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Role of composition, site ordering, and magnetic structure for the structural stability
of off-stoichiometric Ni,MnSb alloys with excess Ni and Mn
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Using density-functional-theory-based calculations, we explore the factors that influence the phase stability
of Ni and Mn excess off-stoichiometric Ni,MnSb alloys which have lately been proven to possess properties
important for state-of-the art technology. Our calculations and subsequent analysis of the electronic structures
pinpoint the origin of the behavior of phase stability in Ni-Mn-Sb systems. We find that the site occupancy
patterns and subsequent magnetic structures are the key toward effecting a martensitic phase transformation. Our
results demonstrate that apart from Ni;Mn,,Sb;_, systems which have been experimentally observed to possess
magnetic shape memory effect, Ni,,,MnSb,_, too are potential shape memory alloys where an unexpected site
occupancy configuration leading to reduction of total energy drives the martensitic phase transformation. This,
thus, opens more possibilities for the experimentalists to explore new materials for magnetic shape memory and
associated functional effects. The systems, irrespective of composition, are found to be ductile, a necessity for

practical applications.
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I. INTRODUCTION

Magnetic shape memory alloys (MSMASs) have raised
intense interest in recent years as multifunctional materi-
als due to their diverse physical properties, such as mag-
netic shape memory, magnetocaloric, magnetic superelastic
effects, magnetoresistance, and exchange bias. Among dif-
ferent MSMASs, Ni-Mn-Z (Z=Ga, In, Sn, Sb) are of special
interest nowadays due to the existence of magnetostructural
and metamagnetostructural phase transitions leading to their
unique properties [1-15] and thus making them promising for
applications in various engineering devices. The first-order
martensitic phase transition (MPT) from a high-temperature
L2, parent austenite phase to a low-temperature tetragonal or
orthorhombic martensite phase associated with a change in
magnetization in these alloys is very important, resulting in
many exotic properties.

Unlike in the Ni-Mn-Ga family, the prototype MSMA,
other Ni-Mn-Z (Z=In, Sn) alloys in Heusler structures un-
dergo MPT and exhibit functional properties associated only
in off-stoichiometric compositions and with systems substan-
tially Z-deficient [16-20]. A recent addition to this class is
the off-stoichiometric Sb-deficient Ni-Mn-Sb systems where
magnetostructural transitions and significant magnetocaloric
effect are observed near room temperature [21,22]. This,
along with the low cost of Sb and achievable negligible
hysteresis loss [23], makes Ni-Mn-Sb systems potential can-
didates for refrigeration and actuator applications. Extensive
experimental investigations have revealed that MPT and as-
sociated properties in Ni-Mn-Sb alloys are dependent on
the concentration ratio of Ni, Mn, and Sb. The martensitic
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transformation is observed in Ni,Mn,,Sb;_, alloys for x >
0.4 [24]. Complex magnetic structures with short-range cor-
relations are also inferred. The observed decrease of magnetic
moment with increasing electron-atom ratio e/a; a behavior
opposing the general trend in Heusler and semi-Heusler al-
loys, is attributed to the presence of these antiferromagnetic
correlations. Similar features are observed by Khan ez al. [25].
Experiments on systems with low Sb concentration (between
0.44 and 0.48) with either Ni content being fixed [15,22] or
varying in a way to make the system Ni-deficient [23,25],
observed significant Inverse magnetocaloric effect and ex-
change bias. All these experimental results pointed toward the
presence of substantial antiferromagnetic interactions present
due to an excess amount of Mn occupying presumably the
Sb sites.

Although the experiments wonderfully established the po-
tential multifunctional traits in Ni-Mn-Sb systems, certain
fundamental questions remain to be answered. The systems
that were investigated were always Sb-deficient and Mn-
excess. This propels one to examine the role of composition
on the properties, in particular the impact on the stabilities
of the high-temperature austenite and the low-temperature
martensite phases. Coupled with this is the question regarding
the impact of site ordering in the system on the physical
properties. Previous studies on off-stoichiometric Ni-Mn-Z
(Z=Sn, Ga, In) showed that in the off-stoichiometric compo-
sitions, the excess atom does not always prefer to occupy the
deficient atom site. The magnetic structure, as a consequence
of this, also plays an important role in deciding the phase
stability and the associated properties. For example, Hu et al.
[26] showed that, for most of the off-stoichiometric Ni,MnGa,
though the excess atoms of the rich component occupy the
deficient atom sites; for Ga-rich alloys, the excess Ga atoms
always prefer the Mn sites no matter whether the system is
Mn-deficient or not. For Ni-deficient Ga-excess Ni,MnGa

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.064112&domain=pdf&date_stamp=2019-02-25
https://doi.org/10.1103/PhysRevB.99.064112

SHEULY GHOSH AND SUBHRADIP GHOSH

PHYSICAL REVIEW B 99, 064112 (2019)

systems, some of the Mn atoms move to the Ni sites and the
excess Ga atoms occupy the Mn sites. For NipMn;,Sn;_,,
it was shown that the experimental phase diagram for Curie
temperature can be verified only when an intermixing of Mn
and Sn atoms is considered [27]. Li et al. [28] suggested a pos-
sibility of Mn-In ordering for Mn-excess off-stoichiometric
NipMn;,In;_, compositions. They showed that magnetic
ordering in the system can affect the MPT significantly. It was
found that if there is ferromagnetic coupling between the Mn
atoms at Mn site and In site, then no MPT occurs; whereas
for antiferromagnetic coupling, MPT occurs in the system.
For Mn,Ni;,Sn;_, [29] also, an intricate relation between
the site occupancy, magnetic ordering, and the stability of the
martensite phase was observed. Thus, a knowledge of the site-
occupancy will be essential for Ni-Mn-Sb systems to inves-
tigate the physical properties. Also, detailed and systematic
investigation about the effects of site ordering and magnetic
structure on phase stability for compositions beyond those
considered in the experiments would help us understand the
fundamental physics of the system and help choose the com-
position ranges where practical applications are most suitable.

Since relative stabilities of phases are central toward
other features of this system, finding a good predictor for
martensitic transformation temperature 7y is important. The
electron-atom ratio (e/a) has been identified to be a predictor
of Ty for systems undergoing martensitic transformations: A
larger e/a indicates a higher Ty [30-32]. However, such a
connection is coarse grained and fails in some situations. For
the same e/a ratio, changes in atomic order (site occupancy)
also can change the Ty;. For example, replacement of Ga by Al
or In and variations in the long-range atomic order changed Ty
without altering the e/a ratio [33-36]. This is also true for Ni-
Mn-Sb alloys. Although Ty varies as e/a for Ni;Mn;,Sb;_,
[24] and for Nip_, Mnj s561,Sbo.44 [23], Khan et al. [37] con-
cluded from their experiments on Niy Mnj 55—, Sby4s that
rather than the e/a, it is the hybridization between Ni and
excess Mn 3d states, which is responsible for variations in the
Tu. On the other hand, for some alloys undergoing MPT, T
is found to be closely related to elastic shear modulus C’: the
lower the elastic constant, the higher the Ty will be [38,39].
Various off-stoichiometric Ni;MnGa alloys also show this
Ty dependence on C' [26,40]. The total energy difference
AE between the high-temperature parent austenite phase and
the low-temperature tetragonal martensite phase is another
quantity to correlate with Ty; and C’ with the composition of
the alloys. A higher AE corresponds to a higher Ty [41,42].
It is therefore of fundamental interest to correlate the trend of
variation in Ty for off-stoichiometric Ni-Mn-Sb compositions
with these physical quantities and to decide the best predictor
of Ty for the considered alloys.

In this paper, we report a systematic study over the entire
composition range in Mn and Ni-excess off-stoichiometric
Ni,MnSb systems to explore the importance of various phys-
ical factors affecting the phase stability. To this end, we
have systematically explored the importance of composi-
tion, atomic ordering, and magnetic structure, and the con-
sequences on phase stability and various properties. The mi-
croscopic origin of the observed features has been interpreted
from the composition, site-ordering, and magnetic-ordering-
dependent electronic structures. We have tried to address the

reasons behind choice of Sb-deficient systems in experiments,
how critical the role of relative compositions of Ni and Mn are
in effecting martensitic transformation, how site occupancy
and magnetic structure are intricately related with one another
to impact the phase stability, and also provided a predictor for
martensitic transformation temperature, one that is indepen-
dent of the details of the off-stoichiometry.

II. COMPUTATIONAL METHODS

In the present paper, electronic structure calculations
were done with spin-polarized density-functional-theory-
based projector augmented wave (PAW) method as imple-
mented in Vienna Ab initio Simulation Package (VASP)
[43—45]. The valence electronic configurations used for the
Ni, Mn, and Sb PAW pseudopotentials are 3d%4s%, 3d%4s,
and 5s25p°, respectively. For all calculations, we have used
the Perdew-Burke-Ernzerhof implementation of generalized
gradient approximation for exchange-correlation functional
[46]. An energy cut off of 550 eV and a Monkhorst-Pack
11x11x11 k-mesh was used for self-consistent calculations.
A larger k-mesh of 15x15x15 was used for the density
of states calculations of all the structures. The convergence
criteria for the total energies and the forces on individual
atoms were set to 107° eV and 102 eV/A, respectively, for
all calculations.

The elastic constants for the compounds are calculated
using energy-strain method only for high-temperature cubic
austenite phases. To determine the bulk modulus (B), the total
energy vs volume data is fitted to Murnaghan’s equation [47].
Then the elastic moduli C’ and Cy4 are calculated [48,49] by
considering volume-conserving orthorhombic (¢,) and mon-
oclinic (€,,) deformations of the cubic cell, respectively. Six
strains € = 0, 0.01, 0.02, 0.03, 0.04, 0.05 were used to cal-
culate the total energies E (¢,) and E (€,,). The elastic moduli
(C" and Cy44) are then obtained by fitting the variation of total
energies with distortions to a third-order polynomial equation
[49]. Ci; and Cj, are then calculated using the relations
B = 1(Cj; +2Cpp) and C' = 1(Cyy — Cpo).

The isotropic shear modulus, G, is typically calculated as
an average of G,, according to the formalism of Voigt [50]
and Gg, according to the formalism by Reuss [51]. However,
in cases of a number of ferromagnetic Heusler alloys, it was
found out that G, using Voigt formalism is closer to the
experimental results [27,52]. Hence, we have approximated
G as G, and calculated its value using the relation: G, =
%(Cn — Cj2 + 3Cy4y). Finally, Cauchy pressure (C?) has been
calculated as C? = (Cyp — Cy4).

III. RESULTS AND DISCUSSIONS

At high temperature, Ni,MnSb crystallizes in a Cu, MnAl-
type structure, i.e., the regular Heusler L2; cubic structure
belonging to space group no. 225 (Fm3m) [23,25,53] with
three inequivalent Wyckoff positions (4a, 4b, 8c). The Sb
atoms and Mn atoms occupy 4a (0, 0, 0) and 4b (0.50,
0.50, 0.50) Wyckoff positions, respectively, and Ni atoms
occupy the 8c [(0.25, 0.25, 0.25) and (0.75, 0.75, 0.75)]
sites. In the present paper, we have focused on understand-
ing the physics related to MPT and the trend in associated
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properties with compositional changes considering four off-
stoichiometric Ni;MnSb systems: (1) NipMn;,Sb;_, (sysl),
(2) Nip— Mn;4,Sb (sys2), (3) Nip4,Mn;_,Sb (sys3), and
(4) Nip4 MnSb;_, (sys4). The modeling with any arbitrary
composition within the formalism employed requires a large
supercell and hence is computationally demanding. Hence,
we have considered compositions with x = 0, 0.25, 0.50, and
0.75. To model the chemical substitution we have taken a
16-atom conventional cubic cell. Thus, chemical substitution
of 25%, 50%, and 75% can be modeled by successive replace-
ment of the atoms of one of the constituents. For example,
to make a 25% Mn-excess NioMn »5Sbg 75 composition, one
Sb atom out of the four in the conventional cell is to be
replaced with one Mn atom. Such a modeling strategy has
worked for many other substituted systems in the Heusler
family [29,54,55].

A. Site preference and magnetic ground state

Site occupancy of different atoms for a fixed composition
of a system has great importance in deciding the physical
properties. Sanchez-Alarcos et al. [36] showed that quench-
ing temperature and the subsequent heat treatment change
the degree of the L2 long-range atomic order, i.e., the site
occupancy of the alloy and this is a very important issue
affecting the martensitic transformation temperature 7y in
Ni,MnGa-based alloys. Hence, before proceeding with the
investigation on the phase stability and other physical prop-
erties, the preferred site-occupation patterns are decided for
all systems considered.

For each of the four systems and compositions considered,
possible configurations due to different site occupancy and
magnetic structures are listed in Tables I and II. Taking the Mn
excess at the Sb site Ni;Mn,,Sb;_, (sysl) system as an ex-
ample, for x = 0.25, there exist two different site-occupation
configurations: (i) the normal site occupation [Fig. 1(b)]
where 25% of excess Mn atoms occupy the deficient Sb
sub-lattice and (ii) the abnormal site occupation [Fig. 1(c)]
where 25% of excess Mn atoms occupy the Ni sublattice and,
consequently, the Ni atoms occupy the deficient Sb sublattice.
For x = 0.50 and x = 0.75, the same way—there are three

and four different possible site-occupation configurations,
respectively. For all cases, configuration S-a is the normal site-
occupation configuration. For all compositions, the following
nomenclature has been followed: If there are two types of a
particular atom, say X, present, then X atom at its original site
is denoted as X1, whereas it is denoted as X2 at other than
its own site. If there are three types of a particular atom X
present, then X1 is the atom at its own site, X2 is the atom at
the site originally for any other constituent but the constituent
has deficiency in its composition with respect to Ni;MnSb,
X3 is the atom at a site other than these two.

The preferred site-occupancy and the corresponding
ground state magnetic configuration for a particular system
and composition is determined by comparing the electronic
energies (Ey) and the free energies (F) of the configurations
considered. The stable site-occupancy is determined by the
relative free energy AF; the reference being the energy of the
configuration with normal site occupancy and the magnetic
structure corresponding to that which produces the lowest
energy Ey. The relative free energy is determined as

AF = AEy — TAS.

The entropy S includes contributions from chemical mixing,
lattice vibrations, and magnetic excitations:

S = Smix + Svib + Smag-

The chemical mixing entropy for a given configuration is
determined as

n 4
Smix = —%kg Z injlnx,-j,

i=1 j=1

where x;; is the concentration of ith component at jth sub-
lattice, n is the number of components at corresponding sub-
lattices, kg is the Boltzmann constant. The entropy difference
between configurations due to lattice vibrations is approxi-
mated by the high-temperature expansion and given as [56]

ASVib ~ 3kB(A®/®)

In the simplest approximation, the Debye temperatures ® are
proportional to +/rB [57], where r is the Wigner-Seitz radius

TABLE I. Relative electronic energy AE, (in meV/atom) and relative mixing entropy ASnix (in meV/K per atom) considering the
electronic energy and the mixing entropy of the normal site-occupation configuration with lowest energy magnetic configuration as reference
for Mn-excess systems in their L2, phases: Ni;Mn,,,Sb;_, (sys1) and Ni,_,Mn;,Sb (sys2) with x = 0.25, 0.50 and 0.75. S-a to S-d and C1
to C4 denote possible site-occupation configurations and possible magnetic configurations, respectively. Boldface indicates the most stable

configuration for the corresponding composition.

(i) Ni;Mn; 1, Sby_ (sys1)
Site Occupancy

Composition Site Config. 4a site 4b site 8c site Magnetic Config. Name AE, ASmix
x =025 S-a Sbly7sMn2,s  Mnl Nil, C1 (Nil Mn1{ Mn2}) 000 0.0
NiMny 25Sbo 7 C2 (Nil4 Mnl1 Mn24) 1170 0.00
S-b Sblg.75Ni2.5 Mnl  Nil;;sMn2ps  C1 (Nilf Ni24 Mnl{ Mn2) S-b-C1 3361 0.00812
C2 (Nilf Ni24 Mnl4 Mn21) S-b-C2 5551 0.00825
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TABLE 1. (Continued).

(i) NigMn 4, Sby _ (sysl)

Site Occupancy

Composition Site Config. 4a site 4b site 8c site Magnetic Config. Name AE, ASmix
x =050 S-a Sb1y.50Mn2_50 Mnl Nil, C1 (Nil{ Mnl1{ Mn2}) 0.00 0.00
Ni2Mn;.50Sbo.s0 C2 (Nilt Mnl14 Mn21) 1532 0.00
S-b Sblo50Ni2o.50 Mnl Nil;soMn2so  CI (Nil1 Ni2t Mnl1 Mn2J) Sb-Cl 3858 0.0242
€2 (Nil{ Ni2t Mn11 Mn21) SbC2 9036 0.0242
S-c SblosoMn2025Ni2g2s  Mnl Nil; 7sMn30.s C1 (Nil4 Ni2t Mn11 Mn2} Mn3}) 3098  0.0237
C2 (Nil{ Ni2t Mn1{ Mn2{ Mn34)  S-c-C2 5536  0.0237
C3 (Nil{ Ni2t Mnl14 Mn2) Mn31)  S-c-C3  44.67 0.0237
C4 (Nil{ Ni24 Mn1{ Mn24 Mn3}) 36.86  0.0237
x=0.75 S-a Sbly,sMn27s  Mnl Nil, C1 (Nilf Mn1{ Mn2{) 0.00  0.00
NizMny 75Sbo.2s C2 (Nilt Mnl14 Mn21) 1502 0.00
S-b Sb125Ni2o s Mnl Nil;2sMn2p7s  C1(Nil{ Ni24 Mnl{ Mn2}) S-b-Cl 3540 0.0285
€2 (Nil{ Ni24 Mn1{ Mn21) S-b-C2 13932 0.0285
S-c SblgasMn202sNi2gso  Mnl Nil;soMn3gso  Cl(Nil{ Ni2f Mnl{ Mn2| Mn3}) S-c-Cl 5035 0.0345
C2 (Nil{ Ni2t Mn1{ Mn2{ Mn34)  S-c-C2 12478 0.0345
C3 (Nil{ Ni2t Mnl{ Mn2{ Mn31)  S-c-C3 8597 0.0345
C4 (Nilf Ni2t Mnlf Mn24 Mn3})  Sc-C4  44.10 0.0345
S-d SblgasMn2050Ni2os  Mnl Nil;;sMn3pss  CI (Nil{ Ni2t Mnl{ Mn2) Mn3}) 3627 0.0265
C2 (Nil{ Ni24 M1 Mn2{ Mn34)  S-d-C2 7486 0.0265
C3 (Nil{ Ni2t M1 Mn2) Mn34)  S-d-C3 4542  0.0265
C4 (Nil1 Ni24 Mn14 Mn21 Mn3) 3572 0.0265
(if) Nis_Mny ., Sb (sys2)
Site Occupancy
Composition Site Config. 4a site 4b site 8c site Magnetic Config. AE, ASpix
x =025 S-a Sb1 Mnl Nil;;sMn2p2s  C1(Nil{ Mnl{ Mn2}) 0.00 0.00
Niy.7sMnj 25Sh C2 (Nil{ Mnl14 Mn21) 752 0.00
S-b Sb1g75sMn2o.5 Mnl Nil}755b2.5 C1 (Nil{ Ni2t Mn11 Mn2}) 98.41 00121
€2 (Nil{ Ni24 Mn11 Mn21) 12876 00121
x =050 S-a Sb1 Mn1 Nil;s0Mn2oso  C1(Nil{ Mnl{ Mn2}) 0.00  0.00
NirsoMny_5Sh C2 (Nil{ Mn14 Mn21) 2075 0.00
S-b Sblos0Mn2g.50 Mnl Nil1.508b20.50 C1 (Nil1 Mn11 Mn2}) 110.85  0.0149
€2 (Nil{ Mnl4 Mn21) 141.96  0.0149
S-c Sblg25sMn3g.5 Mnl  Nil, 50Mn20258b2,5 C1 (Nil{ Mnl4 Mn2} Mn3}) 9509 0.0195
€2 (Nil{ Mnl4 Mn24 Mn31) S-c-C2 13795 0.0195
€3 (Nil{ Mnl4 Mn21 Mn3}) S-c-C3  108.98 0.0195
C4 (Nil1 Mn14 Mn2{ Mn31) 11932 0.0195
x=0.75 S-a Sh1 Mnl  Nil;sMn2p7s  C1(Nil{ Mnl{ Mn2}) 0.00 0.00
Niy_2sMnj 75Sh €2 (Nil1 Mnl14 Mn21) 3612 0.00
S-b Sblg2sMn2o.75 Mnl Nil ;25562075 C1 (Nil1 Mn11 Mn2}) S-b-Cl 9344 00121
C2 (Nil{ Mn14 Mn21) $-b-C2 1612 0.0121
S-c Sblgs0Mn3¢.50 Mnl  Nil;25Mn2y,5Sb2ps9 C1 (Nil? Mnl14 Mn2| Mn3|) S-c-Cl1 106.33  0.0252
€2 (Nil{ Mnl4 Mn24 Mn31) S¢C2  161.19  0.0252
€3 (Nil{ Mnl4 Mn24 Mn3}) S-c-C3 11657 0.0252
C4 (Nil{ Mnl4 Mn2} Mn31) S-c-C4 12757 0.0252
S-d Sb1o75sMn3g.5 Mnl  Nil;»sMn250Sb2.5 C1 (Nilf Mnl4 Mn2} Mn3}) 87.43  0.0224
€2 (Nil{ Mnl4 Mn21 Mn31) S-d-C2  149.99  0.0224
€3 (Nil{ Mnl4 Mn21 Mn3}) S-d-C3 12421 0.0224
C4 (Nil{ Mnl4 Mn2} Mn31) S-d-C4| 106.82 0.0224
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TABLE II. Relative electronic energy AEj (in meV /atom) and relative mixing entropy ASnx (in meV/K per atom), considering the
electronic energy and the mixing entropy of the normal site-occupation configuration with lowest energy magnetic configuration as reference
for Ni-excess systems in their L2 phases: Nip,Mn;_,Sb (sys3) and Ni,,,MnSb;_, (sys4) with x = 0.25, 0.50 and 0.75. S-a to S-d and CI1 to
C4 denote possible site-occupation configurations and corresponding magnetic configurations, respectively. Boldface indicates the most stable
configuration for the corresponding composition.

(iii) Nis.xMn;_,Sb (sys3)

Site Occupancy

Composition Site Config. 4a site 4b site 8c site Magnetic Config. Name AE, ASmix
x=025 S-a Sh1 MnlossNi2oss  Nil; €2 (Nilf Ni2t Mnl4) 000 0.00
Niz.2sMng,75Sb
S-b Sblg.75Ni2.25 Mn1o755b20.25 Nil, C2 (Nil4 Ni2t Mnl4) S-b-C2| 14028 00123
x=0.50 S-a Sb1 MnlosNi2eso  Nil; €2 (Nilf Ni2f Mnlt) 000 0.00
Niz.50Mng,.50Sb
S-b Sb1g.50Ni2o.50 Mn1.508b20.50 Nil, €2 (Nil4 Ni2t Mnl4) Sb-C2 17075 0015
S SblossNi3oas  MnlosoNiZoasSb2os  Nily  C2 (Nilf Ni2f Ni3t Mnl1) 164.36  0.0194
x=075 S-a Sh1 MnlosNi2oss  Nil; €2 (Nilf Ni2t Mnl4) 0.00  0.00
Niz.75Mng 25Sb
S-b Sblg.25Ni27s Mn125Sb275 Nil, C2 (Nil4 Ni2f Mnl4) S-b-C2| 14874 0.0121
S-c Sb]050N13050 MnlO.ZSNiZO.ZSsz().SO N]lz C2 (NIIT N]2T N13T Mnl T) S-c-C2 204.67 0.0252
S-d Sblg.75Ni3g2s Mnlo2sNi2esoSb22s Nil, €2 (Nil4 Ni24 Ni34 Mnl4) S-d-C2 17092 0.0224
(iv) Nip+MnSb;_, (sys4)
Site Occupancy
Composition Site Config. 4a site 4b site 8c site Magnetic Config. Name AE, ASix
x=025 S-a Sblo.75Ni225 Mnl Nil, C2(Nil{ Ni2t Mnl?) 000 0.00
Niz.stlle()js
S-b Sb1p7sMn2 s Mn1 7sNi2y 25 Nil, CI (Nil{ Ni2t Mnl{ Mn2}) S-b-C1| —1578 0.012
C2 (Nil4 Ni24 Mn14 Mn24) Sb-C2| —6.94 00123
x=0.50 S-a Sb1lo.50Ni2o.50 Mnl Nil, C2(Nilt Ni2t Mnl1) 000 0.00
Ni2.50MnSby. 5o
S-b Sh1 s)Mn2.5 Mn1.5oNi2o.50 Nil, CI (Nil{ Ni2t Mnl{ Mn2}) S-b-C1| —9.75 0.0149
C2 (Nil4 Ni24 Mn14 Mn24) Sb-C2| 414 00149
S-¢ SblysoMn2y2sNi2ozs  Mnly2sNi3o.s Nil, CI (Nil{ Ni2t Ni3{ Mnl{ Mn2}) —9.78  0.0195
C2 (Nil4 Ni2 Ni31 Mn11 Mn21) ~2.67 00195
x =075 S-a Sb125Ni2g7s Mnl Nil, €2 (Nil1 Ni2t Mnl4) 000  0.00
Niz.7sMnSby.25
S-b Sblo.stHZOJS Mnlo_zsNi20.75 Ni12 C1 (NilT Ni21‘ Mnll MIIZT) S-b-C1 —6.72 0.0121
C2 (Nil4 Ni2f Mnl14 Mn24) sbC2]| 223 00121
S-c Sle_ZSM]’IZO_soNizo_ZS Mnlg_sgNi30_50 N]lz Cl (NIIT N]2T N13T Mnl T M]’]Z,L) S-c-Cl —1.88 0.0252
C2 (Nilf Ni24 Ni3f Mnl4 Mn29)  S--C2 073 0.0252
S-d SbloasMn2g,5Ni2oso  Mnlg7sNidgos Nil, CI (Nilf Ni2f Ni34 Mnl4 Mn2})  S-d-Cl1 239  0.0224
C2 (Nilf Ni2f Ni3f Mnl4 Mn29)  S-d-C2 078  0.0224

and B is the bulk modulus. The contributions of the magnetic
excitations to the entropy is calculated invoking the disordered
local moment [58] to approximate the fully spin disordered
phase. In the mean-field approximation, the entropy due to
magnetic disorder is given as [59]

Smag = ks ) In(pi +1).

W; is the magnetic moment of the ith component. Our results
for ASmix and ASyj, are given in Table I of Ref. [60]. In all
cases, the contribution of ASy, is atleast 1 to 2 orders of mag-
nitude smaller than that of ASyx. Similarly, ASy, is at most
of the order of AS,j, in some cases (for example, ASy,, for
S-b-C1 configuration of sysl with x = 0.25 is only 0.00367
meV /K) even after consideration of the fully spin-disordered
phase. Therefore, the contributions from lattice vibrations
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FIG. 1. Sixteen-atom supercells for (a) stoichiometric Ni,MnSb
and (b)—(c) off-stoichiometric Ni,Mn;,,Sb;_, (sysl) with x = 0.25
for (b) normal site-occupation configuration (S-a) and (c) abnormal
site-occupation configuration (S-b), respectively. S-a-C1, S-a-C2 in-
dicate the possible different magnetic configurations corresponding
to S-a site configuration and S-b-C1, S-b-C2 indicate the same cor-
responding to S-b. Different types of atoms have been referred to by
their corresponding color. The arrows indicate the spin orientations
of the atoms with respect to z axis. An up arrow indicates positive
z direction or spin up. The magnetic configurations C1 and C2 are
explained in Table I.

and magnetic excitations are neglected in total AS as at the
ambient condition of 7 =300 K and at typical annealing
temperature of the order of 1000 K, their contributions are not
significant enough toward AF. In what follows, in Tables I
and II, alongside AE), the relative energy with respect to the
minimum total energy, we present only the values of ASyx. It
can be noted that even at the typical annealing temperature of
the order of 1000 K, the AF comprising contributions of only

mixing entropy will have the same trend as AEy. Therefore, in
the temperature range of interest, the mixing entropy cannot
change the relative stability of the different site occupations
and magnetic configurations. Thus, consideration of the rel-
ative electronic energy (AEp) is sufficient to determine the
preferred site and the magnetic configuration.

From Table I, it can be seen that for all compositions in
Mn-excess off-stoichiometric systems (i.e., sysl and sys2),
the normal site occupation (i.e.,S-a), where excess Mn atoms
occupy the deficient atom sublattice, is preferred over abnor-
mal ones, and for all preferred site-occupation configurations,
magnetic configuration C1 is the ground state in which the Mn
atom at its original sublattice (denoted as Mnl) and the Mn
atom at the deficient atom sublattice (denoted as Mn2) align
antiparallel. Previous experimental and theoretical investiga-
tions [61,62] also showed a ferrimagnetic coupling between
the Mn1 and Mn2 atoms in Sb-deficient Mn-excess Ni-Mn-Sb
compositions. For Ni-excess systems, as has been shown in
Table II, depending upon the deficiency of Mn or Sb in the
systems, preferred site occupancy can be normal or abnormal.
For the Mn-deficient system (sys3), normal site-occupation
configuration (S-a) with C2 magnetic structure is stable for
all the compositions. For the Sb-deficient system (sys4), it
is the abnormal one which has the lowest energy for each
of the compositions. In this system, for both 25% and 75%
substitutions S-b-C1, where the excess Ni atoms prefer the Mn
sublattice although the compositions have Sb deficiency, is
the lowest energy configuration whereas, for x = 0.50, almost
the same energy for S-b-C1 and S-c-C1 suggests that these
configurations may coexist in the alloy.

B. Structural parameters and magnetic moments

The equilibrium lattice constants for the minimum energy
configurations for each system and composition in the L2,
phases are listed in Table III. The variations in the lattice

TABLE III. Calculated values of electron to atom ratio (e/a), equilibrium lattice constant (ao), total magnetic moment (M, ) of the four
Ni-Mn-Sb systems in their L2, phases. The total energy difference (AE) between the austenite (L2;) and the martensite (tetragonal) phases
(the equilibrium value of tetragonal distortion (c/a) is given in parentheses), the corresponding volume change(|AV|/V) with respect to L2,
structure are given. Reported values of lattice constants in the literature are also given.

AE(c/a) IAV|/V M

Composition Configuration ela ao(A) (meV /atom) (%) (us/f.u.) alit(A)
Ni,MnSb S-a-C2 8.00 6.06 — — 3.99 6.027 [25], 6.0031 [24]
Ni,Mn; »5Sby 75 S-a-Cl 8.125 6.00 2.56(1.28) 0.54 2.86 6.018 [25] (x = 0.24)
Ni,Mn; 50Sbyg 50 S-a-Cl1 8.25 5.94 25.14(1.32) 1.60 1.71 5.98 [25], 5.97 [63]
Ni,Mn; 75Sbo s S-a-Cl 8.375 5.86 55.32(1.36) 1.69 0.69 -
Ni; 7sMn; »5Sb S-a-C1 7.8125 6.09 - - 327 -
Ni; 50Mn; 50Sb S-a-Cl 7.625 6.10 - - 2.49 -
Ni; »5sMn; 75Sb S-a-C1 7.4375 6.12 - - 1.59 -
Ni, »sMng 75Sb S-a-C2 8.1875 6.04 - - 2.94 -
NiZ.SOMHO.SOSb S-a-C2 8.375 6.01 - - 1.93 -
Ni, 75Mng »5Sb S-a-C2 8.5625 5.98 - - 1.03 -
Nis 2sMnSbg 75 S-b-Cl 83125 5.96 13.3(1.31) 0.55 1.78 -
Ni, 50MnSby 50 S-b-C1 8.625 5.88 54.88(1.38) 1.75 0.00 -

S-c-Cl1 8.625 5.88 36.46(1.34) 1.22 2.08 -
Ni, 75MnSby 5 S-b-C1 8.9375 5.78 61.05(1.40) 2.30 2.10 -
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FIG. 2. Calculated total magnetic moment in pg/ f.u. and atomic
magnetic moments (for atom-name convention, see Sec. IIIA) as
a function of concentration of excess atom x for all four systems:
Ni;Mn,,Sb,_, (sysl), Ni;—,Mn;,,Sb (sys2), Ni,,Mn;_,Sb (sys3),
and Ni,,MnSb,;_, (sys4) in their minimum energy configurations as
indicated in Tables I and II.

constants with x for all systems can be understood from the
relative sizes of the atomic radii (the atomic radii of Mn,
Ni, and Sb are 1.40 A, 1.35 A, 1.45 A, respectively) of the
constituents. The trend in the variation of our calculated lattice
constants agrees well with the experimental results available
for the Mn-excess Sb-deficient system (sys1) [24,25].

In Table III and Fig. 2, we show the variations in the total
and atomic magnetic moments in the L2, phase as a function
of composition for each of the four systems considered. For
sysl, sys2, and sys3, the total moments decrease with x while
for sys4, the variation is nonmonotonic. Also, there is no
uniform trend in the variation of the total moment with (e/a).
For sys1, the trend agrees well with the experimental observa-
tion [25]. Our calculations establish the prediction based upon
experimental results [15,25] that the decrease in moment with
increase in Mn content is due to antiparallel alignment of Mn1
and Mn2. Same is true for sys2. For Ni-excess, Mn-deficient
system (sys3), the same trend is observed, albeit not because
of antiparallel alignment of Mn atoms at different sites but
because of decrease in the Mn content, the largest contributor
to the total magnetic moment. The nonmonotonic trend seen
in sys4 can be attributed to the presence of Mn and Ni at
two different sites. The trends in the atomic moments suggest
that the moment of each constituent element remains nearly
constant across systems and compositions. Thus, the trends in
the total moment are controlled by concentration alone.

C. Composition-dependent structural phase stability

As stated in the Introduction, some of the Sb-deficient
Ni-Mn-Sb alloys with either or both Ni or Mn content
higher than that in the stoichiometric composition of 2:1:1 in
Ni,MnSb exhibit shape-memory and magnetocaloric effects
[15,22,23,25,37,64] which are artefacts of L2; to tetragonal

structural transformation (martensitic transformation). After
ascertaining the ground-state atomic and magnetic configura-
tions of each of the four systems considered, we now investi-
gate the relative stabilities of the L2, austenite and the tetrago-
nal martensite phases. This investigation will shed light on the
dependence of the stability of the high-temperature austenite
phase on the details of composition. We proceed to do this
by distorting the L2 structure along z axis and computing the
total energy as a function of the tetragonal distortion, given by
(c/a). This is done for the ground-state configuration for each
system and each composition. In each case, the composition
with x = 0.50 required special treatment. Due to the finite
size of the 16-atom supercell, two crystallographic inequiv-
alent directions appear in the supercell only for compositions
with x = 0.50. In this case, the tetragonal distortion can be
applied parallel to or perpendicular to the plane defined by the
two atoms which are deficient with respect to stoichiometric
composition of 2:1:1 (8:4:4 in the 16-atom supercell) for sysl1,
sys3, and sys4, and by the two atoms which are excess in sys2.
Accordingly, the total energies are computed with respect to
both distortions and averaged (the two curves corresponding
to distortions in two different directions for each case are
shown in Fig. 1 of Ref. [60]). The results are presented in
Fig. 3.

For sysl, i.e., Mn-excess and Sb-deficient system, it can
be seen that the stability of the austenite L2, phase decreases
with the increasing concentration x of the excess Mn atoms at
the expense of Sb atoms. The increase of AE (see Table III)
with x suggests that as the Sb (Mn) concentration gradually
decreases (increases), the martensitic transformation would
take place at higher temperature. This trend is in good
agreement with the experimental observations [22,23,25] that
the martensitic transformation temperature 7y increases with
decrease in Sb concentration for Ni;Mn;,,Sb;_, alloys. For
sys2 and sys3, those are the two systems where Sb concentra-
tion is that of the stoichiometric Ni,MnSb, the austenite phase
is stable throughout the entire composition range considered.
In case of sys3, a weak tendency towards destabilization of the
austenite phase is observed when x = 0.75. For sys4, i.e., Ni-
excess and Sb-deficient system, the tetragonal phase is stable
for all compositions with AE as large as ~61 meV /atom for
x = 0.75. Our calculations, thus suggest that the L2 phase in
Ni-Mn-Sb system can be destabilized leading to a martensitic
transformation only when Sb content in the system is about
12.5% (25%) or less for Mn-excess (Ni-excess) systems.
This also suggests why experiments to observe functional
properties driven by martensitic phase transformation were
always done at compositions with Sb content around 12.5%.

D. Dependence of phase stability on site-occupancy and
magnetic structure

Site ordering and magnetic structure can affect the possi-
bility of a martensitic transformation in Heusler alloys. Ghosh
et al. [65] observed that, depending on annealing time, site
occupancy in NipMn; 46Sng s4 can change, affecting the mag-
netocaloric properties as a consequence. In Ni;Mn,In;_,,
it was observed that the martensitic phase transformation
happens only when the Mn atoms at different sites align
antiparallel [28]. In this subsection, we therefore examine
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FIG. 3. The variations of total energy difference (AE) between the austenite (L2;) and the martensite (tetragonal) phases as a function of
tetragonal distortion, i.e., ¢/a ratio for all four systems with different compositions and at their minimum-energy configurations.

the dependencies of the relative stabilities of the two phases
on the site-occupancy configurations and the magnetic struc-
tures. We do so by picking up only those configurations
corresponding to each of the four systems and compositions
which have energies in their L2, phases lying right above
the corresponding ground-state energies and computing their
total energy surfaces as a function of tetragonal distortions. In
choosing the configurations from Tables I and II following this
procedure, we have made exceptions in only two cases: (i) in
sysl, for x = 0.75, i.e., Ni;Mn; 75Sbg 25 composition, though
S-b-C1 has lower energy than S-d-C1, we have chosen S-d-Cl1
to compare, to maintain the same site-occupancy pattern as
that of x = 0.25 and 0.50 compositions, and (ii) in sys4, since
an abnormal configuration is always the lowest energy one,
we have considered the normal configuration for the purpose
of comparison even though it is not the one having energy
right above the minimum. The configurations picked up are
marked by enclosing boxes around them in Tables I and II. For
these calculations, optimized lattice constants corresponding
to each configuration have been used. The results are pre-
sented in Fig. 4.

We divide the systems into two categories: (i) ones with Sb
concentration equal to that of Ni,MnSb, but with excess-Mn
or excess-Ni (sys2 and sys3, respectively), (ii) Sb-deficient
ones, but with excess-Mn or excess-Ni (sys1 and sys4, respec-
tively) for the purpose of discussion. For category (i), the total
energy results suggest that an abnormal site occupancy where
Mn atoms occupy Sb sites also is the key factor destabilizing
the austenite phase, effecting a martensitic transformation.
Thus, irrespective of whether site occupancy is normal or
abnormal, the austenite phase is nearly stable across composi-
tions in sys3, as in such a Mn-deficient system, Mn can occupy

its own site only. In sys2, the abnormal site-occupancy leads
to destabilization of the austenite phase across compositions
as in abnormal occupancy patterns considered here, extra Mn
atoms occupy both Ni and Sb sites. For category (ii), both site
ordering and spin alignment of Mn atoms at different sites
contribute toward phase stability along with the content of
Sb. In sysl, with the highest Sb-content (Ni;Mn; 25Sbg75),
a parallel alignment between Mn atoms at its original site
and at the Sb site with normal site configuration produces
minimum total energy in the L2, phase. The stability is
disturbed when the alignment is antiparallel, leading to a
rather shallow minima for c¢/a # 1. With an abnormal site
configuration where excess Mn occupies Ni site rather than
Sb site, the destabilization of the austenite phase becomes
prominent, and the alignment of Mn spins does not matter. As
Sb-content decreases, the martensitic phase becomes stable
for abnormal site configuration, irrespective of the magnetic
structure. However, with normal site configuration, a mag-
netic structure where Mn moments align parallel stabilize the
austenite phase. Thus, the ferromagnetic ordering stabilizes
the austenite phase in this system when site-occupancy is
normal. The opposite picture is seen in case of sys4, which
is Ni excess and Sb deficient. Baring the highest Sb-content
compound, the austenite phase is significantly destabilized
irrespective of site-occupancy configurations and orientation
of Mn spins. Hence, we can conclude that to stabilize the
austenite phase and effect a martensitic transformation in
the Ni-Mn-Sb family, the requirements are an abnormal site
occupancy and the presence of Mn at Sb site apart from
its own site, with their moments aligning antiparallel. This
means that controlling the site ordering by manipulating the
annealing or preparing the sample by no-equilibrium methods
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FIG. 4. The variations of total energy difference (AE) between the austenite (L2,) and the martensite (tetragonal) phases as a function of
tetragonal distortion, i.e., ¢/a ratio for all four systems with different compositions for different site occupancies and magnetic configurations.
The red curves correspond to the minimum energy configurations and the blue curves are the ones with energies right above them. Solid curves
with filled symbols indicate ground-state magnetic configurations and the dashed curves with open symbols are the ones with energies right

above them, for each site-occupation configuration.

may see potential benefits in Ni-Mn-Sb systems with regard to E. Electronic structure
functloqa} properties a§5001ated with the volume-conserving In this subsection, we try to understand the microscopic
martensitic transformation. physics behind composition, site occupancy, and magnetic
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FIG. 5. The total spin down densities of states (DOS) for
NipMn;,Sb;_, (sysl) (x =0.25, 0.50, 0.75) in L2, phase with
different site occupancies and magnetic configurations used in Fig. 4.
The zero energy is set at Fermi energy (Eg). The insets show the
zoomed view of total densities of states near Fermi level.

structure dependent stabilities of the austenite phase of Ni-
Mn-Sb systems as discussed in the previous two subsections.
We do this by computing the total and partial electronic den-
sities of states of each compound with various compositions,
normal and abnormal site occupancies, and different magnetic
structures of Mn atoms. The total densities of states of the four
systems in their respective minimum energy configurations
at each composition for both L2, and tetragonal phases are
shown in Fig. 2, Ref. [60]. The figures suggest that the
stability of the austenite phase depends on the persistence
of the pseudogap at around —1.2 eV in the minority band
across compositions. It is well known for Ni-Mn-based shape
memory systems that the occurrence of martensitic stability
or the lack of it can be linked to the relative strengths of two
factors: the Jahn-Teller effect manifested by substantial den-
sities of states at the Fermi level and the covalent bonding due
to Ni and the main group element manifested in a pseudogap
in the occupied parts. We find that a competition between
the strength of the Jahn-Teller instability and the strength
of the covalent bond due to Ni d and Sb p minority states
explains the phase stability in Ni-Mn-Sb too (for details, see
description in Ref. [60].) To understand the dependencies of
phase stability on composition, site occupancy, and magnetic
structure, we analyze the electronic structures of the minority
bands close to Fermi levels as shown in Figs. 5-8 for sysl
to 4, respectively. The densities of states are presented for
those configurations for which the total energy curves were
discussed in Fig. 4.

In Fig. 5, for sysl, we first compare the electronic struc-
tures corresponding to two magnetic structures C1 and C2
with the same normal site occupancy S-a. We find that with the
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FIG. 6. The total spin down densities of states (DOS) of
Ni,_Mn;,Sb (sys2) (x =0.25, 0.50, 0.75) in L2, phase with
different site occupancies and magnetic configurations used in Fig. 4.
The zero energy is set at Fermi energy (Ef). The insets show the
zoomed view of total densities of states near Fermi level.

magnetic configuration being C2, where Mn1 and Mn2 align
parallel, the pseudogap in the minority band around —1.2 eV
persists for all compositions and in fact becomes wider with
increasing x. The structure at the Fermi level, on the other

DOS (states/eV/f.u.)

1 1 1 1 1 I 1 1 1
-3 -2 -1 0 1 2
E-E_(eV)

FIG. 7. The total spin down densities of states (DOS) of
Niz,Mn;_,Sb (sys3) (x =0.25, 0.50, 0.75) in L2, phase with
different site occupancies and magnetic configurations used in Fig. 4.
The zero energy is set at Fermi energy (Ep).
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FIG. 8. The total spin down densities of states (DOS) of
Nip MnSb,_, (sys4) (x = 0.25,0.50, 0.75) in L2, phase with differ-
ent site occupancies and magnetic configurations used in Fig. 4. The
zero energy is set at Fermi energy (Er). The inset shows the zoomed
view of total densities of states near Fermi level for corresponding
composition.

hand, has no significant difference due to changed magnetic
configuration. This persisting pseudogap explains the stability
of the L2 structure when two Mn atoms align parallel. The
origin of this can be understood from the partial densities of
states (Fig. 5, right panel, Ref. [60]). The pseudogap originat-
ing out of Ni and Sb hybridization could not be suppressed
in C2 as, unlike C1, the Mn2 do not have states in this
energy range. Next we analyze the effects of site-occupancy
patterns by inspecting the S-b, S-c, and S-d densities of states.
We find that for all abnormal configurations, irrespective of
the magnetic structures, the pseudogap around —1.2 eV in
stoichiometric Ni;,MnSb gradually becomes narrower due to
Nil, Mn2 (Mn at Sb site), and Mn3 (Mn at Ni site) states in
the down band (Fig. 6, Ref. [60]). Also a peak around —0.3 eV
seen in x = 0.25 composition gradually shifts toward the
Fermi level as x increases and, finally, Fermi level falls on a
peak in x = 0.75 which is mainly due to the states of Sb1, Nil,
and Mn3 atoms amplifying the Jahn-Teller instability in the
system and driving it toward the martensitic transformations
for both magnetic configurations as shown in Fig. 4. Thus,
for sys1, for normal configurations, the Nil and Mn?2 states,
decrease the strength of covalent bonding with increase in
Mn2, only when there is an antiparallel coupling between
Mnl and Mn2, bringing in the structural instability as the
Jahn-Teller effect gains strength in relative sense. For abnor-
mal site occupations, once again the hybridization between the
spin-down bands of Ni and Mn atoms at various sites aligning
antiparallel boosts the Jahn-Teller instability driving a phase
transition.

In a similar way, we can infer that (i) for sys2, the changes
in the hybridizations due to changes in site-occupancy config-
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FIG. 9. The calculated shear elastic constant C’ in L2, phase as
a function of concentration of excess atom x for all four systems:
Ni,Mn;,Sb;_, (sysl), Ni,_,Mn;,,Sb (sys2), Niy,, Mn;_,Sb (sys3),
and Niy,MnSb;_, (sys4) in their respective minimum energy con-
figurations. The dashed lines represent the variation in AE (defined
in Table III) with x.

urations can induce instability in the L2, phase; the decisive
factors being the deficiency of Sb at its own site and presence
of antiparallel Mn-Mn interactions; (ii) the absence of Mn at
any other site than its own in sys3 is the key factor behind the
absence of any pronounced Jahn-Teller instability irrespective
of configurations and thus behind the stability of the L2,
phases throughout; and (iii) the hybridizations between Sbl,
Nil, and Ni2 minority bands in sys4 drive the system toward
martensitic instability. The detailed discussion analyzing the
features of electronic structures of sys2, sys3, and sys4 is
given in Ref. [60].

F. Elastic properties and predictor of 7y,

Finally, in search of a predictor for Ty, we compute the
composition dependence of elastic moduli. The results, apart
from deciding on a predictor for Ty, provided insights into
the mechanical properties and the nature of bonding in Ni-
Mn-Sb. In case of Ni-Mn based Heusler alloys, the elastic
modulus C’ in the austenite phase has been found to be a
good predictor for Ty [66-68]. The (e/a) and AE, the energy
difference between L2; and tetragonal phases, are the other
two quantities found to be good predictors in certain cases. In
Fig. 9, we show the composition dependence of C’ for each
of the four systems in L2; phases. Calculations are done in
their respective minimum energy configurations. For sys1 and
sys4, we find gradual softening of C’, indicating instability
in the L2 phase. This is consistent with the results obtained
from the total energy calculations. In fact, negative C’ at
all compositions of sys4 indicates that the L2 structure is
unstable across compositions. In sys1, a small positive C’ for
x = 0.25 is consistent with a shallow minimum for (c¢/a) # 1
in the total energy curve. For sys2, C’ has little variation
with composition while for sys3, we see positive C' for x =
0.25, 0.50 which is consistent with the stable L2; phase at
low temperature as seen from Fig. 3. The trends of AE shown
in Fig. 9 for sysl and sys4 are consistent with variations in
C’; a decreasing (increasing) C'(AE) indicating increasing
stability of the tetragonal phase and increasing value of Ty.
For sysl, this is consistent with the experimental results
where Ty increases with x [23]. It is also to be noted that
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for sys1 and sys4, where our calculations predict martensitic
transformations, AE increases with (e/a) meaning that Ty
varies as (e/a). Consequently, for Ni-Mn-Sb systems, both C’
and (e/a) can be good predictors for Ty.

In Table II, Ref. [60], we show in detail the values of var-
ious elastic modulus for each compound. We calculated Pugh
ratio (G,/B) and Cauchy pressure (C”) to get an idea about
the brittleness and the nature of bonding in the compounds.
Pugh ratio G,/B [51,69], where G, is the isotropic shear
modulus under Voigot formalism [50] related to the resistance
of the material to plastic deformation, measures whether a
material is more ductile or more brittle. Compounds having a
Pugh ratio greater than 0.57 are considered to be more brittle.
On the other hand, Cauchy pressure C” provides insight to
the nature of bonding in a material with cubic symmetry [70].
A positive value of Cauchy pressure indicates the presence of
more metallic bonding in the system while a negative value
implies a stronger covalent bonding [71]. The tabulated values
(see Table II, Ref. [60]) imply that Ni-Mn-Sb compounds are
ductile in nature and the bonding is largely metallic.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have performed a comprehensive and
systematic investigation into the roles of composition, site
occupancies, and magnetic configurations affecting the struc-
tural stabilities in Ni and Mn-excess Ni,MnSb by ab initio
calculations. We find that the site occupancy pattern and
associated magnetic alignment of Mn atoms play the central

role in destabilizing the high-temperature Heusler phase and
consequently stabilizing a tetragonal martensite at low tem-
perature. We find that unless the system is significantly Sb
deficient, a martensitic transformation leading to the shape-
memory effect and associated functional properties is difficult
to realize unless the system stays in a metastable state due
to the process of annealing or is grown by nonequilibrium
methods. Our calculations for Mn-excess Sb-deficient systems
reproduce the experimentally observed trends. The patterns in
phase stability as obtained from our total energy calculations
can be understood from the features in the densities of states
in the minority spin bands. This paper helps understand the
reason behind the experimentalist choice of Sb-deficient sys-
tems for observing functional properties like magnetocaloric
effect in Ni-Mn-Sb. An important outcome of this work is
the identification of Ni;,MnSb;_, as a potential new shape
memory alloy where the martensitic transformation takes
place even at high Sb composition. This input widens the
scope of the experimentalists to explore functional properties
in Ni-Mn-Sb systems. Shear modulus and electron to atom
ratio (e/a) both turn out to be good predictors of 7Ty in
Ni-Mn-Sb. The materials are also found to be ductile, which
is an advantage for their commercial usages.
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