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The martensitic transformation in stoichiometric Ni2MnGa alloys is preceded by a weakly first

order transformation from a high temperature cubic phase to a near-cubic modulated intermediate

phase related to the presence of a soft phonon mode. This transformation has been proposed to

appear as a consequence of the magnetoelastic coupling. Inelastic neutron scattering experiment

performed under external magnetic field shows a temperature shift of the characteristic energy dip

at f � 0.33. Furthermore, an enhancement of the long-wavelength limit (C0) of this branch with the

applied magnetic field has been observed. Both results evidence a strong magnetoelastic interaction

at the intermediate transition. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807737]

Ni-Mn based magnetic shape memory alloys have

received great attention during the last years due to their novel

functional properties such as the large magnetic field induced

strain1,2 and magnetocaloric effect.3 These properties have the

origin on the martensitic transformation (MT) from a cubic

L21-ordered parent phase (P-phase, Fm�3m space group) to a

low-temperature low symmetry martensitic phase. The origin

of this transformation is ascribed to Jahn-Teller distortions

and Fermi-surface nesting at electronic structure level.4 Prior

to the MT, the parent phase commonly undergoes precursor

effects, as the softening of the low-lying transverse TA2-pho-

non branch,5–9 linked to the weak restoring forces that arise in

some specific crystallographic directions as a consequence of

the dynamical instability of the cubic structure.

In some Ni-Mn-Ga alloys close to the Ni2MnGa stoichi-

ometry, the MT is also preceded by a weakly first order

transformation from the P-phase into a near-cubic intermedi-

ate phase (I-phase) with a six-layered lattice modulation.10,11

Several precursor phenomena occur prior to the P-I transfor-

mation during cooling, among them the temperature depend-

ent dip at a wave vector f � 0.33 inside the Brillouin zone

(intracell distortion)5,12,13 and the softening of the long-

wavelength limit of the transverse-acoustic TA2-phonon

branch at f¼ 0 (that is, the softening of the C0 shear

modulus).14–16 On the other hand, an up-turn of both the

phonon frequency of the soft mode and C0 is observed below

the P-I transformation temperature, TI. The intermediate

transformation has been shown both experimentally and the-

oretically to be a result of the electron-phonon coupling and

Fermi surface nesting enforced by a strong magneto-elastic

interaction.17–24 The key role of magnetism in this transfor-

mation, and in particular the requirement of a well-

developed ferromagnetic order for the transition to take

place, accounts for the fact that the intermediate transition

has just been observed on Ni-Mn-Ga alloys whose MT

occurs far below the Curie temperature, as well as for the

lack of intermediate phase in the metamagnetic Ni-Mn-X

(X¼ In, Sn, Sb). In keeping with this, the first order charac-

ter of the P-I transformation has been explained by a Landau

model, where the magnetization and the anomalous phonon

amplitude are coupled.22

Experimental studies on the influence of magnetic field

on the intermediate transition evoked some controversy.

First magnetization studies suggested that the transition is

suppressed at high values of the applied magnetic field,25

while resistivity measurements did not reveal any influence

of the magnetic field.26 Furthermore, most of the works

reported that low magnetic fields shift the transition to lower

temperatures27–31 but for large applied magnetic fields a pos-

itive shift of the temperature has been detected.31 However,

the influence of the magnetic field on the dynamics of the

soft phonon mode, which would indeed provide a direct evi-

dence of the magnetoelastic coupling, has still not been stud-

ied. In this respect, we report an inelastic neutron scattering

study of the magnetic field influence on the behavior of the

TA2-phonon branch in Ni2MnGa.

A stoichiometric Ni2MnGa single crystalline alloy

was prepared by the Bridgman method. The Curie tempera-

ture, TC¼ 380 K, martensitic transformation temperature,

TM¼ 175 K, and intermediate transformation temperature, TI

� 240 K, were determined. A rectangular parallelepiped of

6.7� 4.8� 11.5 mm3 with faces parallel to (110), ð1�10Þ, and

(001) planes was prepared for the neutron experiment. The

TA2-phonon branch was measured in the 180 K–260 K tem-

perature range, and without applied magnetic field and under

a magnetic field of 60 KOe applied in the (001) direction.

Neutron scattering experiments were carried out on the cold
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neutron triple axis spectrometer IN12 at the Institute

Laue-Langevin. The optimal conditions for accessing the

TA2-phonon with a good energy resolution were found to be

those employing the PG (002) monochromator and PG (002)

analyzer, using horizontal collimations of 30 in. and a con-

stant final wave vector kf¼ 1.97 Å�1. A PG filter was placed

between the sample and the analyser. For the optical branch

for a value of n¼ 0.3 and higher, a smaller wave vector was

used in order to avoid the presence of spurions on the inelas-

tic spectra. For such measurements, a constant final wave

vector of kf¼ 1.85 Å�1 was used.

Fig. 1 shows the TA2-phonon branch along the [110]

direction with polarization in the ½1�10� direction at

T¼ 240 K (close to TI). Due to the limitation in energy trans-

fer, it is not possible to reach the limit of the Brillouin zone

but the main feature of this soft phonon branch, the dip at

f� 0.33, appears clearly defined. This wiggle in the TA2-

phonon branch, which also appears at temperatures above

the Curie point,5 becomes more pronounced as the tempera-

ture decreases, being the degree of softening enhanced by

the magnetic order. The higher degree of softening is

observed at TI, the temperature of the intermediate transition

in which the freezing of instabilities develops in a new

phase.5,12 To determine the effect of an external magnetic

field on the vibrational response of the alloy, the behavior of

the softening of the TA2 phonon branch under a 60 KOe

external magnetic field perpendicular to the scattering plane

has been analyzed. Measurements under H¼ 0 Oe and

H¼ 60 KOe for f values around the deep in the temperature

range between 210 K and 260 K are shown in Figure 2.

Focusing on the zero field results, the minimum value of the

energy E� 0.8 meV is observed at 240 K, close to intermedi-

ate transformation temperature, TI� 240 K. On the other

hand, the minimum value of energy under magnetic field

(E� 0.85 meV) was detected at 250 K. For temperatures

between 210 K and 240 K, the magnetic field stiffens the soft

mode, changing the effect at higher temperatures. A clear

influence of the magnetic field on the position of the phonon

minimum, f� 0.33, cannot be inferred from experimental

results, although previous calculations proposed that the pho-

non softening wave vector could be changed by the applica-

tion of an external magnetic field.18

In accordance with the soft mode theory, the square of

the energy at the dip, (�hx)2, would decrease linearly with the

decreasing temperature till the lattice becomes dynamically

unstable and a second order transition took place at To,

where �hx2¼ 0. In the case of Ni2MnGa, in turn, the magne-

toelastic coupling enables the existence of the intermediate

phase transition at TI > To before the phonon softening is

completed.22 A characteristic of the intermediate phase is the

stiffening of the TA2 phonon branch with decreasing temper-

ature, showing (�hx)2 a minimum at TI.
5,12 The TA2 phonon

squared energy E2 versus temperature (under H¼ 0 and

H¼ 60 KOe) for the closest values to the minimum

(f¼ 0.325 and f¼ 0.350) are shown in Figure 3. Despite

both curves show similar dependence on temperature, a clear

shift of the temperature of the minimum, DT� 4 K, is

observed as a consequence of the application of the magnetic

field. It demonstrates that, due to the spin-phonon
FIG. 1. TA2 phonon branch at T¼ 240 K showing the minimum value of the

energy at the dip, f� 0.33.

FIG. 2. TA2 phonon branch for f values around the dip for H¼ 0 and

60 KOe: (a) at 210 K and 220 K; (b) at 230 K and 240 K; (c) at 250 K and

260 K. Lines are guidelines for the eyes.
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interaction, the external magnetic field stabilizes the interme-

diate phase against the cubic structure. The variation of the

position of the E2 minimum is in good agreement with the

dependence of the temperature of the intermediate transition

under high magnetic fields determined by DC resistance

measurements, dTI/dH¼ 0.06 K/kOe.31 The observed shift is

also in agreement with recent ab initio calculations carried

out by constraining the magnetic moment to a predefined

value (as a way to account for magnetic field effects), which

show that the instability at f� 0.33 increases with increasing

magnetization destabilizing the cubic L21 parent phase.32

In this sense, the stabilization of the intermediate phase

by magnetism has been recently shown to be also promoted

by variations in the magnetic exchange coupling linked to

long-range atomic order variations. The atomic order of the

L21 cubic phase influences the magnetic exchange coupling

as the magnetic interactions depend on the Mn-Mn distance.

The dependence of magnetic and structural transition tem-

peratures on the next-nearest-neighbors atomic degree of

order g has been quantified for Ni-Mn-Ga alloys33 and

explained in terms of the effect of the magnetic exchange

coupling variations on the free energy difference between

the transforming phases.34 In particular, it has been demon-

strated that the increase of L21 order parameter shifts TI to

higher temperatures due to the increase of magnetic

moment.35 It is therefore interesting to note that, through the

magnetic coupling enhancement, an external magnetic field

acts in the same way as atomic order variations.

Another feature of the magnetoelastic coupling is the

change in the elastic constants under applied magnetic field.

In our case, the C0 elastic constant can be determined from the

initial slope of the TA2-phonon branch. To make estimation,

the lowest measured point f� 0.1 has been taken, being the

error in the slope determined by the error in the value. Figure

4 shows the temperature dependence of C0 with and without

applied magnetic field. In both cases, C0 increases on cooling

below TI, in agreement with previous studies on the elastic

response of the intermediate phase.13 The elastic constant

increases with the magnetic field in the whole temperature

range between TI and TM, i.e., the temperature range of the ex-

istence of the intermediate phase. In addition, the position of

the minimum, which is close to TI in the zero field case, is

shifted in agreement to the previously observed shift of TI (H).
The inset in Figure 4 shows the relative change in the elastic

constant DC0=C0 ¼ ðC0ðHÞ � C0ð0ÞÞ=C0ð0Þ as a function of

temperature. The maximum value DC0=C0 � 0:14 takes place

at TI, decreasing to zero when the temperature moves away

from TI. This large relative change, which is one order of

magnitude higher than the change observed at temperatures

far above TI ðDC0=C0 � 0:015Þ,36 evidences the strong mag-

netoelastic interaction present at the intermediate transition.

In summary, the influence of the magnetic field on the

TA2-phonon branch in the temperature range where the in-

termediate transition takes places has been measured in a

Ni2MnGa alloy. The observed behavior, the shift of the char-

acteristic deep at f� 0.33 and the enhancement of the long-

wavelength limit (C0) of this low laying branch with the

applied magnetic field evidences the strong magnetoelastic

interaction at the intermediate transition and reflects the out-

standing role of the magnetism at this transition.
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FIG. 3. Square of the energy (�h x)2 versus temperature for the [ff0] TA2

branch at: (a) f¼ 0.325 and (b) f¼ 0.325 without applied magnetic field and

under a magnetic field of 60 KOe. The temperature of the minimum

increases 4 K due to the application of the magnetic field. Lines are guide-

lines for the eyes.

FIG. 4. Elastic constant C0 versus temperature without applied magnetic

field and under a magnetic field of 60 KOe. The inset shows the normalized

increased of C0, DC0=C0 ¼
�

C0ðHÞ � C0ð0Þ
�
=C0ð0Þ.
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24M. A. Uijttewaal, T. Hickel, J. Neugebauer, M. E. Gruner, and P. Entel,

Phys. Rev. Lett. 102, 035702 (2009).
25F. Zuo, X. Su, and K. H. Wu, Phys. Rev. B 58, 11127 (1998).
26J. Kim, F. Inaba, T. Fukuda, and T. Kakeshita, Acta Mater. 54, 493

(2006).
27E. Obrad�o, A. Gonz�alez-Comas, L. Ma~nosa, and A. Planes, J. Appl. Phys.

83, 7300 (1998).
28W. H. Wang, J. L. Chen, S. X. Gao, G. H. Wu, Z. Wang, Y. F. Zheng, L.

C. Zhao, and W. S. Zhan, J. Phys.: Condens. Matter 13, 2607 (2001).
29Y. T. Cui, J. L. Chen, G. D. Liu, G. H. Wu, and W. L. Wang, J. Phys.:

Condens. Matter 16, 3061 (2004).
30B. Ludwig, C. Strothkaemper, U. Klemradt, X. Moya, Ll. Ma~nosa, E.

Vives, and A. Planes, Phys. Rev. B 80, 144102 (2009).
31J. M. Barandiaran, V. A. Chernenko, P. Lazpita, J. Guti�errez, I. Orue, J.

Feuchtwanger, and S. Besseghini, Appl. Phys. Lett. 94, 051909 (2009).
32M. E. Gruner, W. A. Adeagbo, A. T. Zayak, A. Hucht, S. Buschmann, and

P. Entel, Eur. Phys. J. Spec. Top. 158, 193 (2008).
33V. S�anchez-Alarcos, J. I. P�erez-Landaz�abal, V. Recarte, J. A. Rodr�ıguez-

Velamaz�an, and V. A. Chernenko, J. Phys.: Condens. Matter 22, 166001

(2010).
34V. S�anchez-Alarcos, V. Recarte, J. I. P�erez-Landaz�abal, C. G�omez-Polo,

and J. A. Rodr�ıguez-Velamaz�an, Acta Mater. 60, 459 (2012).
35V. S�anchez-Alarcos, J. I. P�erez-Landaz�abal, and V. Recarte, Mater. Sci.

Forum 684, 85 (2011).
36A. Gonz�alez-Comas, E. Obrad�o, L. Ma~nosa, A. Planes, V. A. Chernenko,

B. J. Hattink, and A. Labarta, Phys. Rev. B 60, 7085 (1999).

201906-4 Recarte et al. Appl. Phys. Lett. 102, 201906 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.242 On: Tue, 11 Mar 2014 08:52:24

http://dx.doi.org/10.1063/1.117637
http://dx.doi.org/10.1038/nature04493
http://dx.doi.org/10.1088/0953-8984/21/23/233201
http://dx.doi.org/10.1088/0953-8984/11/24/312
http://dx.doi.org/10.1103/PhysRevB.51.11310
http://dx.doi.org/10.1103/PhysRevB.73.064303
http://dx.doi.org/10.1103/PhysRevB.78.104110
http://dx.doi.org/10.1103/PhysRevB.79.214118
http://dx.doi.org/10.1103/PhysRevB.79.214118
http://dx.doi.org/10.1103/PhysRevB.80.144301
http://dx.doi.org/10.1088/0953-8984/8/35/014
http://dx.doi.org/10.1016/S1359-6454(01)00320-2
http://dx.doi.org/10.1103/PhysRevB.54.15045
http://dx.doi.org/10.1103/PhysRevB.56.14360
http://dx.doi.org/10.1103/PhysRevB.55.11068
http://dx.doi.org/10.1103/PhysRevB.57.2735
http://dx.doi.org/10.1103/PhysRevB.76.092101
http://dx.doi.org/10.1134/1.1130837
http://dx.doi.org/10.1103/PhysRevB.66.054424
http://dx.doi.org/10.1103/PhysRevB.68.134104
http://dx.doi.org/10.1103/PhysRevLett.100.165703
http://dx.doi.org/10.1103/PhysRevB.85.085123
http://dx.doi.org/10.1103/PhysRevLett.79.3926
http://dx.doi.org/10.1103/PhysRevLett.79.3926
http://dx.doi.org/10.1103/PhysRevB.60.7071
http://dx.doi.org/10.1103/PhysRevLett.102.035702
http://dx.doi.org/10.1103/PhysRevB.58.11127
http://dx.doi.org/10.1016/j.actamat.2005.09.019
http://dx.doi.org/10.1063/1.367620
http://dx.doi.org/10.1088/0953-8984/13/11/316
http://dx.doi.org/10.1088/0953-8984/16/18/007
http://dx.doi.org/10.1088/0953-8984/16/18/007
http://dx.doi.org/10.1103/PhysRevB.80.144102
http://dx.doi.org/10.1063/1.3079677
http://dx.doi.org/10.1140/epjst/e2008-00675-1
http://dx.doi.org/10.1088/0953-8984/22/16/166001
http://dx.doi.org/10.1016/j.actamat.2011.10.026
http://dx.doi.org/10.4028/www.scientific.net/MSF.684.85
http://dx.doi.org/10.4028/www.scientific.net/MSF.684.85
http://dx.doi.org/10.1103/PhysRevB.60.7085

