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Structural, thermal, and magnetic properties of Ni 2MnGa
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The two main effects underlying the magnetic shape memory effect in Ni2MnGa are martensitic
transformations and magnetic anisotropy energies. Both issues are addressed here with
first-principles calculations. First, we examine how the tetragonality in the martensitic phase varies
with the composition. Then, the actual transformation is investigated by comparing the free energies
of different phases. The transition from the cubic structure to the tetragonal structure withc/a
51.27 is driven by the vibrational free energy and occurs at a temperature of 200 K which is in the
experimental range. Finally, we focus on the magnetic anisotropy energy for the tetragonal structure
with c/a50.94. It is shown to be a magnetically nearly ideal uniaxial system determined by the
first-order anisotropy constant. However, it is estimated that the twinned microstructure can cause
higher-order anisotropies to show up in the measured anisotropy. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1453933#
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Magnetic shape memory~MSM!1 alloys are attaining in-
terest as possible smart materials which can function bot
actuators and as sensors. The MSM effect is due to a m
netic field induced redistribution of twin variants in a ma
tensitic phase.2 The MSM effect offers faster response com
pared to conventional temperature driven shape mem
alloys. In addition, the obtained strains are much larger t
in ordinary magnetostrictive materials. Ni–Mn–Ga allo
close to the stoichiometric composition Ni2MnGa have
shown large deformations up to 6% under magnetic fie3

The two main ingredients in this phenomenon are the m
tensitic transformation and the magnetic anisotropy energ
the martensitic phase which are studied here with fi
principles calculations.

In the high temperature phase Ni–Mn–Ga alloys ha
the cubic L21 structure as shown by x ray and neutron d
fraction measurements.4,5 In the low temperature range, dif
ferent martensitic phases appear depending on the com
tion and temperature.6 The symmetry of martensitic
structures is lower than the cubic one, and these phases
have a twinned microstructure. At the moment the MS
effect is realized in the phase with a tetragonal struct
where the ratio of lattice constantsc/a;0.94. There is also
interest to study another phase wherec/a;1.2 because the
maximum available strain is determined by thec/a ratio.
The actualc/a ratios vary with the composition, as well a
the transformation temperatures which range from 200 K
over 600 K.6 We study here this variation ofc/a and relate it
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with the electronic structure. Also, we investigate the m
tensitic transformations in the stoichiometric compositi
and aim to determine the ideal transformation temperatu

Both the cubic and tetragonal phases are ferromagn
with the magnetic moment confined mainly in the Mn sit
as shown by neutron diffraction experiments5 and theoretical
calculations.7 While the magnetization curve
measurements8–10 have suggested that the anisotropy
these tetragonal structures is uniaxial, the angular dep
dence of the anisotropy has not yet been studied. Here
examine this angular dependence in the casec/a50.94.

The calculations are based on the density-functio
theory employing the full-potential linearized augment
plane wave~FLAPW! method11 as implemented inWIEN97.12

The computational details are explained in Ref. 13. The v
ume of the unit cell is fixed to the theoretical volume of t
cubic structure7 in the following.

As a first step we investigate the structural properties
the ground state at zero temperature. For the stoichiome
Ni2MnGa alloy, three energy minima can be found with d
ferent tetragonal distortions which correspond to the cub
c/a50.94, andc/a51.27 structures. However, as most e
periments are done with nonstoichiometric samples, the
fects of composition have been modeled within the rig
band approximation. It is found that the energy differenc
between the structures vary with band filling. Also thec/a
value corresponding to the energy minimum depends on
ichiometry. Although the variation is small forc/a,1, the
differences are clearly visible forc/a.1 as seen in Fig. 1. In
the latter case the optimumc/a ratio increases first with the
8 © 2002 American Institute of Physics
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band filling and, after reaching a maximum, it starts to d
crease. This behavior can be understood by taking into
count the electronic structure. The tetragonal minima are
bilized when electronic bands around the Fermi level split7 in
a similar way to a Jahn–Teller like distortion. As the ba
filling changes the position of the Fermi level, the optimiz
c/a ratio changes also.

Next, the martensitic transformation is studied by calc
lating the free energy as a function of the temperature for
cubic structure and for the tetragonal structuresc/a50.94
andc/a51.27. The free energy is divided into an electron
and a vibrational part. The electronic free energy can be
tained from a standard total energy calculation as

Fele~T!5E~T!2TS, ~1!

whereE(T) is the total energy where the electronic states
weighted with the Fermi–Dirac distribution at temperatureT.
S is the electronic entropy given by14

S52kB(
i

@ f i ln~ f i !1~12 f i !ln~12 f i !#, ~2!

where f i are the occupation numbers of the electronic sta
and the summation runs over occupied states and the
louin zone. The vibrational free energy is determined fro
the Debye model, whose parameters are obtained from fi
principles calculations and experiments. Within this mod
the vibrational free energy is given by15

Fvib52kbTS D~uD /T!13 ln~12e2uD /T!2
9uD

8T D , ~3!

whereD(x) is the Debye function anduD is the Debye tem-
perature. The Debye temperature is calculated accordin
Ref. 16 using the cubic elastic constantsC8 andC44, and the
bulk modulusB. Only the tetragonal shear deformation
considered here. AsB andC44 are large compared toC8,17,18

B andC44 are assumed to be the same in all three phases
only C8 has different values. The elastic constants are
tained from earlier calculations.7,19 Summing up, the result
ing free energies as a function of temperature are show
Fig. 2. It is seen that the transition from thec/a51.27 struc-
ture to the cubic one appears below 200 K which is in

FIG. 1. Optimal tetragonality ratioc/a as a function of band fillingnv for
the c/a.1 martensite.
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same range as the experimental transition temperatu
Here, the temperature dependence of the free energy co
mainly from the vibrational part so that the Debye mod
works surprisingly well. On the other hand, the free ene
of the c/a50.94 structure is not the lowest one at any te
perature, so that the transition to this phase does not hap
It can be noted that a certain set of parameters in the ab
Debye model can produce the transition to thec/a50.94
structure, so that the problem can be in the theoretical de
mination of these parameters. Also, besides the approxi
tions made above, there are several other options which
affect these results. For example, magnetic or further st
tural degrees of freedom may play a role here.

Finally, we study the magnetic anisotropy for thec/a
50.94 structure. In a magnetically uniaxial material, symm
try arguments force this energy to have the form

E5K1 sin2~u!1K2 sin4~u!1..., ~4!

whereK1 and K2 are the anisotropy constants andu is the
angle between the magnetization and thez axis. In most
cases theK1 constant is the dominant one. A system whe
the K2 term and higher order terms are zero can be con
ered as an ideal uniaxial system. In order to clarify t
uniaxiality of the martensitic phase, we have calculated
total energy as a function of the magnetization direction. T

FIG. 2. Free energy as a function of the temperature. Solid line: cu
dashed line:c/a51.27; dotted line:c/a50.94.

FIG. 3. Total energy as a function of the magnetization direction. Solid
is a fit to Eq.~4!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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magnetization is varied in the (110̄) plane, and the resulting
total energy is shown in Fig. 3. This curve shows a sin2(u)
behavior where the period ofp is clearly seen. A fit of the
calculated energies to Eq.~4! gives K15170meV and K2

520.3meV, so that the magnetic anisotropy is determin
mainly by the constantK1 .

On the other hand, the presence of the twinned mic
structure in the martensitic phase can sometimes compli
the analysis of anisotropy measurements because se
twins are often present. Therefore, we give an estimate fo
equal amount of two twins by averaging over both twins.
the easy axes of the two twins differ by around 90°, t
corresponding average energy is

Eave5K1 sin2~u!1K2 sin4~u!1K1 sin2~u1p/2!

1K2 sin4~u1p/2!5K11K2@122 sin2~u!

12 sin4~u!#. ~5!

It is seen that the angular dependence is completely du
the K2 term. The uniaxial and fourfold anisotropies occ
with the same strength but opposite signs and the period
is p/2 instead ofp. As the order of magnitude ofK2 is equal
to the magnetic anisotropy in the cubic structure, exp
ments can also show similar anisotropy constants in
twinned martensite and austenite. Although the real exp
ment would of course be more complicated than the ab
average, it is clear that measurements which involve sev
twins may produce a large contribution of theK2 constant.
Further experiments should be done in order to clarify t
issue.

In conclusion, we have presented results based on fi
principle calculations about the structural, thermal, and m
netic properties of Ni2MnGa. The variation of the tetrago
nality c/a in the martensitic phase with the composition
shown to arise from the electronic structure via a Jah
Teller-like effect. The transformation from the cubic to th
c/a51.27 structure is found to be driven by the vibration
free energy. The theoretical transition temperature for
stoichiometric case is in good agreement with experime
Finally, we clarified the uniaxiality of the magnetic aniso
ropy for thec/a50.94 structure, and showed how a twinn
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microstructure can give rise to the contribution of high
order anisotropy constants.
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