct the first MAP. Following

the same iterative Kouvel-Fisher method, the critical exponent

values converged to b¼ 0.389 6 0.004, c¼ 1.39 6 0.02, and

TC¼ 327.45 K 6 4.14 K [see Fig. 7(a) and Table I].

A linear fitting of the critical isotherm at T¼ 327.5 K

yielded d¼ 4.66 6 0.01. This exponent value was also calcu-

lated by using the b and c values obtained through the

Kouvel-Fisher method in the Widom relation [Eq. (10)],

which resulting in d¼ 4.56 6 0.08. As the isotherms were

obtained in DT¼ 0.5 K increments, there was no isotherm at

exactly TC¼ 327.4 K. Instead, the isotherm at T¼ 327.5 K

was chosen to be the critical isotherm, as it was closest to

TC. This may explain the slight difference in the d values.

Still, the agreement between the d values obtained from two

independent methods indicates the reliability of the critical

exponents, b and c. In Fig. 8(a), the m(h) curves collapsed

into two branches, one above and one below TC. Moreover,

this collapsing feature was also observed in the m2 vs. h/m
plot [Fig. 8(b)].

For a second order magnetic transition, the peak mag-

netic entropy change (DSpk) follows a power-law dependence

in magnetic field, namely, DSpk / Hn with n¼ 2/3.30,31 The

scaling exponent n is related to the exponents, b and c,

through the relation32

n ¼ 1þ b� 1

bþ c
: (11)

Using the b and c values obtained through the Kouvel-Fisher

method in Eq. (11) yielded n¼ 0.64 and 0.66 for Ni2MnGa

and Ni2Mn0.85Cu0.15Ga, respectively. These values of n are

quite close to the value of 2/3 predicted for a second-order

magnetic phase transition. The magnetic entropy change

(DS) was calculated from the magnetization isotherms using

FIG. 5. (a) The renormalized magnetization ½m � Mj�j�b� vs. magnetic field ½h � Hj�j�ðbþcÞ� curves according to Eq. (4) with b¼ 0.4007 and c¼ 1.2713 for

Ni2MnGa. The data collapse into two distinct branches, one above and one below TC. Each color in the curves represents the contribution from a different iso-

therm. (Inset) A plot of ln (m) vs. ln (h). (b) The renormalized magnetization and field are plotted as m2 vs. h/m according to Eq. (6). The data collapse into

two branches, one above and one below TC.
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FIG. 7. (a) Kouvel-Fisher plots for Ni2Mn0.85Cu0.15Ga. Straight lines are linear fits to the data, from which b, c, and TC were calculated. (b) A plot of ln(M) vs.

ln(H) near the critical isotherm for Ni2Mn0.85Cu0.15Ga. The dashed red line represents the linear fit to the critical isotherm at TC¼ 327.5 K; d was calculated

from the slope of this line.

FIG. 6. (a) Magnetization isotherms, M(H), measured in DT¼ 0.5 K increments from H¼ 0 T to H¼ 7 T for Ni2Mn0.85Cu0.25Ga. (Inset) Magnetization (M) vs.

temperature (T) in an applied magnetic field of H¼ 0.1 T. (b) Modified Arrott plot (MAP) using b¼ 0.3892 and c¼ 1.3869. The solid red line indicates the lin-

ear fit to the isotherm at TC¼ 327.5 K.

FIG. 8. (a) The renormalized magnetization ½m � Mj�j�b� vs. magnetic field ½h � Hj�j�ðbþcÞ� curves according to Eq. (4) with b¼ 0.3891 and c¼ 1.3867 for

Ni2Mn0.85Cu0.15Ga. The data collapse into two distinct branches, one above and one below TC. Each color in the curves represents the contribution from a dif-

ferent isotherm. (Inset) A plot of ln (m) vs. ln (h). (b) The renormalized magnetization and field are plotted as m2 vs. h/m according to Eq. (6). The data collapse

into two branches, one above and one below TC.

203904-6 Us Saleheen et al. J. Appl. Phys. 123, 203904 (2018)



the integrated Maxwell relation, DS ¼
ÐH

0
ð@M
@T ÞH dH. Figure 9

shows the peak entropy change (DSpk) vs. the rescaled mag-

netic field (Hn) plots. These plots demonstrate the linear rela-

tionship expected for second-order magnetic phase

transitions. However, for Ni2Mn0.75Cu0.25Ga, the peak

entropy change (DSpk) does not obey any power-law depen-

dence in magnetic field (H), as shown in the inset of Fig. 9.

This behavior is expected, as Ni2Mn0.75Cu0.25Ga undergoes

a first-order coupled magnetostructural transition, which

gives rise to a giant magnetocaloric effect.

It has been observed that the presence of short-range

interactions or a weakening of long-range interactions can

cause a broadening of the entropy change vs. temperature (DS
vs. T) curves.29,33,34 To investigate whether the Cu substitu-

tion broadens the DS vs. T curves, we calculated the full-

width at half-maximum (dTFWHM) of these curves. The rela-

tive cooling power at the full-width at half-maximum

(RCPFWHM) was also calculated using the relation, RCPFWHM

¼j� DSpk � dTFWHMj. Here, DSpk is the maximum value of

the entropy change for a particular magnetic field. Figure

10(a) shows that the dTFWHM for Ni2Mn0.85Cu0.15Ga is larger

at each field value compared to that of Ni2MnGa, indicating a

broadening of the DS vs. T curves. However, the RCPFWHM

remains essentially the same for both of the alloys

[Fig. 10(b)]. We have also observed that the peak values of

the entropy change decreased due to the Cu substitution (not

shown). In Ni2Mn0.85Cu0.15Ga, a decrease in the maximum

entropy change values and an increase in the width of the DS
vs. T curves, as evident in Fig. 10(b), kept the RCPFWHM val-

ues close to those of Ni2MnGa. These facts point towards a

broadening of the DS vs. T curves due to the Cu substitution,

indicating the presence of short-range exchange interactions.

Similar to DSpk, the RCPFWHM is predicted to follow a power-

law dependence in magnetic field,35 given by RCPFWHM

/ H1þ 1=d. The power-law fitting of the data as shown in

Fig. 10(b), resulted in d¼ 4.54 and 4.56 for Ni2MnGa and

Ni2Mn0.85Cu0.15Ga, respectively. These values are close to the

values obtained through other methods (see Table I).

V. DISCUSSION

The Heisenberg model is best suited to describe ferro-

magnetism in localized systems.17 Despite the localized nature

of the ferromagnetism11 in Ni2MnGa, the critical exponents

deviate significantly from the Heisenberg values towards

the mean-field values. However, the exponents for

Ni2Mn0.85Cu0.15Ga are closer to the Heisenberg values (see

Table I). As mentioned previously, the critical exponents

depend on the lattice dimensionality (d), spin dimensionality

(n), and range of exchange interaction (r). A relation between

these quantities and the critical exponent c [Eq. (12)] was

derived through a renormalization group approach,19,27,36,37

and can be used to estimate the range of spin interactions.

This relation is given by

c ¼ 1þ ð4=dÞ nþ 2

nþ 8

� �
Dr

þ 8ðnþ 2Þðn� 4Þ
d2ðnþ 8Þ2

1þ 2Gðd=2Þð7nþ 20Þ
ðn� 4Þðnþ 8Þ

� �
Dr2; (12)

where Dr ¼ r� d
2

� �
and G d

2

� �
¼ 3� 1

4
ðd

2
Þ2.

According to this approach, the exchange interaction is

long-range when r< 2, and short-range if r> 2. Following

the procedure described by Fisher et al.,27 and Pramanik

et al.,19 for a particular set of values of {d:n}, the parameter

r was adjusted until the c value from the above equation was

equal to the one obtained experimentally. This value of r
was then used to calculate other exponents using the follow-

ing relations: �¼ c/r, a¼ 2 – �d, b¼ (2 – a – c)/2, and

d¼ 1þ c/b.

For Ni2MnGa, {d:n}¼ {2:3} and r¼ 1.216 produced

exponent values of b¼ 0.4098, c¼ 1.272, and d¼ 4.10,

which are close to the experimentally determined values.

FIG. 9. Plots of the peak entropy change (DSpk) vs. rescaled magnetic field

(Hn) for Ni2MnGa (x¼ 0) and Ni2Mn0.85Cu0.15Ga (x¼ 0.15), where

n¼ 0.64 and 0.66 were used, respectively. The solid lines in red and green

represent linear fits. (Inset) A plot of peak entropy change (DSpk) vs. mag-

netic field (H) for Ni2Mn0.75Cu0.25Ga (x¼ 0.25).

FIG. 10. (a) The full-width at half-maximum (dTFWHM) of the DS vs. T
curves measured at various applied magnetic fields for Ni2MnGa (x¼ 0) and

Ni2Mn0.85Cu0.15Ga (x¼ 0.15). (b) The relative cooling power at the full-

width at half-maximum (RCPFWHM) for Ni2MnGa (x¼ 0) and

Ni2Mn0.85Cu0.15Ga (x¼ 0.15). The solid blue and dashed green lines repre-

sent power-law fits.
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Similarly, for Ni2Mn0.85Cu0.15Ga, {d:n}¼ {2:3} and

r¼ 1.283 resulted in critical exponent values of b¼ 0.3875,

c¼ 1.387, and d¼ 4.58, also close to the experimentally

determined values. These calculations suggest that the effec-

tive dimensionality of spin interactions in both alloys is less

than three. This may originate from the fact that, in Mn-

based Heusler alloys, the magnetic moment is mostly con-

fined to the two-dimensional Mn sublattices, and the magne-

tism is governed by the Mn atoms.19,38 Because of the large

distance between the Mn atoms (dMn–Mn > 4 Å),38 there is no

considerable overlapping of the Mn 3d states and, hence, no

significant direct interaction between the Mn atoms.39 This is

why an indirect Ruderman-Kittel-Kasuya-Yosida (RKKY)

exchange interaction mediated by the Ni conduction elec-

trons gives rise to the ferromagnetism in Ni2MnGa.11,15,38,40

Therefore, the manifestation of long-range interactions in

Ni2MnGa is not surprising. It is clear that the Cu substitution

for Mn in Ni2MnGa decreases the values of b and TC, while

it increases the value of c. A somewhat opposite scenario

was described by Halder et al.,10 for TbCo2–xFex. In that

case, the critical exponents for the parent compound TbCo2

were very close to the Heisenberg values. However, for

TbCo1.9Fe0.1, the TC and the critical exponent b increased,

while the value of c decreased. Overall, the critical expo-

nents for TbCo1.9Fe0.1 were close to the mean-field values.

They argued that the Fe substitution causes the RKKY inter-

actions to dominate over the exchange interactions. The

RKKY interactions extend beyond the nearest neighbors,

and this long-range interaction causes a deviation of the criti-

cal exponents from the Heisenberg values toward the mean-

field values. In another investigation, Zhang et al.6 studied

the role of Gd substitution in Ni50–yGdyMn37Sn13 through

critical exponent analysis. While the parent compound

(y¼ 0) exhibited short-range FM interactions, the Gd-

substituted compounds indicated long-range FM interactions

with the critical exponents close to the mean-field values.

They argued that the substitution of the rare-earth Gd atom

in the Ni site reestablished the long-range RKKY-type FM

interactions, drove the system towards long-range order and,

hence, towards mean-field like critical behavior.

In the case of Ni2MnGa, the deviation of the critical

exponent values from the 3D-Heisenberg values toward the

mean-field values could be attributed to the presence of

long-range RKKY interactions.10,21,37 The substitution of

nonmagnetic Cu in the Mn site likely weakens the RKKY

interactions and hence the observed reduction in TC in

Ni2Mn0.85Cu0.15Ga. As stated earlier, Cu substitution enhan-

ces the hybridization effects between the Ni d states and Ga

p states, and causes the system to be more magnetically delo-

calized.11 This factor can cause the short-range interactions

to dominate, which, along with the weakening of the long-

range interactions, may explain why the critical exponents

for Ni2Mn0.85Cu0.15Ga are closer to the 3D-Heisenberg

values.

VI. CONCLUSIONS

In summary, we calculated the critical exponents (b and

c) of the ferromagnetic transitions in polycrystalline

Ni2MnGa and Ni2Mn0.85Cu0.15Ga using the Kouvel-Fisher

method. For both compounds, the exponent d was obtained

from critical isotherms, as well as through the Widom scal-

ing relation. For the obtained values of the critical exponents,

the reduced magnetization vs. field data collapsed into two

branches, one above and one below TC, in compliance with

the scaling equation of state. In Ni2MnGa, the critical expo-

nents deviate from the 3D-Heisenberg values toward the

mean-field values. This is consistent with the presence of

long-range RKKY exchange interactions, which govern the

magnetism in Ni2MnGa. The critical exponents in

Ni2Mn0.85Cu0.15Ga are close to the theoretical values of the

3D-Heisenberg model with short-range interactions. The

substitution of nonmagnetic Cu in the Mn site weakens the

long-range RKKY interactions and enhances the Ni-Ga

hybridization. These factors may explain the similarity of the

critical exponent values in Ni2Mn0.85Cu0.15Ga to those of the

3D-Heisenberg model. In order to obtain the desired func-

tional properties, and to study the underlying physics in mag-

netic materials, various strategies, such as stoichiometry

variation, elemental substitution, etc., are often employed.

Although critical exponents cannot be obtained for discon-

tinuous first-order transitions, analyzing the critical behavior

in the vicinity of second-order phase transitions can be used

to understand how the interactions change with substitution.

This can provide some insight as to how the interactions

evolve as the substitution levels increase toward values that

produce coupled, first-order transitions.
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