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a  b  s  t  r  a  c  t

Ni2MnGa  transforms  in  the  cooling  process  from  the  parent  (P-)  phase  to  the  intermediate  (I-)  phase  and
then  to  the  martensite  (M-)  phase.  Under  a  uniaxial  stress,  a new  phase  (X-phase)  appears,  and  the  P  →  I
transformation  distinctively  separates  to  the  P →  X,  and  the X  →  I transformations.  In  the  present  study,
ccepted 11 May  2011
vailable online 18 May 2011
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we  have  studied  the  effect  of  hydrostatic  pressure  on  these  transformation  temperatures.  As a  result,
we  found  that  the  distinct  separation  described  above  does  not  occur  under  a hydrostatic  pressure  of  up
to  0.9  GPa.  The  P  →  X  and  the  I →  M  transformation  temperatures  increase  with  increasing  hydrostatic
pressure,  and  the  ratio  is 13.1  K/GPa  and  16.2  K/GPa,  respectively.  The  change  in  molar  volume  and/or
thermal  expansion  coefficient  associated  with  the  transformation  is  estimated  from  these  values.
ontinuous transformation

. Introduction

Near stoichiometric Heusler-type (L21-type) Ni2MnGa alloys
ave attracted much attention as new functional materials owing to
heir large magnetic field-induced strain [1–4] and magnetocaloric
ffect [5,6]. These excellent properties are closely related to mag-
etic transition and martensitic transformation of Ni2MnGa. A
toichiometric Ni2MnGa exhibits a magnetic transition near 380 K
=Tc) [7],  and shows lattice softening in TA2 branch below Tc [8,9].
he L21-type parent phase (P-phase) transforms to the so-called
ntermediate phase (I-phase) near 250 K [10,11],  and the I-phase
hen transforms to the martensite phase (M-phase) having an
ncommensurate structure with a propagation vector q = [0.427,
.427, 0]* (* means vector in reciprocal space) [12,13].

In addition to the P-, I- and M-phases, we reported that a new
hase (X-phase) appears when a uniaxial compressive stress is
pplied in the [0 0 1] direction [14], and proposed the phase dia-
ram as shown in Fig. 1. This phase diagram implies that Ni2MnGa
xhibits a successive P → X → I → M transformation under a low
tress region (0 MPa  < � < 10 MPa). As the external stress increases,
he X-phase region expands while the I-phase region shrinks. When
he external stress exceeds about 10 MPa, the I-phase do not exist,
nd Ni2MnGa undergoes a successive P → X → M transformation

15]. The diffraction pattern of the X-phase shows satellites in the
1 1 0〉* direction like the I-phase and the M-phase but their position
s obviously different from those of the I- and M-phases [16].
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The existence of the X-phase was  also confirmed by Karaca et al.
[17]. In addition, several anomalous experimental results made
under compressive stress so far reported [18–20] can be well under-
stood by considering the existence of the X-phase.

The X → M transformation is first order regardless of the
strength of applied stress. The X → I transformation is also first
order, but the first order nature fades out with decreasing stress
[21]. Thus, under zero stress, the X- and I-phases are indistinguish-
able by diffraction experiments [21,22], and this will be the reason
why  the X-phase was not identified as a separate phase by the
experiments made under zero stress so far. The P → X transfor-
mation is most likely second order, because no discontinuity is
detected in physical properties between the P- and the X-phases
[15].

The present study is motivated to further understand the phase
relation between constituent phases (P-, I-, X- and M-phases) in
Ni2MnGa. We  will examine the effect of hydrostatic pressure on
the phase boundaries shown in Fig. 1. Then, from the change in
transformation temperature under hydrostatic pressure, we will
evaluate the change in molar volume and/or the change in volume
thermal expansion coefficient associated with a transformation.

2. Experimental procedure

An ingot of stoichiometric Ni2MnGa was  prepared by arc-melting using Ni (3 N),
Mn  (3 N) and Ga (6 N) as starting materials. Single crystal was grown by a floating
zone method under a purified argon gas flow, and it was heat-treated at 1173 K

for  24 h for homogenization and then at 923 K for 24 h to obtain a highly ordered
L21-type structure.

Specimens for resistivity measurements and magnetic susceptibility measure-
ments were cut from the single crystal. Subsequently, the specimens were annealed
at 1123 K for 3.6 ks in evacuated quartz tubes, and then annealed at 923 K for 86.4 ks
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ig. 1. Stress–temperature (�–T) phase diagram of Ni2MnGa under compressive
tress applied in the [0 0 1] direction.

or ordering treatment followed by quenching into ice water. The surface of the
pecimen was  electropolished in an electrolyte composed of 95 vol% CH3COOH and

 vol% HClO4.
Martensitic transformation under a hydrostatic pressure was examined by elec-

rical resistivity or magnetic susceptibility measurements. Electrical resistivity was
easured by a four probe method and magnetic susceptibility was  measured by a

QUID magnetometer. The specimens were immersed in a pressure medium (mix-
ure  of kerosene and transformer oil), and a hydrostatic pressure of up to 0.9 GPa
as generated by a piston-cylinder type apparatus.

. Results
Fig. 2 shows temperature dependence of magnetic susceptibil-
ty (�–T curve) measured in the cooling process under hydrostatic
ressures of 0 GPa, 0.2 GPa and 0.5 GPa. The measurements have

ig. 2. Temperature dependence of magnetic susceptibility measured under hydro-
tatic pressures of 0 GPa (a), 0.2 GPa (b) and 0.5 GPa (c). The measurement was  made
y  applying a low magnetic field of 80 kA/m.
Fig. 3. Transformation temperatures plotted as a function of hydrostatic pressure
(P–T  phase diagram).

been made in the vicinity of temperature range for the P → X → I
transformation by applying a magnetic field of 80 kA/m in the
[0 0 1] direction. For all the pressures, the susceptibility in the
cooling process starts to decrease at a temperature, TP–X, as indi-
cated with an arrow. The susceptibility then starts to increase
at another temperature, TX–I, as indicated by another arrow. The
decrease in susceptibility is due to the P → X transformation and
the increase in susceptibility is due to the X → I transformation,
according to previous studies of stress–strain curve [14,15] and
neutron diffraction [16]. Both TP–X and TX–I are plotted as a function
of hydrostatic pressure in Fig. 3. We  notice that TP–X increases with
increasing hydrostatic pressure while TX–I is almost independent
of hydrostatic pressure. Similar hydrostatic pressure dependence
of magnetic susceptibility curve was  reported by Chernenko et al.
[23] although the existence of the X-phase was not described there.

We have measured temperature dependence of electrical resis-
tivity (�–T curve) under a hydrostatic pressure (0 ≤ P ≤ 0.7 GPa), and
typical results (P = 0 and 0.7 GPa) are shown in Fig. 4. As known
from the figure, there is a bend point as indicated by a double
arrow, and the temperature of the bend point is plotted by solid
circles as a function of hydrostatic pressure in Fig. 3. We notice
that the bend point in �–T curve is in good agreement of the TP–X,
obtained by �–T curve. So, we interpret this bend point corresponds
to the P → X transformation temperature. The temperature TP–X,
increases linearly with increasing hydrostatic pressure, and the gra-
dient is 13.1 K/GPa. Incidentally, the X → I transformation, which
can be detected by magnetic susceptibility measurements, cannot
be detected by electrical resistivity measurements.

On further cooling, the resistivity shows an increase as indicated

by a single arrow in Fig. 4. This increase is due to the initiation of the
I → M transformation, and we  denote this temperature as Ms. In the
subsequent heating process, the heating curve merges the cooling
curve at the temperature indicated by another arrow. The merge is
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ig. 4. Temperature dependence of electrical resistivity measured under hydrostatic
ressures of 0 GPa (a) and 0.7 GPa (b).

ue to the termination of the M → I transformation, and we denote
his temperature as Af. We  define the equilibrium temperature for
he I → M transformation as T0 = (Ms + Af) after Tong and Wayman
24]. The temperatures Ms, Af and T0 are plotted as a function of
ydrostatic pressure in Fig. 3. We  notice that T0 increases with

ncreasing hydrostatic pressure, and the gradient is 16.2 K/GPa. This
radient is the same order as that reported for Ni50Mn36Sn14 [25]
nd Ni49.5Mn35.5In15 [26].

. Discussion

In this section, we discuss the volume change or change in vol-
me  thermal expansion coefficient using the gradient of phase
oundary shown in Fig. 3.

First, we discuss the volume change for the I → M transforma-
ion. Since the I → M transformation is first order, the hydrostatic
ressure, P, dependence of the equilibrium temperature T0 should
atisfy the Clausius–Claperyron equation,

dT0

dP
= �V

�S
(1)

Here �V  is the difference in molar volume and �S  is the dif-
erence in molar entropy between the M-phase and the I-phase at
0. The value of �S  at T0 (∼200 K) is obtained to be −0.465 J/mol K
rom the latent heat of −93 J/mol reported for this alloy [27]. Putting
his value and the gradient dT/dP = 16.2 K/GPa into the above equa-
ion, we obtain �V  = −7.5 × 10−9 m3/mol. The molar volume of the
-phase is calculated to be about VI = 7.4 × 10−6 m3/mol from its lat-
ice parameters [28]. Then we obtain �V/VI = −1.0 × 10−3, meaning
hat Ni2MnGa contracts by 0.10% in volume in association with
he I → M transformation. This volume change is the same order as
hat of the P → 2M and the P → 14M transformations in Ni–Mn–Ga
lloys [29], which implies the validity of the present experimental
esult of hydrostatic pressure dependence of martensitic transfor-

ation temperature. Incidentally, in order to evaluate such a small

olume change from the change in lattice parameters, the value of
attice parameters should be given in the precision of five digits
or both the I- and M-phases, but there is no available experimen-
mpounds 509 (2011) 7840– 7843

tal result of lattice parameters evaluated in such a high precision.
Thus, hydrostatic pressure is effective for determining the volume
change associated with martensitic transformation.

Next, we discuss the change in volume thermal expansion coeffi-
cient for the P → X transformation. Since the P → X transformation
is second order like, the hydrostatic pressure dependence of the
transformation temperature will satisfy the Ehrenfest equation,

dT

dP
= T�ˇ

�Cp
(2)

Here �Cp is the difference in specific heat and �ˇ  is the differ-
ence in volume thermal expansion coefficient between the I- and
P-phases. Temperature dependence of specific heat for Ni2MnGa
was  reported by Opel et al. [30], and we can read the value of �Cp

to be about −1.0 J/mol (−1.35 × 104 J/m3). Putting this value and
dT/dP = 13.1 K/GPa in Fig. 3, we  obtain �ˇ  to be −6.9 × 10−7/K. Wu
and Finlayson [18] measured the linear thermal expansion coeffi-
cient of Ni2MnGa, and we can read the value for the P-phase to be
˛P = 1.7 × 10−5/K. Then the volume thermal expansion coefficient
of the P-phase is ˇP = 3�P = 5.1 × 10−5/K. Consequently, the ratio
�ˇ/ˇP is calculated to be −0.013, meaning that the volume expan-
sion coefficient decreases by 1.3% in association with the P → X
transformation.

Finally we  discuss the volume change for the X → I transforma-
tion. By comparing the P–T phase diagram shown in Fig. 3 with
the �–T phase diagram shown in Fig. 1, we notice that there is a
significant difference in the I–X phase boundary. That is, the signif-
icant extension of the X-phase region under uniaxial stress does not
occur under hydrostatic pressure. This difference implies that the
X-phase region is expanded essentially by the shear component of
the uniaxial stress, and the volume change for the I–X transforma-
tion is negligibly small. We  can roughly estimate the volume change
using Eq. (1).  The latent heat for the X → I transformation is smaller
than 7 J/mol according to references [11,21], so the entropy change
is smaller than 30 mJ/mol K. On the other hand, |dT/dP| is nearly zero
from Fig. 2, and does not exceed 5 K/GPa no matter how we take the
gradient in Fig. 2. Then the volume change for the X → I transfor-
mation comes to be smaller than 2 × 10−10 m3/mol, and |�V/V| is
smaller than 3 × 10−5, being two  order in magnitude smaller than
that for the I → M transformation.

5. Conclusions

We  have constructed pressure–temperature phase diagram
of Ni2MnGa. The I → M transformation temperature increases
with increasing hydrostatic pressure (16.2 K/GPa), and the volume
change of the transformation is estimated to be contraction of
0.10%. The P → I transformation temperature also increases with
increasing hydrostatic pressure (13.1 K/GPa), and the change in vol-
ume  thermal expansion coefficient is estimated to be a decrease in
1.3%. On the other hand, influence of hydrostatic pressure on the
X → I transformation is negligibly small, and the volume change for
the X → I transformation is two  order in magnitude smaller than
that for the I → M transformation.
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[5]  J. Marcos, L. Mañosa, A. Planes, F. Casanova, X. Batlle, A. Labarta, Phys. Rev. B 68
(2003) 944011–944016.

[6] V.V. Khovaylo, K.P. Skokov, O. Gutfleisch, H. Miki, R. Kainuma, T. Kanomata,
Appl. Phys. Lett. 97 (2010) 052503.

[7] P.J. Webster, K.R.A. Ziebeck, S.L. Town, M.S. Peak, Philos. Mag. B 49 (1984)
295–310.

[8] A. Zheludev, S.M. Shapiro, P. Wochner, L.E. Tanner, Phys. Rev. B 54 (1996)
15045–15050.

[9] U. Stuhr, P. Vorderwisch, V.V. Kokorin, P.-A. Lindgård, Phys. Rev. B 56 (1997)
14360–14365.

10] V.V. Kokorin, V.A. Chernenko, E. Cesari, J. Pons, C. Segui, J. Phys.: Condens. Matter
8  (1996) 6457–6463.

11] A. Planes, E. Obrandó, E.A. Gonzàlez-Comas, L. Moñosa, Phys. Rev. Lett. 79 (1997)
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