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Pressure-induced structural phase transition in the ferromagnetic Heusler alloy Ni,MnGa
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The effect of pressure on the crystal structure of Ni,MnGa was investigated up to 41 GPa using in situ angle-
dispersive x-ray diffraction with synchrotron radiation, an imaging plate detector, and a diamond anvil cell. A
pressure-induced transition from a cubic L2, structure (space group Fm3 m) to a 10-layer modulated monoclinic
structure (C2/m) with a distortion of B ~ 92° occurred at a pressure of 19.1 GPa or lower. The volume change
at the martensitic transition is a minute value of about —0.1%. The bulk modulus for the low-pressure phase is
147(2) GPa, consistent with previous studies. In contrast, the bulk modulus for the high-pressure phase is 229(4)
GPa, significantly higher than the former bulk modulus. Initial permeability measurements of the Ni,MnGa
were also conducted at various pressures up to 1 GPa. The pressure dependencies of the Curie temperature,
premartensitic, and martensitic transition temperatures are discussed in detail.
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I. INTRODUCTION

The Ni,MnGa alloy has received a great deal of interest
in recent years as a candidate for functional materials, ex-
hibiting magnetic shape memory effects (MSMEs) [1], large
magnetic field induced strain (MFIS) [2], and magnetocaloric
effect (MCE) [3,4]. The alloy has a cubic L2, structure with
a space group of Fm3 m, and exhibits a ferromagnetic tran-
sition at Curie temperature, Tc ~ 376 K, without any change
in crystal structure [1]. Upon cooling below T¢, the ferromag-
netic austenite (A) phase undergoes premartensitic (PM) and
martensitic (M) transitions at Tpy ~ 260K [5-7] and Ty ~
210K [1], respectively. In the PM phase, lattice softening
occurs due to a decrease in the shear elastic constant [5,8—12],
resulting in a 3M-like incommensurate structure [7]. Below
the PM phase transition temperature, it has been reported that
10-layer modulated monoclinic (10M) and 14-layer modu-
lated monoclinic (14M) structures appear continuously during
the cooling process in stoichiometric Ni;MnGa [13-15].

Varying the compositional ratio of the Ni-Mn-Ga com-
pounds results in a variety of magnetic properties, transport
properties, and crystal structures, leading to interesting
phase diagrams [14-19]. For example, in alloys such as
Nio,Mn;_,Ga, NioMn;,,Ga;_y, and Nipy MnGa;_,, the M
phase undergoes a transition from the 10M or 14M modulated
structures to a non-modulated tetragonal structure (L1 type)
when the total electron number e/a exceeds ~7.6. In this
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ela region, the first-order structural phase transition coincides
with the magnetic transition, a phenomenon known as “mag-
netostructural coupling,” and large magneto-caloric effects
can be expected. Furthermore, in the region of e/a > 7.7,
Tv increases rapidly in the paramagnetic martensite phase,
presenting potential applications in the shape memory alloys
at high temperatures. Therefore, for the application of Heusler
alloys as functional materials, it is crucial to investigate the
key factor for each phase transition phenomenon. Thus far,
several studies on Heusler alloys have been conducted by
varying element substitutions and their compositions, which
were accompanied by what is known as “chemical pressure.”
However, this approach may have a drawback of introducing
secondary effects such as lattice defects and impurity effects,
making it challenging to detect minute changes in various
physical properties. Pressure is effective in suppressing these
secondary effects, resulting in simple lattice contraction.

We conducted hydrostatic pressure experiments on
Ni,MnGa to explore structural changes, such as the M and
PM transitions [20-23], magnetic properties related to Curie
temperature and magnetization [24,25], and thermal proper-
ties associated with MCE [26-28]. These experiments were
performed in the low-pressure region, reaching a maximum
of about 1 GPa; more work needs to be done to detail
pressure-induced structural phase transitions in Ni;MnGa in
the high-pressure region. Furthermore, with the exception of
ultrasonic experiments and first-principles calculations, there
have been no investigations into the bulk moduli of the
austenitic and martensitic phases of Ni-Mn-Ga alloys based
on compression curves. This study aims to investigate effects
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of lattice constants and interatomic distances on the crystal
structure and magnetism under pressure, providing further
insights into the physical properties of Ni,MnGa within the
framework of the p-T phase diagram.

II. EXPERIMENT

A polycrystalline sample of Ni,MnGa was prepared by
repeated arc melting of appropriate quantities of constitu-
tionally pure elements, namely, 99.99% Ni, 99.9% Mn, and
99.9999% Ga, in an argon atmosphere. The ingot was turned
upside down and remelted more than four times for each
composition to obtain good compositional homogeneity. The
resulting ingot was sealed in evacuated silica tubes, annealed
at 850°C for 3 days, and then quenched in cold water. The
composition of the sample was confirmed using inductively
coupled plasma mass spectrometry (ICPMS), revealing a
nearly stoichiometric ratio of Ni: 1.98, Mn: 0.99, and Ga:
1.03. After pulverization, the sample underwent a 2-day heat
treatment at 500 °C for x-ray powder diffraction (XRPD) and
initial permeability measurement. The crystal structure was
identified from XRPD data measured at room temperature
(RT) and ambient pressure using Cu Ko radiation, and Ri-
etveld analysis was conducted using the RIETAN-FP software
package [29].

We investigated the crystal structure of Ni,MnGa un-
der high pressure at RT using in situ angle-dispersive x-ray
diffractometry at BL10XU in SPring-8, employing monochro-
matized synchrotron radiation and an imaging plate detector
[30]. The x-ray beam monochromated to a wavelength of A =
0.41328 A (E = 30keV) was focused by using a SU-8 poly-
mer compound refractive lens. High pressure was generated
with a diamond anvil cell (DAC). We used a diamond anvil
with an inner culet of 300 um. Powdered Ni;MnGa was filled
in a 100 um diameter hole in a preindented rhenium gasket
of 30-35 um thickness, together with a helium (He) pressure
medium compressed to 200 MPa by a high-pressure gas-
loading system in SPring-8. He gas was chosen to maintain
the sample under hydrostatic conditions. Additionally, a small
amount of ruby powder was enclosed as a pressure marker in
the gasket hole, and the pressures were determined using the
ruby gauge of Zha et al. [31]. During the experiment, XRPD
images were collected at three positions (A, B, and C) near the
center of the DAC. We measured up to a maximum pressure
of 41.2 GPa for positions A and B but limited measurements
to 32.3 GPa at position C to optimize the measurement time
at the synchrotron radiation facility.

The Curie temperature 7c both at ambient and high pres-
sure was determined using an ac transformer method, in which
primary and secondary coils were wound on the sample. An
ac current of constant amplitude was applied to the primary
coil and voltage across the secondary coil, which is directly
proportional to initial permeability u, was recorded as a func-
tion of temperature at various pressures. Hydrostatic pressure
was applied using a Teflon pressure cell filled with Daphne oil
and incorporating a piston-cylinder type mechanism. In this
Teflon cell, the sample was placed in a cylindrical holder made
of boron nitride with high thermal conductivity. A schematic
diagram of the apparatus is provided in Ref. [32].
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FIG. 1. (a) Rietveld refinement of the RT XRPD pattern for
Ni,MnGa at ambient pressure. The experimental data, fitted curve,
and the residue are shown by the cross (black), continuous line (red),
and bottom-most plot (blue), respectively. The tick marks (green)
represent the Bragg peak positions. The final fit resulted in reliability
factors of Ry, = 3.22%, R, = 2.21%, and Rg = 4.79%.

III. RESULTS AND DISCUSSION
A. Powder x-ray diffraction

Figure 1 shows a XRPD pattern of Ni,MnGa at ambient
pressure and RT. The observation that all diffraction lines can
be indexed with the Heusler austenite L2; structure (space
group: Fm3m) and exhibit superlattice diffractions of 111
and 200 indicates that the sample is a single phase with
well-ordered atomic positions. The lattice parameters a. of
the cubic cell are determined to be 5.82206(10) A through
Rietveld analysis, aligning with the findings of Webster et al.
[1].

Figure 2 shows typical XRPD patterns at position A for
various pressures. In the figure, diffraction peaks are indexed
as the cubic L2, structure up to 21.6 GPa. While all x-ray
diffraction lines at 23.9 GPa initially appear to be indexed
with the L2 structure, additional diffraction lines (indicated
by arrows) emerge beside the 220 main peak, as shown in
the inset. Above 27.5 GPa, the diffraction patterns suggest the
stability of a high-pressure martensitic structure, distinct from
the L2 austenitic structure.

The x-ray diffraction patterns near the transition pressure
at position B are shown in Fig. 3. At 17.0 GPa, only the main
220 diffraction line is observed. However, at pressures of 19.1
and 19.7 GPa, two or three subpeaks emerge, resembling the
pattern of 23.9 GPa at position A (see Fig. 2 inset). That is,
the pressure-induced structural phase transition from the low-
pressure austenite (LPA) phase to the high-pressure martensite
(HPM) phase occurs at pressures of 19.1 GPa or lower. Thus,
both scenarios, with and without the phase transition around
19 GPa, coexist within the same DAC. Helium is currently
recognized as the most hydrostatic pressure medium [33].
Although helium solidifies above approximately 12 GPa at
RT, it remains almost hydrostatic up to about 30 GPa and grad-
ually becomes nonhydrostatic beyond that pressure. While the
reason for the discrepancy in the structural phase transition
pressure is not yet clear, a slight strain induced at sample
position A may contribute to the difference. It seemed that the
gasket hole of the DAC contracted with increasing pressure,
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FIG. 2. The RT XRPD patterns of Ni,MnGa at position A under
various pressures. The inset provides an enlarged scale view of the
pattern around the main peak at 23.9 GPa.

causing the edge of the rhenium gasket to impact near sample
position A.

The RT XRPD pattern of Ni,MnGa observed under a
pressure of 30.2 GPa at position A is shown in Fig. 4(a)
as a representative example of the HPM phase. We exam-
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FIG. 3. The RT XRPD patterns of Ni,MnGa near the 220 main
peak at position B under pressure at 17.0, 19.1, and 19.7 GPa.
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FIG. 4. (a) The experimental x-ray powder diffraction pattern of
Ni,MnGa under a pressure of 30.2 GPa at RT. The down arrows
indicate the diffraction line of interest mentioned in the text. (b)
The calculated x-ray powder diffraction pattern of Ni,MnGa with
the 10M modulated structure (S.G.: C2/m). (c) The calculated x-ray
powder diffraction pattern of Ni,MnGa with the 14M modulated
structure (S.G.: C2/m).

ined various crystal structures, including 2M, 10M, 14M, and
40, as candidates for the HPM phase structure. Righi et al.
reported that a nonstoichiometric alloy, Nij9sMnj 19Gay g,
exhibits a monoclinic-based 10M commensurate structure
with a monoclinic angle of 8 ~ 90.3° in the M phase, while
a stoichiometric Ni,MnGa features an orthorhombic-based
10M incommensurate structure in the M phase [34]. Mar-
tynov and Kokorin performed x-ray experiments on Ni,MnGa
single crystals under uniaxial compressive and tensile load-
ing, observing monoclinic distortion of 10M- and 14M-like
modulations [35]. Kim et al. noted that the 10M martensite
is known to appear in stoichiometric alloys, while the 14M
and 2M martensite appear in nonstoichiometric alloys as the
HPM phase in Ni-Mn-Ga systems [22]. Among these struc-
tures, the 40 orthorhombic-based, the 10M incommensurate
orthorhombic-based, and the 2M tetragonal-based structures
could not be indexed as the HMP phase in the present ex-
periment. The remaining two HPM phase candidates are the
monoclinic-based 10M and 14M modulated structures with
space group of C2/m. Therefore, we examined which of the
two modulated structures better matched the experimental
pattern.

Due to challenges in determining the modulation vector ¢
from the high-pressure x-ray diffraction pattern, we explored
the 10M commensurate structure with ¢ = 2/5¢* and the 14M
commensurate structure with ¢ = 3/7¢*, referencing the find-
ings of Righi et al. [34]. Displacive modulations involving
the atomic positions of Ni, Mn, and Ga are represented by
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TABLE I. Atomic coordinates of Ni,MnGa calculated based on
modulated structure for (a) the 10M commensurate structure (@ =
2/5¢*) and for (b) the 14M commensurate structure (¢ = 3/7¢*). The
x coordinates were determined using Eq. (1).

(a)

TABLE II. Crystal data for the martensite structure of Ni;MnGa
at RT under the pressure of 30.2 GPa: (a) for the 10M structure and
(b) for the 14M structure.

(a)

Crystal system Monoclinic (10M)

Atom type Wyck. X y b4 Space group C2/m
Mnl 2a 0.00000 0.00000 0.00000 am (A) 4.058(1)
Mn2 4i 0.04115 0.00000 0.20000 b (A) 5.215(1)
Mn3 4i ~0.06657 0.00000 0.40000 ¢, (A) 20.068(5)
Gal 2b 0.00000 0.50000 0.00000 B (deg) 92.239(4)
Ga2 4i 0.04115 0.50000 0.20000 (b)
Ga3 4i —0.06657 0.50000 0.40000
Nil 4h 0.50000 0.25000 0.00000 Crystal system Monoclinic (14M)
Ni2 8j 0.53762 0.25000 0.20000 Space group C2/m
Ni3 8j 0.43913 0.25000 0.40000 am (A) 4.064 (1)

(b) b (A) 5.220(2)
Atom type Wyck. X y z /Cﬂm(c(lég)) ;igggzi
Mnl 2a 0.00000 0.00000 0.00000
Mn2 4g 0.03037 0.00000 0.28571
Mn3 4g -0.05473 0.00000 0.39988 , ) ,
Mn4 4g 0.06825 0.00000 0.42857 from employmg Rietveld’s Complete pattern ﬁttlng for the
Gal 2% 0.00000 0.50000 0.00000 experimental results. Instead, profile fitting on each diffraction
Ga2 4g 0.03037 0.50000 0.28571 line was performed to determine the lattice constants of each
Ga3 4g ~0.05473 0.50000 0.39988 modulation structure, as presented in Table II.
Gad 4g 0.06825 0.50000 0.42857 In Figs. 4(b) and 4(c), we present the calculated x-ray
Nil 4f 0.50000 0.25000 0.00000 diffraction patterns for 10M and 14M modulated structures
Ni2 8h 0.52777 0.25000 0.28571 using the program RIETAN-FP [29], comparing them with the
Ni3 8h 0.44996 0.25000 0.39988  experimental pattern in Fig. 4(a). The diffraction intensities
Ni4 8h 0.56240 0.25000 042857  and 20 positions of the main peaks in the two calculated

sinusoidal waveforms. The atomic positions x; in the commen-
surate or incommensurate phase are given by

xp = X; + ui(X4), (D
o0

ui(%g) = Z {A} sin 2mnxy) + B} cos 2mnxy)},  (2)

n=1

where X; is the general atomic position in the basic structure,
u; defines the modulation function dependent on the X, super-
space coordinate for the ith atomic site [34,36], Ai, and Bfl are
the amplitudes of the displacement modulation, and » is the
order of the Fourier series. For simplicity, we set n = 1. The
x; values for each atom are obtained by setting A; = 0.07 for
Mn and Ga atoms, A; = 0.064 for the Ni atom, and B; =0
for all atoms, based on previous experiments of 10M and
14M martensite structures at ambient pressure [34,37]. Table |
shows the results for each atomic coordinate of 10M and
14M commensurate structures calculated based on Eq. (1).
In x-ray diffraction experiments under high pressure using
DAC, the peak intensity ratios slightly differ due to statistical
inaccuracies in diffraction intensity resulting from a spotty
Debye ring or the effect of preferred orientation. Additionally,
it has been reported that in the M phase of Ni;,MnGa, close
to stoichiometric conditions, various stacking periods other
than 10M and 14M might coexist [38], potentially impact-
ing the analysis of the M phase. Consequently, we refrained

patterns are in good agreement with the experimental pattern.
However, some differences in details are observed. First, the
two peaks near 26 = 11° indicated by arrows in Fig. 4(a) can
be indexed for 1 2 3 and 1 2 3 diffractions in the 10M structure
in Fig. 4(b), but cannot be indexed in the 14M one in Fig. 4(c).
Second, two peaks between 26 = 13° and 14° can be indexed
by 127 and 1 2 7 diffractions for the 10M structure, but
cannot be indexed for the 14M one. Third, 2010, 12 11, and
2 0 10 diffraction lines near 26 = 14° seen in the calculated
pattern of the 14M structure [Fig. 4(c)] are absent in the exper-
imental pattern of Fig. 4(a). Based on these observations, we
conclude that the high-pressure phase of Ni,MnGa observed
in this study is likely to be a 10M modulated structure with an
angle of § = 92.2°, which is larger than the slight monoclinic
distortion observed at ambient pressure (8 = 90.3°) [34]. The
higher angle of g likely reflects the effect of elastic lattice
distortion under high pressure. The 10M modulated structure
of stoichiometric Ni;MnGa alloy under high pressure is con-
sistent with the previous report [22].

The pressure dependencies of lattice parameters for both
the LPA phase (L2; cubic structure) and the HPM phase
(10M monoclinic structure) are shown as a function of pres-
sure in Fig. 5. Under increasing pressure, each axial length
exhibits a monotonic decrease. Simultaneously, the mono-
clinic angle B also monotonically increases with pressure.
This suggests that under high-pressure conditions, the angle 8
increases as it undergoes elastic deformation due to external
pressure. The measured value of 8 deviates significantly from
the B ~ 90.3° observed at atmospheric pressure by Righi
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FIG. 5. Pressure dependencies of the lattice parameters for
Ni;MnGa: (a) the axial lengths of a. in the LPA cubic cell, and of a,,,
b, ¢ in the HPM monoclinic cell; and (b) the angle 8 between the
am and ¢, axes. The solid red line denotes the result of a least-squares
fit. The dashed line denotes the transition pressure. The error bars are
covered by the symbols.

et al. [34]. The pressure coefficient of 8 is determined to
be dB/dp = +2.4x1072 deg/GPa by least-squares fitting.
Figure 6 shows pressure dependencies of the axial ra-
tios, ¢m/Sam and by, / V2 ay,, in the HPM monoclinic cell.
The pressure coefficients of cp/5a, and bm/\/z a, are
—1.3x107 and —1.1x 107} /GPa, respectively. Thus it shows
that by, is more likely to shrink under pressure than cy,. In
Fig. 7, the pressure dependences of the interatomic distances
d.(Mn1-Mn1l), d,(Mn1-Mnl), and d;;,(Mn2-Mn2) are shown,
assuming that the atomic coordinates of the high-pressure
phase follow the modulation model of Egs. (1) and (2). Due
to the martensitic transition, d,,(Mn1-Mn1) is elongated from
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FIG. 6. Pressure dependencies of the axial ratios for Ni,MnGa:
(a) the ratio of ¢y, /5ay, and (b) the ratio of by, / \/Eam in the HPM
monoclinic cell. The solid red lines denote the results of a least-
squares fit. The dashed line denotes the transition pressure. The error
bars are covered by the symbols.
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FIG. 7. Pressure dependencies of the interatomic distances
d.(Mn1-M1), d,,(Mn1-M1), and d,,,(Mn2-Mn2) for Ni,MnGa. Here,
d. and d,, denote interatomic distances for the cubic A and mono-
clinic M phases, respectively. In the A phase, Mnl denotes the Mn
ion at the Wyckoff 4a site in the L2, structure. In the M phase, Mn1
and Mn2 denote the sites listed in Table 1. The dashed line denotes
the transition pressure. The error bars are covered by the symbols.

d.(Mn1-Mnl), while the d,,(Mn2-Mn2) becomes the nearest-
neighbor Mn-Mn interatomic distance in the HPM phase.
All the distances are monotonously shortened with pressure.
The effect of this pressure dependence on magnetism will be
discussed in the next section.

The pressure dependencies of the volume in the LPA phase
and the HPM phase are shown in Fig. 8, indicating a slight
volume reduction of AV/V ~ 0.1% at the transition. This
volume reduction is of the same order as estimations of
AV/V = 0.1% observed in a stoichiometric Ni-Mn-Ga alloy
using the Clausius-Clapeyron relationship [39], and AV/V ~
0.06% observed in a nonstoichiometric Ni-Mn-Ga alloy [40].
The volume change in the martensitic phase transition can be
estimated from the Clausius-Clapeyron equation,

2T 3
p AS

Here AV is the difference in molar volume and AS is the
difference in molar entropy between the HPM and LPA phases
at Ty;. The value of AS at Ty, (~200 K) was measured to
be —5.2 J/mol K from the latent heat of —4.2 J/g during the
structural transition from the austenite cubic structure to the
martensite 10M structure [21] for Ni,MnGa. Using this value
and the pressure derivative dTj;/dp = +8.0 K/GPa, which
will be explained later in the next section, Sec. III B, in
Eq. (3), we obtain AV = —4.1x107" m?/mol. The molar
volume of the LPA phase at 19.7 GPa is calculated to be V ~
2.67x 107> m3/mol from its lattice parameters. Then we ob-
tain AV/Va = —0.15%, which is mostly the same as AV/V ~
0.1% by the high-pressure XRPD experiment. This volume
reduction at Ty; of Ni,MnGa is small by nearly a factor of 6
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FIG. 8. Pressure dependence of the volume for Ni,MnGa. Here,
V. is the volume of a cubic cell in the austenite phase and V,, is the
volume of a monoclinic cell in the martensite phase. The volume of
the high-pressure 10M-monoclinic structure, V;,, is scaled to 2/5V},
for comparison with Vc. (The number of formula units in each unit
cell, Z, is equal to 4.) Solid lines represent the fitting functions of the
Murnaghan EOS applied to the experimental volumes of both phases.
The error bars are covered by the symbols.

compared to the value of AV/V ~ 0.6% for Ni,Mnj 44Sng s¢
[41], where the cubic L2 structure undergoes a martensitic
transition to the orthorhombic 40 structure.

The bulk moduli By and their pressure derivatives B’y in
both the LPA and the HPM phases were determined by fitting
p-V data to the Murnaghan equation of state (EOS) [42],

B[ v\T®
P(V)_B—6{<70) —1}, @

TABLE IV. A collection of bulk moduli, and their derivatives
obtained in the martensitic structures of NM and 10M for Ni,MnGa.

Structure By (GPa) By, Temperature Method Reference

Martensite 10M  229(4) 1.6(3) RT This work -
153.2 - 0K Calc. [51]

Martensite NM  142.3 - 0K USM [57]
157.4 - 0K Calc. [49]
158.0 - 0K Calc. [51]
155.2 - 0K Calc. [53]

where V; is the volume at ambient pressure. The obtained
values of the By and B'( in the LPA phase are 147(2) GPa and
3.8(2), respectively. In Table 111, we list a collection of By and
B'y, and elastic constants obtained in the L2; cubic structure
of the austenite phase. All previous experimental values of
B, were calculated from the elastic constants of c;;, c¢j2, and
c44 measured using ultrasonic measurement (USM). Among
them, the By of 146 GPa measured by Worgull ez al. [44] is al-
most the same as the B, obtained from the present V-P curve.
On the other hand, as the theoretical values of By were mostly
calculated on the ground state at the temperature of 0 K, they
tend to be higher than the values at RT. Considering the tem-
perature dependence according to the literature [49,55,56], the
experimental value By = 147 can be regarded as almost the
same as the calculated ones. Regarding the value of B, cal-
culated values [48,52] show good agreement with the present
B’y of 3.8(2). On the other hand, the experimental values of
By, By, and zero pressure volume in the HPM phase were
determined to be 229(4) GPa, 1.6(3), and 191(2) A3, respec-
tively. In Table IV, we list a collection of By and B’( obtained
in nonmodulated (NM) and 10M martensitic structures. The
By value estimated in this study is about 55% larger than the
calculated values based on the modulated 10M and NM tetrag-
onal structures, indicating that the Ni,MnGa alloy is hardened
in the HPM phase. In the future, a more detailed band calcula-
tion based on the experimental values of By and B’ is desired
to understand the cause of the hardening below the PM phase.

TABLE III. A collection of bulk moduli, their derivatives, and the elastic constants obtained in the L2; cubic structure for Ni,MnGa.

By (GPa) By cy; (GPa) c12 (GPa) cq4 (GPa) Temperature Method? Reference
147(2) 3.8(2) - - - RT This work -
129 - 213 87 92 300 K USM [43]
146 - 152 143 103 300 K USM [44]
106.7 - 136 92 102 RT USM 9]
147.3 - 156 143 98 225K USM [45]
157.3 - 163.6 155.4 106.7 0K Calc. [46]
161.44 - 165.41 159.45 113.67 0K Calc. [47]
136.88 4.01 - - - 0K Calc. [48]
156.7 - 166.7 151.7 1134 0K Calc. [49]
151.9 - - - 99.4 0K Calc. [50]
155.7 - 163 152 107 0K Calc. [51]
206.50 4.13393 214.09 202.7 39.64 0K Calc. [52]
155 - 163 151 110 0K Calc. [53]
155 - - - - 0K Calc. [54]

4“USM” and “Calc.” denote ultrasonic measurement and first-principles calculation, respectively.
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FIG. 9. The initial permeability p versus temperature curves for
Ni;MnGa at various pressures. The blue and red solid lines de-
note the data obtained during the cooling and heating processes,
respectively.

B. Initial permeability

Figure 9 shows the temperature dependence of the initial
permeability x4 for Ni;MnGa under various pressures. The
abrupt increase of u within the temperature range of 350—400
K, as temperature decreases, is attributable to the magnetic
phase transition from paramagnetic to ferromagnetic phases.
The T¢’s were determined as the point where the differen-
tial value is maximized on the w(7T) curve, as depicted in
Fig. 9. During the cooling process, around 260 K, noticeable
decreases in u indicate the onset of the PM transition. The
transition points (7py) were defined as the cross points of
the linear extrapolation lines from both higher- and lower-
temperature ranges on the u-7 curves. Moreover, an abrupt
change of w(T) around 200 K in Fig. 9 is ascribed to the
martensitic transition. The martensitic transition temperature
(Tv) was defined using the equation Ty = (Tvs + Tar)/2,
where Tyis and Txs represent the martensitic transition starting
temperature and the reverse martensitic transition finishing
temperature, respectively. The values of Ty and Tar were de-
fined as cross points of linear extrapolation lines of the wu(7")
curves from both higher- and lower-temperature ranges. The
width of the transition hysteresis is about 20 K, consistent with
previous measurements [15,58]. The pressure dependencies
of Tc, Tpm, and Ty are shown in Fig. 10. All these spe-
cific temperatures exhibit a monotonic increase with pressure.
The pressure derivatives of these characteristic temperatures,
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FIG. 10. The pressure dependencies of the Curie temperature
T, the martensitic transition temperature 7y, and the premartensitic
transition temperature 7py; for Ni,MnGa. The solid lines denote the
results of least-squares fits for each specific temperature.

denoted as d7¢/dp, dTpm/dp, and ATy /d p, are estimated to be
4.3, 2.8, and 8.0 K/GPa, respectively. For comparison, Table V
includes the characteristic temperatures and their pressure
derivatives alongside those from previous experiments.

The d7¢/dp for Ni,MnGa was estimated to be 4.3 K/GPa
at the pressure limit of p = 0 GPa in this study. This value
is in good accordance with those reported by Kamarad et al.
[25] and Kanomata et al. [59]. The positive value of d7¢/dp
for Ni;MnGa is also consistent with the empirical interac-
tion curves defined by Kanomata et al. [24] and Lazpita
et al. [60], where the magnetic transition temperatures of
a series of Heusler alloys increase with decreasing nearest-
neighbor Mn-Mn interatomic distance. As seen in Fig. 7, the
nearest-neighbor Mn1-Mnl distance, d.(Mn1-Mnl), at room
temperature for Ni;MnGa decreases from 4.12 A at 0.53 GPa
t0 3.95 A at 23.9 GPa. Sasioglu et al. [61] accounted theoret-
ically for this behavior in terms of the competition between
two opposing trends, namely, the stronger effect of increasing
carrier hopping compared to the effect of decreasing atomic
moments due to the band widening.

As seen in Fig. 10, Ty increases linearly with pressure
as a consequence of the lower volume of the M phase with
respect to the A phase. The pressure derivative of Ty for
Ni,MnGa is found to be about 8.0 K/GPa, which is almost
comparable to that (d7y;/dp = 6.19 K/GPa) reported by De-
varajan et al. [28]. On the other hand, Kamarad et al. showed
that Ty of NipMnGa is surprisingly stable under pressure
(dhv/dp < +0.5K/GPa) [25]. It should be noted that Ty
and its pressure derivative for the Ni-Mn-Ga Heusler alloys
are much more sensitive to the composition of alloys. In this
study, we observed the martensitic transition of Ni;MnGa
at room temperature by applying the external pressure of
19.1 GPa. Assuming a linear increase in Ty with pressure up
to 19.1 GPa, the estimated d7y;/dp is 5.1 K/GPa. This value
is consistent with the d7y/dp = +8.0 K/GPa estimated from
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TABLE V. A collection of T¢, Tpm, and Ty at ambient pressure and their pressure derivatives.
dTc/dp dTpem/dp dTv/dp

Composition Tc (K) Trm (K) Tv (K) (K/GPa) (K/GPa) (K/GPa)
This work Ni,MnGa 378 266 215 4.3 2.8 8.0
Ref. [20] Ni,MnGa - - 275 - - 554+0.2
Ref. [21] NizMHo'94Gao'96 - - ~291 - - 54403
Ref. [25] Ni,MnGa 375 - 219 5.9 - <40.5
Ref. [23] Ni49(2M1’126‘()G324'2 - 239 180 - -6+1 -
Ref. [39] Ni,MnGa - 256 201 - 13.1 16.2
Ref. [59] Ni,MnGa ~357 - - 3.6 - -
Ref. [28] Ni,MnGa - - 216 - - 6.19

the u versus T curves under pressure (see Fig. 9). It is well
known that the Mn-excess Ni,Mn; 44Sng s¢ Heusler alloy also
undergoes the martensitic transition at 221 K [62]. In this
case, it was observed that Ty, increases linearly at the rate of
dTv/dp = +24 K/GPa for NizMnj 44Sng 56 [63]. Such a dif-
ference is due to the fact that for Ni,MnGa the relative volume
change at Ty is much smaller than that of Ni;Mn; 44Sng 56
[7,41]. Regarding the finding of d7py/dp ~ 2.8 K/GPa, on
the other hand, it is difficult to compare because the few
experimental values show both positive and negative signs.
Since the origin of the PM transition is still under discussion,
we believe that investigating its pressure dependence will be a
focus of future research.

IV. CONCLUSION

We have experimentally investigated the pressure de-
pendencies of phase transitions in the ferromagnetic shape
memory alloy Ni;MnGa by in situ angle-dispersive x-ray
diffraction using synchrotron radiation and by initial per-
meability measurement. Our findings reveal that Ni;MnGa
undergoes a structural phase transition from the austenite
phase of L2, structure to the martensite phase of 10M modu-
lated structure with a distortion of 8 ~ 92° at high pressure
of approximately 19.1 GPa. The volume reduction at the
structural phase transition is nearly 0.1%, which is mostly
understood within the framework of the Clausius-Clapeyron
relationship. The values of the bulk moduli at room tempera-
ture for the low-pressure and high-pressure phases are 147(2)
and 229(4) GPa, respectively. In particular, the bulk modulus

of the high-pressure martensite phase is ~55% larger than that
of the low-pressure austenite phase. The pressure dependen-
cies of the Curie temperature, the PM transition temperature,
and the martensite transition temperature were determined
through initial permeability experiments under high pressure,
leading to the construction of a pressure-temperature phase
diagram. The positive value of d7¢/dp is consistent with
established empirical interaction curves, where the magnetic
transition temperature of a series of Heusler alloys increases
with decreasing nearest-neighbor Mn-Mn interatomic dis-
tance. The pressure derivative of Ty; in Ni,MnGa was found
to be about 8.0 K/GPa, consistent with previous studies and
about one-third of the value observed in the Ni;,MnSn system.
Further experiments and first-principles calculations are re-
quired to comprehend the large value of bulk modulus under
high pressure, as well as the pressure dependencies of char-
acteristic temperatures including the PM transition, from the
perspective of electronic, elastic, and magnetic properties.
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