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Ni,MnGa exhibits ideal ferromagnetic shape memory properties, however, brittleness and a low-temperature
martensite transition hinder its technological applications motivating the search for novel materials showing
better mechanical properties as well as higher transition temperatures. In this work, the crystal structure, phase
transitions, and the magnetic properties of quaternary Ni,_,Pt,MnGa(0 < x < 1) shape memory alloys were
studied experimentally by x-ray diffraction, magnetization measurements, and neutron diffraction and compared
to ab initio calculations. Compositions within 0 < x < 0.25 exhibit the cubic austenite phase at room temperature.
The x =~ 0.3 composition exhibits a seven-layer modulated monoclinic martensite structure. Within 0.4 < x < 1,
the system stabilizes in the nonmodulated tetragonal structure. The martensite transition has very narrow thermal
hysteresis 0 < x < 0.3, which is a typical characteristic of a shape memory alloy. By increasing x, the temperature
of the martensite transition increases, while that of the magnetic transition decreases. The x = 1 composition
(NiPtMnGa) in the martensite phase undergoes a para-to-ferrimagnetic transition. The saturation magnetization
exhibits a nontrivial behavior with increasing up to x & 0.25, above which, it suddenly decreases. Powder neutron
diffraction reveals the presence of antisite disorder, with about 17% of the original Ga sites being occupied by
Mn. Computations suggest that the antisite disorder triggers an antiferromagnetic coupling between two Mn
atoms in different crystallographic positions, resulting into a sudden drop of the saturation magnetization for

higher x.
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I. INTRODUCTION

Ferromagnetic shape memory alloys (FSMAs) have gained
broad interest in recent years due to a large magnetic field
induced strain (MFIS) [1-3], which suggests their efficient
use in magnetic actuators. The large MFIS in these systems
is related to the shape change upon an external magnetic
field applied onto the low-temperature martensite phase.
The martensite transition represents a diffusionless phase
transformation in which a material undergoes a structural
transition from a high-symmetry cubic austenite phase into
a lower-symmetry martensite phase by shear deformation [4].
The martensite phase contains twinned variants coupled with
their magnetic moments. Application of an external magnetic
field triggers the simultaneous movement of the twinned
variants acting on their magnetic moments coupled to the
structure via the large magnetocrystalline anisotropy. This
induces a huge but recoverable deformation in the material.

Among different FSMAs, the Ni;MnGa Heusler alloy is the
most studied system. It exhibits martensite and ferromagnetic
transitions at 202 and 373 K, respectively [5]. In addition to
the large MFIS (~10%), it also shows other multifunctional
properties, such as large negative magnetoresistance [6—8]
and magnetocaloric effect [9—11], which have straightforward
technological implementations. Another effect observed in
NiMnGa, strongly enhancing its importance in basic physical
aspects, is the formation of the premartensite phase and
the accompanying charge density wave [12,13]. However,
the brittleness and low transition temperatures of Ni,MnGa
motivate the search for systems with better mechanical
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properties as well as higher transition temperatures [8,14,15].
To obtain new FSMAs replacing Ni;MnGa, huge efforts
have been made [16-21]. Recent ab initio studies predicted
that Pt-doped Ni;MnGa can be an alternative to Ni,MnGa
[22]. In particular, Pt substitution on the Ni site generates
a series of magnetic shape-memory alloys with properties
similar to Ni-Mn-Ga, but with a larger strain (of 14%)
[22-24]. This agrees well with experimental studies on 10%
Pt-doped Ni-Mn-Ga showing that it has a higher marten-
site transition temperature (285 K) compared to Ni,MnGa
(210 K) [25,26]. The powder neutron diffraction study of
the martensite phase reveals its 7M-modulated orthorhombic
structure, similar to that of Ni,MnGa, indicating that it is
likely to exhibit magnetic field induced strain. At the same
time, the volume difference between the austenite and the
martensite phases is less than 0.5%, as it would be expected
for a volume-conserving martensite transformation [26]. In
addition, the martensite phase of NijgPty,MnGa reveals a
signature of a large magnetocrystalline anisotropy, supported
by the change from inverse-to-direct magnetocaloric effect
at 1.6 T [27]. Thus the theoretical results supported by the
initial experimental study on a 10% Pt-doped Ni-Mn-Ga
indicate that the quaternary Ni,_, Pt,MnGa FMSA-s are good
candidates for large MFIS. However, a detailed investigation
of structural and magnetic properties of Pt-doped Ni,MnGa
with varying Ni-Pt concentration is necessary to understand
the Ni-Pt-Mn-Ga system, which will help to use these alloys
for future applications as magnetic actuators.

Here, we studied the structural and magnetic properties
of Ni,_,Pt;MnGa (0 < x < 1) alloys using x-ray diffrac-
tion, magnetization, and neutron diffraction measurements.
Additional ab initio calculations have been done for bet-
ter understanding of the composition-dependent saturation
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magnetization behavior. By increasing the Pt content x in
Ni,_, Pt,MnGa the martensite transition temperature is found
to increase, whereas the magnetic transition temperature de-
creases. However, the saturation magnetization shows unusual
behavior in contrast to the earlier theoretical studies [22,23].
The saturation magnetization initially increased up tox ~ 0.25
and is then reduced with further increasing x. These theoretical
results as well as the results of neutron diffraction reveal
the increasing antiferromagnetic interactions due to antisite
disorder with increasing Pt content in Ni,_, Pt,MnGa.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Polycrystalline ingots of Ni,_,Pt,MnGa (0 < x < 1) have
been prepared by melting appropriate quantities of Ni, Pt, Mn,
and Ga of 99.99% purity in an arc furnace. Ingots were then
annealed at 1100 K (0 < x < 0.15), 1173 K (x = 0.25 and
0.3),andat 1273 K (x = 0.4,0.5,0.7,and 1) for 3 days to obtain
homogeneity and subsequently quenched into ice water. The
structural characterization was performed at room temperature
(RT) with powder x-ray diffraction (XRD) using Cu K,
radiation. The magnetic properties and transition temperatures
were measured using a SQUID-VSM magnetometer. Neutron
diffraction measurements were performed at the D2B high-
resolution neutron powder diffractometer (ILL, Grenoble). A
vanadium cylinder was used as a sample holder. The data were
collected at 300 K using a neutron wavelength of 1.59 A in the
high-intensity mode. The analysis of diffraction patterns were
done with JAVA2006 and FULLPROF software packages [28].

Ab initio calculations have been carried out using the
spin-polarized relativistic Korringa-Kohn-Rostocker method
(SPRKKR) [29]. The substitutional disorder as well as the an-
tisite disorder in Ni,_,Pt,MnGa (0 < x < 1) were accounted
for by the coherent potential approximation (CPA) [30,31].
The exchange-correlation was treated by the standard local
density approximation (LDA) [32]. Brillouin zone integration
was performed on a 18x18x 18 k mesh. The angular mo-
mentum expansion holds up to [ .x = 3 (d symmetry). The
energy convergence criterion and the CPA tolerance has been
set to 107> Ry.

III. RESULTS AND DISCUSSION

A. Room-temperature crystal structure
of Ni,_,Pt, MnGa (0 < x <1)

Typical Heusler alloys of X,Y Z composition (with X and
Y being transition elements and Z is a main group element)
exhibit cubic L2; crystal structure (austenite phase) with
FmJ3m space group (SG) symmetry. X atoms occupy the 8¢
Wyckoff sites, (0.25, 0.25, 0.25) and (0.75, 0.75, 0.75), while
the Y and Z atoms occupy the 4a (0, 0, 0) and 45 (0.5, 0.5,
0.5) sites, respectively. In the martensite phase these Heusler
alloys may show a tetragonal structure, which corresponds
to SG 74/mmm. This structure has three Wyckoff sites, 4d
0, 0.5, 0.25), 2a (0, 0, 0) and 2b (0, 0, 0.5) occupied by
X, Y, and Z elements, respectively. Both structures with
indication of their Wyckoff positions are shown in Fig. 1. Some
Heusler alloys crystallize in more complicated martensite
structures, which are modulated. The Ni-Mn-Ga family of
Heusler alloys is a typical example, which shows the cubic
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FIG. 1. Crystal structure of (a) cubic (austenite) and (b) tetragonal
(martensite) phase. Wyckoft positions are indicated within the unit
cells.

L2, structure in the austenite phase and in the martensite phase
they exhibit tetragonal [5], orthorhombic 3M- (premartensite),
and 7M- (martensite) modulations [3,12]. The temperature and
compositional dependent change in the martensite structures,
the sequence of their occurrence and their stability has been
widely studied in the Ni-Mn-Ga Heulser alloys from both
experiment [33-37] and theory [38—41].

1. Structure in the composition range of 0 < x < 0.25

The Rietveld refinements of RT XRD patterns for
Nip_,Pt,MnGa (0 < x < 0.25) are shown in Fig. 2. For all
samples the Bragg reflections were indexed well by the cubic
L2, structure (SG Fm3m), which follows from the small
difference between observed and calculated XRD patterns. For
the stoichiometric Ni;MnGa case (x = 0), Ni occupies the 8¢
sites of the cubic L2, cell, while 4a and 4b are occupied by Mn
and Ga, respectively. In Ni,_,Pt,MnGa, Pt atoms randomly
share 8¢ positions with Ni. The lattice parameter obtained
from the refinement for Ni,MnGa is a = 5.82243(9) /&,
which is in good agreement with literature [42,43]. Increasing
Pt content, a increases: for Ni; 75Ptg2sMnGa (x = 0.25) it
reaches 5.87609(2) A.

2. 7M-modulated martensite structure at x = 0.3

The XRD pattern (Fig. 3)

of the x = 0.3 sample is more complicated compared to the
compositions with lower Pt content. It indicates that at RT the
sample is not in the austenite phase, which is also confirmed
by the low-field magnetization measurement showing the
martensite transition at 320 K that is well above RT (see Fig. 7).

In general, the system undergoes a transition from cubic
austenite to L1y type tetragonal structure resulting from the
lattice deformation strain of the cubic austenite phase. The
splitting of the (2 2 0) and (4 0 0) Bragg reflections of
the cubic L2, phase into doublets is generally observed for
a tetragonal martensite, which belongs to the SG 14/mmm
[43,44]. However, in the present case there are more than two
reflections observed in the vicinity of the most intense peak
(220) of L2, phase, which clearly disfavors the tetragonal
distortion of the structure in the martensite phase. We have
also ruled out the possibility of coexistence of cubic L2; and
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FIG. 2. Rietveld refinements of RT XRD patterns for
Ni,_,Pt,MnGa (0 < x < 0.25). The experimental data, fitted curve,
and the residue are shown by dots (black), continuous line (red),
and bottom-most plot (green), respectively. The tick marks (blue)
represent the Bragg peak positions.

tetragonal L 1( phases by considering a two phase model using
the LeBail refinement procedure, which was unable to index
some of the Bragg reflections indicated by blue arrows in
Fig. 3(a).

This type of complex XRD patterns of FSMAs are reported
in literature and are generally related to the structural modu-
lation of the low-temperature martensite phase and assigned
as the modulated form of the lower-symmetry orthorhombic
or monoclinic unit cell [26,42,43,45-48]. The powder neutron
diffraction study of the low-temperature martensite phase of
Ni; gPtg,MnGa shows that it has 7M-modulation (SG Pnnm),
which is similar to the martensite structure of Ni,MnGa
[26]. Therefore, to investigate the RT crystal structure of
Ni; 7Pty 3MnGa, we initially carried out the LeBail refinement
using the 7M-modulated orthorhombic structure, which did
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FIG. 3. LeBail refinements of the RT XRD pattern of
Ni; 7Pty 3sMnGa (x = 0.3) by considering (a) a combination of the
cubic and tetragonal, (b) 7M-modulated orthorhombic, and (c)
Rietveld refinements with 7M-modulated monoclinic unit cells.
The experimental data, fitted curve, and the residue are shown by
dots (black), continuous line (red), and bottom-most plot (green),
respectively. The tick marks (blue) represent the Bragg peak positions.
The inset shows main peak region in an expanded scale. Arrows (blue)
indicates Bragg reflections, which were not indexed with the assumed
model in the refinement.

not account for some of the peaks satisfactorily [indicated by
blue arrows in Fig. 3(b)]. All Bragg reflections could only be
accounted for considering a monoclinic structure with lattice
parameters a = 4.279 A b = 5.606 A ¢ =29.756 A and
B = 93.009° within SG I2/m. Here, ¢ &~ 7 x a indicates a 7TM
modulation. Similar structures with modulated monoclinic or
orthorhombic symmetry have been reported for Ni-Mn-Ga
[45,46,49,50]. For those structures, which exhibit modulation
in Ni-Mn-Ga alloys, a large strain induced by magnetic field
has been observed [2].

After obtaining the unit cell parameters and the space
group (SG 12/m) of the 7M-modulated structure from the
LeBail refinement, we have performed the Rietveld analysis
considering all atomic positions. We find that the 7M-
modulated structure of Ni; 7Pty 3MnGa consists of 12 different
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FIG. 4. The
Ni, 7Pty ;MnGa martensite phase projected onto the ac plane.

7M-modulated monoclinic unit cell of

crystallographic positions within the monoclinic unit cell.
Four of these positions are occupied by Mn, four by Ga
and four by Ni and Pt together according to their relative
occupancies. The Mnl occupies the 2a (0, 0, 0) position.
Mn2, Mn3, and Mn4 occupy position 4i (x, 0, z), where the
z coordinate equals to 1/7, 2/7, and 3/7 according to the
7M modulation, respectively, whereas the x coordinate was
refined. Gal occupies the 2b (0, 0.5, 0) position, Ga2, Ga3,
and Ga4 the 4i (x, 0, z). Nil/Ptl randomly occupy 44 (0.5, y,
0); Ni2/Pt2, Ni3/Pt3, and Ni4/Pt the 8 (x, 1/4, z). Figure 3(c)
shows the experimental and calculated patterns, as well as their
difference, obtained from the Rietveld refinement. The inset
of Fig. 3(c) depicts the fit within the 42°-45° range of 26.
The excellent match between the observed and the calculated
peak profiles suggests that our structural model is correct and
Ni; 7Pty 3sMnGa has a 7M-modulated martensite phase at RT
with monoclinic symmetry of SG 72/m. The refined structural
parameters are given in Table I. The modulation waves for
different atoms (Ni/Pt, Mn, and Ga) are clearly observed in
Fig. 4. A larger amplitude of modulation is observed for
Mn and Ga than for Ni, which is different compared to the
Ni,MnGa [45,46,48].

3. Structure in the composition range of 0.4 < x < 1

For higher Pt doped Ni-Mn-Ga samples (x = 0.4, 0.5, 0.7,
and 1) the XRD patterns at RT are shown in Fig. 5. The

TABLE 1. Lattice parameters, space group, and atomic positions
(x,y,z) of Ni; 7Pty sMnGa in the martensite phase at RT.

Crystal system Monoclinic
SG 12/m

Cell (A) a =4.2797(6), b = 5.6063(7), ¢ = 29.756(3)
B =93.0091(1)°
Atom Wyckoff X y Z
Mnl 2a 0 0 0
Mn2 4i 0.060(4) 0 1/7
Mn3 4i 0.027(3) 0 2/7
Mn4 4i 0.936(4) 0 3/7
Gal 2b 0 0.5 0
Ga2 4i 0.071(3) 0.5 1/7
Ga3 4i 0.996(3) 0.5 2/7
Ga4 4i 0.878(2) 0.5 3/7
0.85Nil1+0.15Ptl 4h 0.5 0.25 0
0.85Ni24-0.15Pt2 8j 0.5498(19) 0.25 1/7
0.85Ni3+4-0.15Pt3 8j 0.4598(15) 0.25 2/1
0.85Ni4+0.15Pt4 8j 0.4207(18) 0.25 3/7
x% =450
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FIG. 5. Rietveld refinements for RT XRD patterns of x = 0.4,
0.5, 0.7, and 1. The experimental data, fitted curve, and the residue
are shown by dots (black), continuous line (red), and bottom-most
plot (green), respectively. The tick marks (blue) represent the Bragg
peak positions.

twofold splitting of the (220) Bragg peak of the cubic L2;
structure indicates the stabilization of the tetragonal martensite
phase. This tetragonal structure can be fit by the body-centered
tetragonal SG 74/mmm with two formula units per unit cell
(Z =2) as well as by the face-centered orthorhombic SG
Fmmm with Z = 4 [5,42,44]. In SG 14/mmm, the splitting
of the (2 2 0) Bragg peak of the cubic L2; structure can
be indexed with (1 1 2) and (2 0 0), while in SG Fmmm
the splitting if the (2 2 0) Bragg peak can be indexed with
(220) and (2 0 2) Bragg reflections. Here we have performed
the Rietveld refinement by taking into account SG 14/mmm.
In this structure, Ni and Pt atoms sit in the 4d Wyckoff positions
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TABLE II. Lattice constants obtained from the refinement for
Nip_,Pt;MnGa (x = 0.4, 0.5, 0.7, and 1) and at room temperature
for body centered tetragonal unit cell (SG I4/mmm) and the
corresponding values for the face centered tetragonal unit cell (SG
Fmmm).

Composition (x) SG 14/ mmm SG Fmmm
0.4 a; = 3.95351(12) A a=5590A
o = 6.59801(3) A c=6.598 A

0.5 a; = 3.95453(12) A a=5593 A
o = 6.65813(34) A c=6.658 A
0.7 ar =3.9532(1) A a=5.5740 A
o = 6.7607(5) A c=6.7607 A
1.0 a; = 3.97201(13) A a=56164A
o = 6.84310(41) A c=6.8431 A

(according to their relative occupancy), while Mn and Ga sit
in 2a and 2b, respectively. To account for the anisotropic
broadening of the peak in the diffraction pattern, we have also
included the strain parameters during refinement. With this
structure model we were able to index all Bragg reflections.

The refined lattice parameters ay, c;, where subscript /
stands for the body centered tetragonal unit cell and the
corresponding lattice parameters for the face-centered SG
calculated by using a = ap = ﬁal and ¢ = cg = ¢y are sum-
marized in Table II for x = 0.4, 0.5, 0.7, and 1. Thus the c¢/a
ratio turned out to be 1.19 and 1.18, respectively for x = 0.4
and 0.5. For x= 0.7 (Ni; 3Pty 7MnGa) and x= 1 (NiPtMnGa),
the lattice constants are a = 5.5740 /0%, c = 6.7607 10\, and
a =5.6164 A, c = 6.8431 A (Table 1), which give ¢/a ratios
of 1.21 and 1.22, respectively.

Although the large MFIS is generally expected for mod-
ulated martensite structures [2,3], a literally giant MFIS
has been obtained recently for a nonmodulated tetragonal
martensite in NiggMnoyGazy CosCuy [51]. Sozinov et al. relate
the observation of huge MFIS with the reduced c/a ratio
compared to the nonmodulated tetragonal phase of Ni,MnGa
(c/a ~ 1.25). Thus they have concluded that the small twin-
ning stress due to a smaller c/a value might be responsible
for the large MFIS [51,52]. The smaller value of c¢/a (1.18
and 1.19 for x = 0.4 and 0.5, respectively) compared to the
nonmodulated tetragonal stoichiometric alloy (c/a =~ 1.25)
indicates the possibility of large MFIS.

4. Composition-dependent lattice parameters and volume change

The compositional dependence of the lattice parameters
and volume at room temperature are shown in Fig. 6. The
linear variation of a shows that it follows Vegard’s law, which
is similar to the case of the Ni-Mn-Ga series in which Ni
substitutes Mn [42]. For x = 0.3 the c/a ratio is less than
1, which is expected for the modulated martensite structure
[41]. With further Pt increase (0.4 < x < 1) the tetragonal
phase is stabilised and the variation in c¢ is larger than in a
which indicates that with increasing Pt content the c/a ratio
increases. As the c/a ratio represents the tetragonal distortion
in Heusler alloys, the lattice parameter variation shows that
the tetragonal distortion increases linearly with increasing Pt
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FIG. 6. Lattice parameters and volume at room temperature for
Ni,_, Pt, MnGa(0 < x < 1). Subscript “c,” “M,” and “T” stands for
the cubic, monoclinic and tetragonal structures, respectively. Here,
Cy = c/7, where “c” is the lattice parameter of the 7M-modulated
monoclinic unit cell. The corresponding space groups are also
indicated. The green circles connected with green lines represent
the volume of the unit cell. For comparison with cubic, the volume of
the monoclinic and tetragonal unit cells have been multiplied by two.

substitution in Ni,_, Pt,MnGa. It can be also observed from
Fig. 6 that the unit cell volume increases almost linearly with
increasing Pt, which can be attributed to the difference in the
ionic radii of the Ni and Pt atoms.

B. Structural (martensite) and magnetic phase
transitions of Ni,_,Pt, MnGa(0 < x < 1)

The structural and magnetic transition temperatures
as a function of Pt composition have been determined
from low-field magnetization measurements (M (7)) within
2 < T <400 K (Fig. 7). The martensite start (Ty; = Tw),
martensite finish (Tl\f,[), austenite start (7) and austenite finish
(Tf) temperatures were obtained from the inflection point
on the M(T) curves during cooling (blue) and heating (red),
respectively, for composition within 0 < x < 0.4. The sudden
drop of M(T) with cooling corresponds to the 7y, which is
related with the large magnetocrystalline anisotropy of the
martensite phase [53]. For stoichiometric Ni;MnGa (x = 0)
Ty, and Tl\f,l are 211 and 200 K, while 7, and Tli are 207 and
216 K, respectively. The ferromagnetic (FM)-paramagnetic
(PM) transition temperature is Tc = 373 K. The premartensite
phase transition temperature is observed at 7p = 259 K. These
transition temperatures agree with the literature [48,53,54].
The compositions x = 0.05 and x = 0.1 also show the
premartensite transition at 250 and 259 K, respectively, similar
to the stoichiometric Ni;MnGa. The compositional dependent
structural and magnetic phase diagram the for Ni,_,Pt,MnGa
constructed based on the values obtained from M(T) (Fig. 7)
is shown in Fig. 8(a).

The substitution of Ni with Pt in Ni;MnGa results into an
increase of the Ty; from 211 K (x = 0) to 322 K (x = 0.4)
with Ty, < Tc Fig. 8(a). For x = 0.5 the martensite transition
does not occur in the range of temperature of the magnetic
phase [Fig. 7(h)]. It is interesting to note that the compositions
x = 0.7 amd x = 1 (NiPtMnGa) exhibit a drop in the M(T)
below RT (at ~299 and ~290 K), similar to the austenite-
to-martensite transition observed in the samples with lower
Pt concentrations. This finding is in contrast with the XRD
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FIG. 7. Low-field (100 Oe, 500 Oe for x = 1) magnetiza-
tion curves (red during heating and blue during cooling) for
Ni,_ Pt,MnGa (0 < x < 1) exhibiting structural and magnetic
transitions. Ty (=Ty;) and Tp are the martensite starting and the
premartensite transition temperatures, respectively. Blue arrow show
the magnetic transition within the martensite phase.

results, which clearly show the martensite (tetragonal) phase
at RT. Although, the stress-induced martensite phase has been
reported earlier for some of the Heusler alloys with excess Mn
content [50,55-57], the XRD pattern of NiPtMnGa presented
in Fig. 5(d) has been recorded on the powder sample, which
was further annealed after grinding. This avoids the possibility
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of residual stress which may stabilize the martensite phase
above Ty, [57]. This indicates that this may be a transition from
paramagnetic to ferrimagnetic (FI) states occurring completely
within the martensite phase, which has been also observed in
other Heusler alloys [58].

The width of the thermal hysteresis of the martensite
transformation is a critical characteristic of the shape memory
behavior. We estimate it as ATy = (T3 + Tip)/2 — (T5 +
Tf)/2 as shown in Fig. 8(b). As it follows, for Pt-doped
Ni-Mn-Ga (0.1 < x < 0.3) the thermal hysteresis appears
to be even smaller than for the stoichiometric composition
NipMnGa (x = 0). A narrow thermal hysteresis indicates the
thermoelastic nature of the martensite transformation and
that the interface between the parent and the martensite is
mobile, as it would be expected for a martensite transformation
exhibiting the shape memory effect [42,53].

C. Compositional variation of the saturation magnetization

The compositional dependent saturation magnetization
M (x) for Ni_,Pt,MnGa was obtained from the isothermal
magnetization measurements at 2 K (Fig. 9). The correspond-
ing Mg(x) values are given in the inset. For the stoichiometric
composition (NipMnGa), Mgs(x) =~ 4.17ug/f.u. This is in
good agreement with earlier studies [21,59,60]. By increasing
X, Ms(x) is initially higher than the stoichiometric compound
for compositions up to x = 0.25. This is consistent with the
ab initio calculations, which show the increase of the Mn and
Pt local moments within the ferromagnetic ground state [27].
However, upon further increase of Pt content (x = 0.3,0.4,0.5,
and 1), the Mg(x) substantially drops down to =~ 2.2up/f.u.
for x = 1 (NiPtMnGa). Although, for x = 1 even at 7 T, the
magnetization is not fully saturated, we have taken the value
of Mg(x) at 7 T as saturation moment for comparison. To
study the origin of this reduction, we performed the neutron
diffraction measurements as well as the ab initio calculations
discussed in the following sections.

D. Evidence for the antisite disorder in NiPtMnGa (x = 1)
from powder neutron diffraction

The magnetism of Mn-based Heusler alloys is mainly
governed by Mn, which has been observed experimentally
and shown by ab initio calculations for these systems.

(b) 50 T T T T T T T T
40

FIG. 8. Structural and magnetic phase diagram (a) and phase transformation hysteresis (b) for Ni,_,Pt,MnGa(0 < x < 1). PM,, PMy,,
FM,, FM,,, and FI,, represents paramagnetic austenite, paramagnetic martensite, ferromagnetic austenite, ferromagnetic martensite, and

ferrimagnetic martensite, respectively.
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FIG. 9. Isothermal magnetization curves for Ni,_,Pt,MnGa
(0 < x < 1). The inset shows the variation of the saturation mag-
netization (taken at 7 T) with composition x.

However, the magnetization may change dramatically due
to disorder [61-63]. Therefore, to study the origin of the
large magnetization drop in NiPtMnGa, we performed neutron
diffraction measurements and analyzed the data using the
Rietveld refinement procedure (Fig. 10). In the first step of
the refinement, we follow the LeBail fitting procedure using
the tetragonal unit cell with SG 74/mmm. This model could
index all the Bragg reflections confirming that NiPtMnGa
exhibits the tetragonal structure at RT, which agrees with
the XRD result [Fig. 5(d)]. In the next step, we performed
the Rietveld refinement, by taking into account the atomic
positions and occupancies of the atoms within the unit cell.
The initial atomic positions were taken as Ni(4d) and Pt(4d),
Mn(2a), and Ga(2b) [Fig. 11(a)]. Here, 4d, 2a, and 2b are
the Wyckoff positions in the tetragonal unit cell. The nuclear
scattering amplitudes for Ni, Mn, and Ga (10.3, —3.73, and

TABLE III. Parameters obtained from the Rietveld refinement of
the neutron diffraction pattern for NiPtMnGa at RT.

SG 14/mmm

Lattice parameters a =b =3.964 A, ¢ =6.826A

Wyckoff site 4d 2a 2b

Pt occupancy 0.5 0 0

Ni occupancy 0.5 0 0
Mn occupancy 0 0.873(2) 0.163(2)
Ga occupancy 0 0.163(2) 0.873(2)
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! (a) No disorder
1 =241

(b) Ni(4d) - Mn(2a)
! 1=1.96

Intensity (arb. unit)

(c) Mn(2a) - Ga(2b)
v =132

20 40 60 80 100 120 140
20 (degree)

FIG. 10. Rietveld refinements of powder neutron diffraction
pattern of NiPtMnGa at RT. The observed patterns (black circles)
have been fitted (red solid lines) assuming (a) no disorder, (b)
Ni(4d)/Mn(2a) disorder, and (c) Mn(2a)/Ga(2b) antisite disorder.
The vertical arrows indicate the (101), (110), and (112) Bragg
peaks (from left to right, respectively) of the tetragonal unit cell
(SG 14/mmm). The green curve shows the difference between the
measured and refined patterns. The vertical ticks are the Bragg peak
positions.

7.23 fm, respectively) are very distinct, which allows the
determination of the actual atomic occupancies and the antisite
disorder present in NiPtMnGa. Both fits, without and with
Ni(4d)/Mn(2a) disorder are unsatisfactory [x> = 2.41, 1.96,
respectively, see Figs. 10(a) and 10(b)]. However, if the antisite
Mn(2a)/Ga(2b) disorder is taken into account, we obtain a
much better fit [x2 = 1.32, see Fig. 10(c)]. The tetragonal unit
cell with Mn(2a)/Ga(2b) antisite defect is shown in Fig. 11(b).

The refined site occupancies listed in Table III reveal about
17% of the Mn(2a)/Ga(2b) antisite disorder. This may play an
important role for the large decrease of magnetization, which
is evidenced by the ab initio calculations discussed in the
following section.
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FIG. 11. Tetragonal unit cell (SG /4/mmm) of NiPtMnGa with
(a) no antisite disorder and (b) Mn(2a)-Ga(2b) antisite disorder. 2a,
2b, and 4d represent the crystallographic Wyckoff positions within
the tetragonal unit cell.

E. Ab initio calculations of the composition-dependent
saturation magnetization

To explore the origin of the magnetization behavior
in Ni-Pt-Mn-Ga compounds, we have theoretically studied
the influence of structural (antisite) disorder on the total
magnetic moments of Nip_,Pt,MnGa (0 < x < 1) as a func-
tion of Pt concentration (Fig. 12). Our earlier theoretical
studies on manganese based magnetic Heusler alloys [64—66]
carried out in the atomic sphere approximation method have
shown that the magnitude of total and atomic magnetic
moments are in reasonably good agreement with the cor-
responding experimental values. Henceforth, in the present
calculations, the self-consistent potential has been calculated
in the atomic sphere approximation. In order to emphasize
the significance of antisite disorder in the explanation of
the unusual concentration dependence of experimental Mg(x)

TABLE IV. Calculated partial magnetic moments (ug) of each
atomic site in Ni,_,Pt,MnGa (0 < x < 1) together with the total
moments (up/f.u) for the ordered (O) and antisite-disordered (AD)
structures.

Composition  Structure Magnetic moments

SG I4/mmm Mn(2b) Mn(2a) Ni(4d) Pt(4d) Total

x =00 (6] - 3.437 0347 - 4.069
x = 0.05 (0] - 3.447 0.349 0.169 4.076
x =0.10 (6] - 3.458 0.351 0.169 4.084
x =0.15 (6] - 3.469 0.353 0.170 4.090
x =0.20 (0] - 3.480 0.356 0.171 4.098
x =0.25 (6] - 3.491 0.358 0.171 4.105
x=03 AD (3%) —3.589 3.494 0.372 0.166 3.949
x=04 AD 8%) —3.567 3.517 0.389 0.164 3.632
x =05 AD (8%) —3.532 3.497 0.394 0.169 3.606
x =07 AD (15%) —3.549 3.534 0.338 0.136 2.976
x=10 AD (17%) —3.517 3.529 0.324 0.130 2.761
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FIG. 12. The variation of magnetization in Ni,_,Pt,MnGa
(0 < x < 1) as a function of increasing Pt concentration x. (a) Ex-
perimental magnetization data (blue filled squares) and theoretically
calculated total magnetic moments (red filled circles) in the ordered
structure [Fig. 11(a)]. (b) Calculated total magnetic moments in the
Mn(2a)-Ga(2b) antisite disordered structure [Fig. 11(b)] by varying
the amount of antisite disorder.

[Fig. 12(a), blue filled squares], we have compared the
calculated magnetic moments (red filled circles, labeled
as “ordered”) in the absence of antisite disorder with the
experimental data. It can be clearly noticed from the Fig. 12(a)
that within the compositionrange 0 < x < 0.25, the calculated
values of the magnetic moments exhibit a marginal increase
from 4.07up/fu. at x =0 (NipMnGa) to 4.11ug/f.u. at
x = 0.25 (Nij75Ptg2sMnGa), that agrees qualitatively with
the experimental Ms(x) as well as with earlier calculations
[22,27,67]. The computed atomic magnetic moments (for Mn,
Ni, and Pt atoms) in Ni,_,Pt,MnGa listed in Table IV clearly
shows that the magnetization is mainly confined to Mn(2a)
atoms indicating the localized character of the magnetization
as observed for the Mn based Heusler alloys in agreement
with previous theoretical studies [68—71]. In the composition
range 0 < x < 0.25, the narrow increase in Ms(x) is mostly
related to the linear variation of the moments on Mn(2a) and
Pt(4d) atoms in comparison with the moments on Ni(4d)
atoms (Table IV). This indicates that the substitution of Pt
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in Ni;_,Pt,MnGa 0 < x < 0.25 does not alter the nature of
magnetic coupling between the Ni and Mn atoms resulting in
a ferromagnetic state.

The experimental Ms(x) in the composition range
0.25 < x < 1 exhibits an unusual behavior resulting in an
unexpected drop in Ms(x) from 4.11ug/fu. at x =0.25
to 2.2 ug/fu. at x = 1.0 [Fig. 12(a), blue filled squares].
A cursory look at Fig. 12(a) reveals that the total mag-
netic moments calculated in the ordered structure, i.e., in
the absence of antisite disorder demonstrates a contrasting
behavior in comparison with the experimental Mg(x) for
x > 0.25. Therefore, in order to understand the drop in the
experimental Mg(x) curve, we have studied the effect of
antisite disorder on the variation of the magnetic moments in
Ni-Pt-Mn-Ga alloy for different percentage of Mn(2a)-Ga(2b)
antisite disorder starting from 0% [Fig. 12(a)] up to 17%
[Fig. 12(b)] as determined from the neutron diffraction analysis
in NiPtMnGa (Fig. 10, and Table III). As illustrated in
Fig. 12(b), we notice that the inclusion of Mn(2a)-Ga(2b)
antisite disorder leads to a overall reduction of the magnitude
of total magnetic moments in comparison with the ordered
[0%, Fig. 12(a)] case. For example, the calculated magnetic
moment for the composition Ni;;Pty3MnGa (x = 0.3) in
the ordered [Fig. 12(a)] and 3% antisite disordered [Fig.
12(b)] case is 4.15 up/f.u. and 3.95 pp/f.u., respectively.
Such a decrease in the total magnetic moments between
the ordered and antisite disordered case can be attributed to
the existence of an antiparallel coupling between the spins
of the nearest neighbor Mn atoms located at the 2a and
2b Wyckoff sites [Fig. 11(b)]. This is in good agreement
with the earlier study reported that the Mn atoms at Ga site
coupled antiferromagnetically to the original Mn atoms at Mn
site [72-74]. The antiparallel coupling between the nearest
neighbor Mn atoms is clearly evident from the atomic magnetic
moments shown in the Table IV for composition x = 0.3.
Moreover, the experimental value of saturation magnetization
for x = 0.3 is found to be 3.96 ug/f.u., which is in very good
agreement with the computed value 3.95 ug/f.u. obtained
while 3% Mn(2a)-Ga(2b) antisite disorder was taken into
account. Henceforth, in Fig. 13, we have shown 3% antisite
disorder for x = 0.3 indicating the optimum amount of antisite
disorder that would be sufficient to describe the magnetiza-
tion in Ni; 7Pty3MnGa (x = 0.3). On similar lines we have
estimated the most probable amounts of antisite disorder in
the composition range 0.4 < x < 1, which are mentioned
in the Fig. 13 as well as given in the Table IV. We find
that the unusual behavior of the experimental magnetization
(Fig. 13) of Ni,_,Pt,MnGa (0 < x < 1) arises due to the
presence of different magnetic phases like ferromagnetic and
ferrimagnetic phase corresponding to the composition range
0<x<0.25 and 0.3 < x < 1, respectively, triggered by
the presences of Mn(2a)-Ga(2b) antisite disorder. Although,
theory suggests the onset of ferrimagnetism at x = (.3, the
experimental signature of this phenomenon is evident at
x = 0.7 [Fig. 7(1)]. We anticipate that this difference might be
arising because a minimum amount of Mn(2a)-Ga(2b) antisite
disorder [for example 15%, (x = 0.7)] might have to exist
in the Ni-Pt-Mn-Ga alloy for the considerable dominance of
the nearest-neighbor antiferromagnetic coupling between the
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FIG. 13. The dependency of the saturated magnetization in
Nip_,Pt;MnGa (0 < x < 1) as a function of increasing Pt con-
centration x. Red filled circles correspond to theoretical data. The
experimental data of saturation magnetization measured at 2 K are
also plotted (blue filled squares). The solid lines serves as a guide to
the eye.

Mn atoms resulting in the stabilization of the ferrimagnetic
phase.

IV. SUMMARY AND CONCLUSIONS

We have studied the effect of Pt substitution on the struc-
tural and magnetic properties of Ni,_,Pt,MnGa (0 < x < 1)
ferromagnetic shape memory alloys by x-ray diffraction,
magnetization, neutron diffraction measurements and ab initio
calculations. The RT XRD shows that in the composition
range 0 < x < 0.25 the cubic austenite phase is stable, while
the x = 0.3 compositions shows the monoclinic modulated
martensite phase with seven-layer periodicity of modulation.
We have determined the space group and atomic positions
of the 7M-modulated monoclinic structure. Compositions
with higher Pt content (x > 0.4) exhibit stable nonmodu-
lated tetragonal structure in the martensite phase. By re-
placing Ni with Pt, the martensite transition temperature
increases, which is in good agreement with earlier theoretical
results [22].

On the other hand, the magnetic transition temperature
decreases with increasing Pt content. The x = 0.7 and 1
compositions show a magnetic transition from PM to FI
within the martensite phase. A minimum thermal hysteresis
of transformation (1.5 K) is observed for x = 0.25. To the best
of our knowledge, this is the smallest value ever reported for
these type of alloys. Since thermal hysteresis plays a major role
in the reversibility of the phase transition, our results indicate
the importance of these alloys in practical applications.

The saturation magnetization as a function of Pt content
shows a nontrivial behavior: it increases for x < 0.25 and
decreases for x > 0.3. The magnetic moments in Ni,MnGa
mainly reside on Mn atoms (*4up), while Ni has a small
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moment (*0.3up). Therefore, by replacing Ni with Pt, the
saturation magnetization is not expected to change drastically.
This is in contradiction with a large magnetization drop
observed for the x = 0.7 and 1 (NiPtMnGa) compositions.
The Rietveld analysis of the neutron diffraction data reveals the
presence of Mn/Ga antisite disorder, where ~17% of Mn occu-
pies the original Ga sites. The ab initio calculations accounting
for antisite disorder reveal an antiparallel alignment of the
Mn(2b) (Mn on the original Ga sites) with respect to Mn(2a)
that is responsible for the reduction of the magnetization in
NiPtMnGa and other Pt-substituted Ni,MnGa FSMAs.

PHYSICAL REVIEW B 93, 134102 (2016)
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