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change shows a crossover from positive to negative sign at the martensite transition. It is negative

above 1.6 T and its magnitude increases linearly with magnetic field. An increase in the saturation

magnetic moment is observed with Pt doping in Ni2MnGa. Ab initio theoretical calculations show

that the increase in magnetic moment with Pt doping in Ni2MnGa is associated with increase in the

Mn and Pt local moments in the ferromagnetic ground state. The Curie temperature calculated

Large magnetic field induced strain (MFIS) of about

10% observed in Ni2MnGa Heusler alloy makes it an impor-

tant material for practical applications.1–3 Besides MFIS,

magnetocaloric effect (MCE) observed in Ni2MnGa estab-

lish its use in magnetic refrigeration.4,5 But low martensite

transition temperature (TM) and brittleness of Ni2MnGa lim-

its its practical applications necessitating the search for new

ferromagnetic shape memory alloys (FSMAs).6

A large increase in TM and self-accommodated martens-

ite structures have been reported earlier for Pt doped

Ni-Mn-Ga.7 Recently, based on theoretical calculations,

Siewert et al. predicted a maximum MFIS of 14% for

Ni1.75Pt0.25MnGa.8 Our recent neutron diffraction results on

Ni1.8Pt0.2MnGa establish that it has 7M modulated ortho-

rhombic structure in the martensite phase, which indicates

that this material would exhibit MFIS.9 In this paper, we

show that Ni1.8Pt0.2MnGa exhibits sizable magnetocaloric

effect near room temperature. Furthermore, larger magneto-

crystalline anisotropy (MCA) in the martensite phase is

observed, which is a criterion for exhibiting MFIS. Our theo-

retical calculations show that replacement of Ni with Pt in

Ni2MnGa results in larger saturation magnetic moment,

which is linked to the increase in individual Mn and Pt

moments.

The powder x-ray diffraction (XRD) data at room tem-

perature were recorded with a powder diffractometer at

beamline BL-18B, Photon Factory, KEK, Japan using x-ray

energy of 11.38 keV (k� 1.089 Å). Le Bail analysis of the

XRD data was carried out with FULLPROF software pack-

age.10 The details of the preparation of the polycrystalline

specimens studied here are given elsewhere.9 Temperature-

dependent low-field ac susceptibility ðvacÞ was measured

using a double balanced coil arrangement under 40 Oe field

and 111 Hz. The temperature dependence of the magnetiza-

tion M(T) in an external magnetic field H¼ 0.1 T and 5 T was

measured in the range of 5–300 K using a MPMS XL5

superconducting quantum interference device (SQUID) mag-

netometer. For these measurements, the specimen was cooled

from 300 K to 5 K in the absence of a magnetic field; subse-

quently, data were recorded during heating from 5 to 300 K

(zero field cooled (ZFC)) in applied field of 0.1 T. Then, with-

out removing the external field, the data were taken with

decreasing temperature, i.e., field-cooled-cooling (FC) and

increasing temperature up to 300 K, i.e., field-cooled-warm-

ing (FH). The same procedure was repeated in an applied

field of 5 T. For the magnetocaloric data, magnetization iso-

therms were measured for different temperatures from 268 K

to 300 K at an interval of 3 K. The measurements were car-

ried out by heating the sample to the required temperature

and then by varying the field from 0 to 5 T.

The Le Bail fitting of the XRD data in Fig. 1 shows that

all the experimental diffraction peaks can be indexed to the

cubic L21 structure (space group Fm�3m) with a lattice pa-

rameter a¼ 5.8614(3) Å. The superstructure lines (111) and

(200) in the XRD pattern (inset of Fig. 1) ensures that the

sample has the L21 structure.

The real part of the vac (Fig. 2(a)) exhibits a sharp

decrease at the martensite start temperature, TM (¼285 K).9

This is corroborated by a significant decrease of dc magnet-

ization across the martensite transformation at low field

(Fig. 2(b)). The decrease in vac and dc magnetization at low

field across TM is related to higher MCA in the martensite

phase compared to the austenite phase.11–13 The thermal hys-

teresis, which is defined as the difference between

(AsþAf)/2 and (TMþMf)/2, obtained from M(T) data is

about 10 K, which is comparable to that of Ni2MnGa. As, Af,

and Mf are the austenite start, austenite finish, and martensite

finish temperatures, respectively.11 The small width of the

hysteresis is the characteristic of shape memory alloys and

indicates that the martensite transformation is highly thermo-

elastic and twin boundary (TB) motion would be favored,

which is a requirement for MFIS.

Large magnetocaloric effect is observed in Ni1.8Pt0.2MnGa close to room temperature. The entropy

from the exchange interaction parameters is in good agreement with experiment, showing the

absence of any antiferromagnetic correlation due to Pt doping.
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The M(H) curves for the martensite (5 K) and austenite

(289 K) phases show that both are ferromagnetic (FM) (Fig.

2(c)). At 289 K, the magnetization saturates at a lower field

of about 0.5 T, whereas at 5 K it is harder. This is also related

to increased MCA in the martensite phase.4,14 Large mag-

netic anisotropy of the martensite phase is the main driving

force for TB motion and result in large MFIS.2,3,13,15,16

The magnetic moments for the martensite (5 K) and aus-

tenite (289 K) phases are 4.2 lB/f.u. and 3.1 lB/f.u., respec-

tively, at 5 T (Fig. 2(c)). Thus, the saturation moment at 5 K

for Ni1.8Pt0.2MnGa (4.2 lB/f.u.) is substantially higher that

the value for Ni2MnGa (3.8 lB/f.u. at 10 T).17 For

Ni1.7Pt0.3MnGa, the saturation magnetic moment at 5 K is

even larger (4.9 lB/f.u. at 5 T). Thus, an increase in the total

magnetic moment with Pt doping is observed.

We have carried out self-consistent band structure calcu-

lations using the spin polarized, fully relativistic Korringa-

Kohn-Rostocker method (SPRKKR)18 to understand this ob-

servation since SPRKKR can account for disordered occu-

pancy of Ni positions by Pt. The exchange and correlation

effects were incorporated within the Generalized gradient

FIG. 1. Le Bail fitting of the powder XRD pattern at 300 K for

Ni1.8Pt0.2MnGa. The observed and fitted curves are shown by black circles

and red solid lines, respectively. The residue is shown as green solid (bot-

tom) line. Blue ticks represent the Bragg peak positions. Inset shows the

superstructure peaks that confirm L21 ordering.

FIG. 2. (a) Real part of the ac-magnetic susceptibility ðvacÞ of Ni1.8Pt0.2MnGa recorded during cooling and heating. (b) ZFC, FC, and FH magnetization curves

at 0.01 T. Inset shows the hysteresis region in expanded scale. (c) M(H) curves of Ni1.8Pt0.2MnGa measured at 5 K and 289 K compared to that of

Ni1.7Pt0.3MnGa at 5 K. (d) ZFC, FC, and FH of Ni1.8Pt0.2MnGa at 5 T.



approximations framework.19 Brillouin zone integrations

were performed on a 22� 22� 22 mesh of k-points. The

angular momentum expansion up to lmax¼ 3 has been used

for each atom. The energy convergence criterion and coher-

ent potential approximation (CPA) tolerance has been set to

10�5 Ry. The calculations have been performed using atomic

sphere approximation method. The calculation for the

undoped material Ni2MnGa has been performed in the cubic

L21 structure using the experimental lattice parameter

(a¼ 5.820 Å).20 The Ni atoms are placed on 8c [(0.25, 0.25,

0.25) and (0.75, 0.75, 0.75)] sites. Mn and Ga atoms are

placed at 4b (0.5, 0.5, 0.5) and 4a (0, 0, 0) sites, respectively.

For Ni1.8Pt0.2MnGa, the lattice parameter a¼ 5.86 Å, as

determined from x-ray diffraction (Fig. 1), has been used. To

describe the substitutional disorder in the cubic austenite

phase of Ni1.8Pt0.2MnGa, CPA method21–23 has been

employed by considering random distribution of the dopant

(Pt) in the Ni sublattice at the 8c position of the unit cell of

Ni2MnGa.

The calculated spin magnetic moments of Mn (3.54 lB)

and Ni (0.32 lB) in Ni2MnGa clearly indicates that the

moments are localized on the Mn atoms, as expected for

Heusler alloys. The total moment of Ni2MnGa is 4.09 lB/f.u.,

which is in good agreement with the previous self consistent

calculations.24,25 We have performed the self consistent calcu-

lations for Ni1.8Pt0.2MnGa starting with the Pt moments in

both the ferromagnetic (parallel) and antiferromagnetic (anti-

parallel) spin configurations with respect to Mn and Ni

moments. Both these initial spin moment configurations con-

verged to a ferromagnetic ground state. Compared to

Ni2MnGa, we find that for Ni1.8Pt0.2MnGa, the magnetic

moment increases to 4.15 lB/f.u. in agreement with the experi-

mental value (4.2 lB/f.u.). This increase in the total moment

of Ni1.8Pt0.2MnGa is primarily caused by the increase in the

Mn moment from 3.54 lB to 3.58 lB for Ni2MnGa and

Ni1.8Pt0.2MnGa, respectively. Besides, the Pt moment has a

small ferromagnetic contribution whose magnitude is found to

be 0.03 lB/f.u. The Ni moment does not exhibit any signifi-

cant variation between Ni2MnGa and Ni1.8Pt0.2MnGa. In

order to ascertain the role of the spin-orbit coupling on the

magnetic moments in Ni1.8Pt0.2MnGa, we have computed the

magnetic moments by considering the spin-orbit coupling

scaling parameter value of 0 and 1 corresponding to the non-

relativistic and relativistic situations, respectively. We find

that inclusion of spin-orbit coupling does not cause any signif-

icant change in the spin magnetic moments of Pt, as well as

that of Ni and Mn.

The magnetic exchange coupling parameters (Jij) calcu-

lated based on the approach proposed by Liechtenstein

et al.26 are plotted in Fig. 3. The Jij calculations are per-

formed within a cluster of radius 3a, where a is the lattice

parameter. For Ni2MnGa (Fig. 3(a)), the first nearest neigh-

bor (nn) intersite exchange energy between Mn and Ni atoms

clearly shows that Mn-Ni interaction is FM. Mn-Ni

(5.1 meV) is the dominant interaction that stabilizes ferro-

magnetism in Ni2MnGa. For more distant Mn-Ni neighbors,

the strength of the exchange interaction vanishes. In contrast

to Mn-Ni interactions, Mn-Mn interaction is considerably

weaker (0.7 meV) in the first nn. The Mn-Mn interaction is

found to be positive up to fifth coordination shell indicating

a long range ferromagnetic behavior, which is due to

Ruderman-Kittel-Kasuya-Yosida type interaction between

the Mn atoms in Ni2MnGa.27 The Ni-Ni interaction is also

ferromagnetic in the first nn (0.13 meV). The nature of the

interactions between different sublattices of Ni2MnGa

described here are found to be in excellent agreement with

the previous calculations.24,28 The Jij interaction of

Ni1.8Pt0.2MnGa exhibits only ferromagnetic interactions of

similar nature as compared to the Ni2MnGa with a small var-

iation in their magnitudes (Fig. 3(b)). For example, the first

nn Jij values of Mn-Ni and Mn-Mn are 5.4 meV and

0.6 meV, respectively. The Mn-Pt ferromagnetic interaction

in the first nn (1.0 meV) is comparatively stronger than the

Mn-Mn and Ni-Ni interactions indicating that the Mn-Pt

interaction also plays a significant role in stabilizing the fer-

romagnetic ground state in Ni1.8Pt0.2MnGa. The mean-field

Curie temperature (TC) of Ni2MnGa and Ni1.8Pt0.2MnGa has

been calculated from the exchange coupling parameters. The

calculated TC(¼407 K) of Ni2MnGa is found to be in good

agreement with the earlier theoretical studies,8,24,28,29 and

FIG. 3. Magnetic exchange interaction parameters Jij between an atom i
and its neighbor j located at a distance of Rij for (a) Ni2MnGa and

(b) Ni1.8Pt0.2MnGa in the austenite phase. The distances are normalized with

respect to the lattice parameter a.



also with the experimental TC (376 K). The calculated TC for

Ni1.8Pt0.2MnGa is found to be 371 K, which is in good agree-

ment with the experimental value (355 K).9 Thus, the experi-

mental trend of decrease in TC with Pt doping is

corroborated by our theoretical calculations.

The magnetization as a function of temperature for a

high applied magnetic field of 5 T is shown in Fig. 2(d). The

magnetization curve is reversed in comparison to low field

(0.01 T, Fig. 2(b)). It is noteworthy that across the martensite

transition, magnetization sharply changes for both low

(0.1 T) and high (5 T) applied magnetic field. This sharp

change in magnetization across the martensite transition

region indicates the possibility of large entropy change.30,31

This motivated us to study the magnetocaloric properties of

Ni1.8Pt0.2MnGa, as discussed below.

Isothermal M(H) curves (Fig. 4) from 268 K to 300 K in

the magnetic field range of 0–5 T has been measured to cal-

culate the magnetic entropy change (DS). Below the transi-

tion temperature at 280 K in the martensite phase, the

magnetization is harder compared to 292 K in the austenite

phase (inset of Fig. 4). The crossing point for the M(H)

curves of the martensite phase at 280 K and the austenite

phase at 292 K is about 0.5 T. DS can be calculated using the

Maxwell relation

D S ¼ SðT;HÞ � SðT; 0Þ ¼
ðH

0

@M

@T

� �
H

dH: (1)

DS shows interesting behavior at the martensite transition

(Fig. 5): below 1.6 T, DS is positive, whereas with the

increase in magnetic field from 1.6 to 5 T, DS is negative.

Such crossover in DS has also been observed in Ni2MnGa

and has been related to the martensite twinned struc-

ture.5,30,31 Positive DS below 1.6 T that is related to the

decrease in magnetization occurs due to twin formation and

reorientation process at the transition region,30,31 as shown at

a low field of 0.01 T in Fig. 2(b). On the other hand, at higher

fields above 1.6 T, the magnetization increases in the mar-

tensite phase compared to the austenite phase, as shown in

Fig. 2(d) for 5 T. This brings about the crossover to the

expected magnetocaloric cooling behavior (DS< 0). The

change in absolute entropy jDSj at 288 K with the applied

magnetic field is plotted in the inset of Fig. 5, where the min-

imum at 1.6 T is due to the above discussed cross-over from

inverse to normal MCE. As expected, jDSj increases linearly

above 1.6 T, which is the saturation field. The large jDSj
value at 288 K is ascribed to the change in magnetization

due to the first order magneto-structural transition from fer-

romagnetic martensite to ferromagnetic austenite phase.30,32

The maximum jDSj in the applied field range for

Ni1.8Pt0.2MnGa is 7 J/kg K at 288 K for 5 T, which is similar

to that reported for Ni2MnGa (6 J/kg K for 5 T at 220 K).5

To conclude, we show that with Pt doping in Ni2MnGa

the saturation magnetic moment increased. The theoretical

calculations demonstrate that the increase in magnetic

moment is associated with increase in the Mn and Pt local

moments. The large magnetic entropy change at 288 K is

observed for Ni1.8Pt0.2MnGa due to first order

magneto-structural transition from martensite to austenite in

ferromagnetic state. Since TM is higher for Ni1.8Pt0.2MnGa,

large MCE is obtained near room temperature, which is an

advantage over Ni2MnGa.
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FIG. 4. The isothermal M(H) curves within the temperature range of

268–300 K at 3 K interval. The inset shows the M(H) curves at 280 K (mar-

tensite phase) and 292 K (austenite phase).

FIG. 5. Magnetic entropy change �DS as a function of temperature under

different applied fields. Inset shows the variation of jD Sj with the applied

field at T� 288 K.
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24E. Şaşio�glu, L. M. Sandratskii, and P. Bruno, Phys. Rev. B 70, 024427

(2004).
25S. R. Barman, S. Banik, and A. Chakrabarti, Phys. Rev. B 72, 184410

(2005).
26A. I. Liechtenstein, M. I. Katsnelson, V. A. Antropov, and V. P. Gubanov,

J. Magn. Magn. Mater. 67, 65 (1987).
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