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a  b  s  t  r  a  c  t

In  this  study,  we  present  the  results  of  first principles  calculations  of  elastic  constants  and  phonon
properties  of  nickel–manganese  based  magnetic  shape  memory  compounds  Ni2MnSn  and  Ni2MnSb
in  stoichiometric  composition.  The  plane  wave  basis  sets  and  pseudopotential  method  within  spin-
polarized  generalized  gradient  approximation  (�-GGA)  scheme  of  the  density  functional  theory  is  applied.
In investigation  of  the  phonon  dispersion  spectra,  linear  response  technique  of the  Density  Functional
eywords:
agnetically ordered materials

lasticity
honons
omputer simulations

Perturbation  Theory  is  used.  Phonon  softening  is  observed  in  dispersion  spectra  at  the  transverse  acous-
tic  mode  (TA2) in [�  �  0] direction  as  an  indication  of  the  structural  instability  of  these  systems  to  shear
deformation.  The  vibrational  instability  of Ni2MnSb  system  is  larger than  that  of  Ni2MnSn  yielding neg-
ative  phonon  frequencies.  This  vibrational  anomaly  is also verified  by  the  low  shear  modulus  and  large
elastic  anisotropy  ratio.  The  minority  spin  Fermi  surfaces  of  both  systems  exhibit  strong  nesting  features.
. Introduction

Ferromagnetic shape memory (FMSM) systems exhibit extraor-
inary magneto-elastic properties and are possible candidates for
pplications in high technology devices. FMSMs are character-
zed by strong magneto-elastic coupling which results in structural
hase transitions between different martensitic variants driven by
xternal magnetic field instead of mechanical stress. As a prerequi-
ite, the martensitic transformation temperature should be lower
han the Curie temperature of the ferromagnetic phase under study.
ome materials display striking structural responses to applied
agnetic fields, undergoing either magnetic twin reorientation or

eld-induced phase transformations that lead to a macroscopic
hape memory effect [1].  The certain full- and half-Heusler alloys,
he ternary intermetallic compounds with general formula X2YZ
nd XYZ, respectively, are good examples for these kinds of mate-
ials. In previous theoretical and experimental studies [2,3], it is
eported that the Ni2MnGa shape memory system shows strains
p to 9.5% under a magnetic field less than 1 T.

The underlying physics behind martensitic phase transforma-
ions can be explained by softening of some phonon modes and
elated elastic stiffness coefficients. The most interesting phe-
omena observed in Ni–Mn based MSM  systems is a vibrational

nomaly in phonon dispersion curve, especially in low energy
ransverse acoustic mode (TA2) of [� � 0] direction [4–6]. This
ehavior has been approved by both inelastic neutron scattering
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experiments and first-principles calculations. The degree of soften-
ing in acoustic TA2 mode depends on the temperature of the system
according to Fermi surface nesting. A complete softening with neg-
ative frequencies in TA2 branch of [� � 0] direction of Ni2MnAl
structure has been reported in previous theoretical studies [7,8].
The neutron scattering experiments on this system verify the soft-
ening in TA2 mode between the wave vector � = 0.25 and � = 0.4, but
the phonon frequencies remain finite at any wave vector even at the
lowest temperatures [9].  The martensitic transformations occur in
Ni–Mn–Al systems only at compositions near the ideal stoichiom-
etry [10]. In another experimental study on Ni2MnIn system [11],
it is also emphasized that to avoid disorders (e.g., B2 structure) is
important for optimum magnetic properties.

It has been observed experimentally that NiMnX (X = In, Sn, Sb)
Heusler compounds display transformations between austenitic
ferromagnetic structure and martensite phase [12]. The related
properties make these systems possible candidates for FMSM appli-
cations. In this study, we  investigate the elastic and lattice dynamics
properties of Ni2MnSn and Ni2MnSb full-Heusler compounds using
density functional theory (DFT) with GGA functionals and ultra-
soft pseudopotentials. The vibrational properties are investigated
in the framework of density functional perturbation theory (DFPT).
DFPT gives an accuracy for acoustic properties at the level that is
obtained previously for electronic structure. Although Ni–Mn–Ga
and Ni–Mn–Al systems have been studied extensively in several
works, there is a lack of first principles study on Ni2MnX  (X = Sn, Sb)

shape memory systems in literature. To the best of our knowledge,
this is the unique first principles linear response study investi-
gating the vibrational properties of the related systems. The rest
of the paper is organized as follows: the details of calculations

dx.doi.org/10.1016/j.jallcom.2011.08.092
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Calculated, experimental, and other theoretical values of lattice constant, magnetic
moment, elastic stiffness constants, and elastic anisotropy ratio of stoichiometric
Ni2MnSn and Ni2MnSb.

Present Experimental Theoretical

Ni2MnSn
a  (Å) 6.068 6.05a,6.05g 6.022c,5.92d,6.06e

� (�B) 4.20 4.05a, 4.10b, 4.18g 4.09c, 3.86d, 4.08e,3.97f

B (GPa) 138.4 168.5d,140e

B′ 4.89 2.9d

Cs(GPa) 14.8 8e

C11 (GPa) 158.1 151e

C12 (GPa) 128.5 135e

C44 (GPa) 81.3 87e

A = C44/Cs 5.49 11e

Ni2MnSb
a  (Å) 6.051 6.00h 6.0d

� (�B) 4.12 3.87d

B (GPa) 139.7 168.3d

B′ 5.30 6.0d

Cs(GPa) 3.0
C11 (GPa) 143.7
C12 (GPa) 137.7
C44 (GPa) 74.9
A = C44/Cs 24.97

a Ref. [33].
b Ref. [34].
c Ref. [35].
d Ref. [36].
e Ref. [27].
f

of Ni2MnSb. The elastic anisotropy ratio A = C44/Cs is an impor-
tant quantity and measures the stability of the system to shear
deformation. The large anisotropy values indicate unstable crystal
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erformed are presented in Section 2. We  present the results of the
rst-principles calculations of elastic constants, phonon dispersion
pectra, and Fermi surfaces in successive subsections of Section 3.
inally, a conclusion is presented in Section 4.

. Computational method

The stoichiometric full-Heusler alloys are ternary intermetallics with a generic
ormula X2YZ for the L21 phase (Fm3m space group, �225). X atom is a transition

etal which stands on (0 0 0) and (1/2 1/2 1/2) Wyckoff crystallographic positions,
hile Y and Z are a magnetic transition metal and a III–V group element occupying

he  positions (1/4 1/4 1/4) and (3/4 3/4 3/4), respectively. The importance of these
aterials results from the ferromagnetic behavior, even though none of the atoms in

he composition is ferromagnetic. All the calculations presented in this study have
een performed using the PWscf code, distributed with the Quantum ESPRESSO
ackage [13,14].

Generalized gradient approximation of the density functional theory is used
o  approximate exchange-correlation potential with Perdew–Burke–Ernzerhof
arametrization [15]. The ultrasoft pseudopotentials are used in all the calculations

n  this study. In generation of the pseudopotentials, a scalar relativistic calcula-
ion  scheme is followed including non-linear core correction. The valence states
f  the atoms considered are as follows; Ni: 3d8 4s2, Mn:  3p6 4s2 3d5, Sn: 4d10 5s2

p2, Sb: 4d10 5s2 5p3. Brillouin zone integration is performed with automatically
enerated 14 × 14 × 14 k-point mesh, following the convention of Monkhorst and
ack [16], yielding 208 k-points centered at �-point. Wave-functions are expanded
n  plane wave basis sets up to a kinetic energy cut-off value of 50 Ry. This pro-
uces approximately 2220 plane waves. The convergence criteria for total energy

s  1×10−10 Ry in self-consistent calculations. Methfessel-Paxton type smearing is
pplied on fermionic occupation function with � = 0.02 Ry smearing parameter [17].

The elastic stiffness coefficients of the cubic crystals under study, C11, C12, and
44 are calculated using volume conserving (isochoric) strains. The use of isochoric
trains enables us to eliminate first order terms in energy due to the initial hydro-
tatic pressure. The shear constant Cs is calculated via tetragonal distortion, while a
onoclinic distortion is used to calculate C44. The strain energies can be given as

(ı)  = E(0) + 6CsVı2 + O(ı3), (1)

(ı)  = E(0) + 2C44Vı2 + O(ı4) (2)

or tetragonal (1) and monoclinic (2) distortions, respectively. E(0) is the unstrained
round state energy of the system and V is its volume. C44 and Cs are obtained from
he  quadratic coefficients of Eqs. (1) and (2).  Other elastic constants (C11 and C12) are
alculated using Cs and B. The details of the calculation procedure and strain tensors
sed have been explained in detail in Refs. [18,19].

The phonon dispersion spectra are constructed by using DFPT in the linear
esponse approach [20–22], in which second order derivatives of the total energy
re  calculated to obtain dynamical matrix. DFPT allows us to examine vibrational
roperties of materials at a high accuracy level. Energy threshold value for conver-
ence is 1×10−16 Ry in phonon calculations. The dynamical matrices are produced
n  a k-point grid of 4 × 4 × 4 in irreducible wedge of the Brillouin zone. Then the full
honon dispersion spectra can be calculated from interatomic force constants by
ourier transform of dynamical matrices.

. Results and discussion

.1. Elasticity

The properties of the equilibrium structures of the compounds
nder study are investigated in view of the Vinet equation of
tates [23], which is found to be most accurate among the various
quation of states formulations in a previous study [24]. The calcu-
ated total energies at 30 different volumes are fitted to equation
f states in order to estimate equilibrium lattice constants, bulk
odulus, and its first pressure derivative. The equation of states

ormulation connects the total energy of the system to its volume
t a fixed temperature. The obtained asymptotic standard errors
n fitting process are less than 0.1% which is an indication of the
recision of the calculation. All the calculated quantities are given

n Table 1 together with available experimental results and other
heoretical studies. The experimental values of equilibrium lattice
onstants are available for Ni2MnSn and Ni2MnSb systems. The cal-

ulated values of the present study are in excellent agreement with
he recent experimental results of Ref. [25]. In that sense, GGA func-
ionals can be regarded as successful in simulation of these types
f metallic structures.
Ref. [37].
g Ref. [25].
h Ref. [38].

In Fig. 1, we display the calculated relative energies as a function
of magnitude of the strain for monoclinic and tetragonal distortions
for both Ni2MnSn and Ni2MnSb systems. ı = 0 corresponds to the
original L21 Heusler structure. The systems are fully relaxed after
each distortion in order to reduce the forces on the atom to less
than 1×10−5 Ry/a.u. The ionic minimization process is performed
by Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm [26]. The
calculated values of strain energy coincide with the fitting curves
of Eqs. (1) and (2).  The calculated elastic constants of Ni2MnSn are
consistent with the FLAPW-GGA calculations of Ref. [27]. In liter-
ature, we  are not aware of any experimental study investigating
the elastic constants of the systems under consideration. Moreover,
there is no theoretical calculation available for the elastic properties
-0.06 -0.04 -0.02  0  0.02  0.04  0.06
δ

Fig. 1. Total energy as a function of strain magnitude together with fitting curves
for  tetragonal and monoclinic distortions.
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ig. 2. The calculated, within linear response approach, phonon dispersion spectra 

n  units of (2�/a). The total phonon densities of states are included at the right of p

tructures under stress across (1 1 0) plane. It is remarkable that
he shear moduli (Cs) are very low for both systems. The calculated

 values are 5.49 and 24.97 for Ni2MnSn and Ni2MnSb systems,
espectively. These values are indications of structural instability
f Ni2MnSn and Ni2MnSb single crystals. This situation is also a
ommon property of the cubic crystals which exhibit martensitic
hase transformations [28].

.2. Lattice vibrations

The full phonon dispersion spectra are calculated within linear
esponse approach of the density functional perturbation theory.
he dynamical matrices are calculated at 8 q-vectors in irre-
ucible Brillouin zone. Once interatomic force constants in real
pace are available, the dynamical matrix can be reconstructed at

ny desired value of q-vector [29]. In Fig. 2, we  display the cal-
ulated phonon dispersion curves together with total vibrational
ensity of states. To our knowledge, the phonon dispersions of
he related compounds have not been reported previously. The
i2MnSn and (b) Ni2MnSb systems. The horizontal scales of phonon dispersions are
 dispersions.

transverse acoustical and optical branches in [1 0 0] direction are
doubly degenerate due to the symmetry of cubic crystal, while
the dispersion along [1 1 0] (�–K) direction is composed of non-
degenerate 3 acoustical and 9 optical branches. The optical mode
frequencies at �-point are 6.2, 5.5, and 3.9 THz for Ni2MnSn and 5.8,
5.2, and 3.6 THz for Ni2MnSb systems. These values are very close
to each other for both systems studied. The vibrational frequencies
of Ni2MnSb are 0.3–0.4 THz lower than that of Ni2MnSn according
to the higher atomic mass of antimony compared to tin atom.

The most interesting phenomena observed in phonon disper-
sion curves is softening of acoustic TA2 branches along [� � 0]
directions for both systems. The softening occurs at � ≈ 0.35 and
� ≈ 0.40 wave vectors for Ni2MnSn and Ni2MnSb, respectively. The
softening of Ni2MnSn system is relatively weak, so that the phonon
frequencies remain finite at any wavevector along [� � 0]. On the

other hand, a remarkable vibrational instability is observed in TA2
mode of Ni2MnSb which consists of negative vibration frequencies
between � = 0.55 and � = 0.85. These behaviors are also supported
by the low shear moduli (Cs) and large elastic anisotropy ratio (A) of
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he  electronic states. Red arrows are nesting vectors connecting adjacent electroni
eader  is referred to the web version of the article.)

hese systems as mentioned in Table 1. The large elastic anisotropy
atio of Ni2MnSb (A = 24.97) results in negative vibrational modes
n phonon spectra, since the elastic stiffness coefficients C44 and Cs

re related to TA1 and TA2 branches along [� � 0] direction, respec-
ively. These results indicate that the cubic L21 phase of Ni2MnSn
nd Ni2MnSb systems is unstable at low temperatures, since L21
tructure is the high-temperature austenitic phase of these type of
agnetic shape memory systems.
In a recent experimental study [30], the elastic properties and

attice dynamics of Ni2MnIn shape memory system have been
nvestigated by neutron scattering and ultrasonic techniques. A
imilar lattice instability in TA2 branch of [� � 0] direction has been
eported together with low shear modulus. It has also been empha-
ized that the softening deepens with decreasing temperature.
he previous theoretical calculations on Ni2MnX  (X = Ga, Al, In,
e) [4],  Ni2MnAl [8],  Ni2MnGa [31], and Ni2MnIn [32] FMSM sys-

ems report softening at the same acoustic mode TA2. In view of
hese studies and the results obtained, the observed anomaly can be
scribed to Kohn anomaly [31] and coupling of TA2 mode to optical
odes of Ni atoms [7].
The frequencies of lowest energy optical modes at �-point are

.9 THz and 3.6 THz for Ni2MnSn and Ni2MnSb systems, respec-
ively. These low energy modes have T2g symmetry with Raman
ctive nature, while the symmetry of other modes at � is T1u with
nfrared-active vibrations. Two important point should be empha-
ized about the modes with T2g symmetry at �. First of all, the
nergy of these vibrations is relatively low compared to the stable
tructures. Secondly, these are pure nickel vibrations standing on
wo different atomic positions without involving the vibrations of
ther atoms in composition. Consequently, the coupling of opti-
al phonons with T2g symmetry to the acoustical TA2 vibrations
ontributes to the observed vibrational anomaly. In a previous the-
retical study [4],  it is suggested that the martensitic instability in
i-based magnetic shape memory systems increases with increas-

ng electron concentration. The e/a ratio is 7.745 and 7.930 for
i2MnSn and Ni2MnSb, respectively. So that, the related argument
f Ref. [4] is supported by the results presented in this study, since
i2MnSb shows larger softening compared to Ni2MnSn.
.3. Fermi surface nesting

Kohn anomaly in metallic systems is a result of the strong inter-
ction of electronic states near Fermi level with phonons yielding a
s within BZ. (For interpretation of the references to color in this figure legend, the

kink in phonon dispersion curves. This situation occurs at phonon
wavevectors which are the nesting vectors of Fermi surface. In
order to clarify these type of anomalous lattice vibrations, the
detailed investigation of the nesting features of the Fermi surface
can be useful. We  have performed spin-polarized Fermi surface
calculations by using much denser k-point mesh (24 × 24 × 24) in
irreducible Brillouin zone. The minority spin Fermi surface struc-
tures present interesting nesting properties and give strong clues
about the observed anomaly. In Fig. 3, the 2D Fermi surfaces of
minority spin states obtained by cutting the Fermi surface at kz = 0
plane are shown for Ni2MnSn and Ni2MnSb systems. As men-
tioned previously, the softening occurs at wavectors � ≈ 0.35 and
� ≈ 0.40 along [� � 0] direction for Ni2MnSn and Ni2MnSb systems,
respectively. The nesting vectors connecting the adjacent electronic
states are q = 0.35(1, 1, 0) for Ni2MnSn and q = 0.38(1, 1, 0) for
Ni2MnSb as shown in the figure. These are in great agreement with
the phonon vectors in softening region as a confirmation of Kohn
anomaly.

4. Conclusion

The elastic and phonon properties of Ni2MnSn and Ni2MnSb
ferromagnetic shape memory systems are investigated from first
principles density functional calculations. Phonon dispersion spec-
tra are calculated by linear response approach of the density
functional perturbation theory, while elastic stiffness constants are
estimated by tetragonal and monoclinic strains. The lattice dynam-
ics properties of the systems under study are reported for the
first time. We  observe phonon softening in acoustic TA2 branch
of both systems indicating lattice instability. Ni2MnSb system
exhibits larger instability than Ni2MnSn with imaginary phonon
frequencies along [� � 0] direction. The instability is also verified
by the low shear elastic moduli and large elastic anisotropy ratio
for both systems. It can be concluded that the cubic L21 struc-
ture is the high-temperature austenitic phase of Ni2MnSn and
Ni2MnSb systems. The observed instabilities can be attributed to
two major reasons. First one is the coupling of low energy optical

mode (T2g) at �-point to acoustic TA2 vibrations, while the sec-
ond one is a Kohn anomaly. Fermi surface analysis reveals that
the Kohn anomaly is obvious with nesting features of the Fermi
surface.
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ut at ULAKBİM Computer Center.

eferences
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