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Abstract

Phase competition and the subsequent phase selection are important characteristics of alloy sys-

tems exhibiting numerous states of distinct symmetry but comparable energy. The stoichiometric

Co2NiGa Heusler alloy exhibits a martensitic transformation with concommitant reduction in sym-

metry from a austentic L21 phase (cubic) to a martensitic L10 phase (tetragonal). A structural

search was carried out for this alloy and it showed the existence of a number of structures with

monoclinic and orthorhombic symmetry with ground state energies comparable to and even less

than that of the L10 structure, usually reported as the ground state at low temperatures. We

describe these structures and focus in particular on the structural transition path from the L21 to

tetragonal and orthorhombic structures for this material. Calculations were carried out to study the

Bain (L21 − L10) and Burgers (L21 − hcp) transformations. The barrierless Burgers path yielded

a stable martensitic phase with orthorhombic symmetry (O) with energy much lower—beyond

the expected uncertainty of the calculation methods—than the known tetragonal L10 martensitic

structure. This low energy structure (O) has yet to be observed experimentally and it is thus

of scientific interest to discern the cause for the apparent discrepancy between experiments and

calculations. It is postulated the the Co2NiGa Heusler system exhibits a classic case of the phase

selection problem: although the unexpected O phase may be relatively more stable than the L10

phase, the energy barrier for the (L21 − O) transformation may be much higher than the barrier

to the (L21 − L10) transformation. To validate this hypothesis, the stability of this structure was

investigated by considering the contributions of elastic, vibrational effects, configurational disorder,

magnetic disorder and atomic disorder. The calculations simulating the effect of magnetic disorder/

high temperature as well as the atomic disorder simulations showed that the transformation from

L21 to L10 is favored over the Burgers path at high temperatures (large magnetic disorder). These

conditions are prevalent upon cooling the material from high temperatures (the usual synthesis

route), and this provides a plausible explanation why L10 and not the O phase is observed. Other

ground states (not observed in experiments but predicted through calculations) are ruled out in

terms of symmetry relations as well as through considerations of elastic barriers to their nucleation.

Keywords: DFT, Co-Ni-Ga
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I. INTRODUCTION

Over the last few decades, experimental and theoretical research into shape memory

alloys (SMAs) has gained momentum due to the need for high temperature multi-functional

materials. Current applications of SMAs are restricted to below 100 °C for NiTi -based

and Cu-based alloys which have transformation temperatures in that range. To be able

to realize the advantages offered by these multi-functional materials in the automotive ,

aerospace and heavy machinery industries, there is a requirement for SMAs with much

higher transformation temperatures. CoNiGa is one such promising shape memory alloy

(SMA) which is the object of much interest due to it’s potential as a magnetic SMA with a

thermoelastic transition in the ferromagnetic state1. Cobalt has a large magnetic moment

which ensures a high Curie temperature. The CoNiGa alloy is sufficiently ductile, exhibits

the shape memory effect (SME) and has excellent super-elastic properties2. Additionally,

it shows martenstic start (Ms) temperatures up to 250 °C3. The CoNiGa alloy with a

stoichiometric Heusler type composition (Co2NiGa) is a primary candidate for applications

requiring ferromagnetic shape memory alloys4–7.

Heusler alloys may be defined as ternary inter-metallic compounds with a stoichiometric

composition X2YZ, with the L21 crystal symmetry. The L21 unit cell belongs to the space

group Fm3̄m and the whole crystal shows only tetrahedral symmetry. X and Y are transition

metals while Z is usually a covalently bonding group III-V element. The Heusler structure

is bcc-like as it can be formed from the ordered combination of two binary B2 compounds

XY and XZ with CsCl structure8. Austentic Co2NiGa exhibits the Heusler L21 structure

(space group Fm3̄m) with two inter-penetrating binary B2 compounds CoNi and CoGa with

a CsCl structure. The related inverse Heusler structure (CoNi)CoGa can be described as

one in which the Co sub-lattice is occupied by the Ni atom, while the displaced Co atoms sit

on the Ni sites. DFT calculations have shown that the inverse Heusler structure competes

with the conventional Heusler structure in some cases9.

In the Co2NiGa system, there is a martensitic transformation from the ordered cubic L21

to the non-modulated tetragonal L10 (AuCu, space group P4/mmm, 123) phase. Modu-

lated martensites which are seen in Ni(Mn,Fe)Ga Heusler alloys, have not been observed in

3



the CoNiGa system10,11. The L21 to L10 transformation can be described as a tetragonal

distortion of the cubic austenitic phase. If one assumes that the transformation occurs with

minimal volume change, then it can be described through a Bain path, which essentially

transforms a bcc structure into a fcc variant as the c/a ratio of the lattice goes from 1 to
√

2.

The Bain path shown in figure 1 (red curves) illustrates the transformation. In the figure,

c/a = 1 corresponds to the L21 phase, while the minimum at c/a =
√

2 corresponds to the

low symmetry, low energy martensite L10 with structural symmetry.

Along with the Bain mechanism, the body centered cubic (bcc) - hexagonal close packed

(h.c.p) transformation is the most commonly observed reconstructive phase transformation

in simple crystals. It is found in about 20 elements12. The mechanism used to describe

this transformation is the Burgers path13, first proposed for the β − α transformation in Zr.

When applied to the CoNiGa system, surprisingly, the Burgers path is seen to be a barrier-

less transformation that reaches a minimum value at distortions resulting from shuffles and

shears. This minimum corresponds to a low-energy martensitic structure with orthorhombic

symmetry (space group 59), referred to as the O structure henceforth which is more stable (

has a lower energy ) than the conventional martensitic L10 structure. The O phase has yet to

be reported in the literature and its absence in experiments cannot be merely explained away

using kinetic barrier arguments as the transformation clearly can go forward in a monotonic

way, at least under ground state—i.e. low temperature—conditions.

In an effort to explain this unprecedented O phase, an extensive investigation was carried

out to provide insight into the phenomenon by exploring the energy landscape around the

cubic Co2NiGa composition. Structural search by using the Minima Hopping Method14

were carried to explore the energy landscape surrounding the conventional martensitic L10

structure. These calculations predicted a number of structures with monoclinic, tetragonal

and orthorhombic symmetries with energies much lower than the L10 structure as well as the

O phase, with energy differences much larger than typical computational errors within the

chosen approximations. Various high-throughput databases such as the Materials Project15,

the Open Quantum Materials Database (OQMD)16, Automatic-Flow for Materials Discovery

(AFLOW)17 did not yield any of the structures predicted by the Minima Hopping Method

(MHM) or the Burgers calculations. This may be attributed to the lesser number of known
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structures for ternary phases, making predictions based on data mining very difficult beyond

binary systems or that those methods have been not used in particular for this type of

compounds.

Even with the extensive energy landscape exploration, the question as to why the Co-

Ni-Ga system undergoes a martensitic transformation to the L10 phase, while other lower

energy structures, specifically the O phase which may be accessed via the Burgers path,

exist; still remains to be answered. The question may be addressed in either one of three

ways: i) DFT within a set of given approximations is inadequate to capture the energetics

of the transformations in the Co-Ni-Ga system ; ii) experiments have so far been unable to

isolate the true martensitic ground state of the system; iii) the problem may be resolved

by invoking phase competition/phase selection undergoing at elevated temperatures as the

system cools down from a cubic austenitic state.

In addition to the structural search results, we also present total energy calculations for

the Burgers transformation and Bain paths in the conventional Heusler and inverse Heusler

Co2NiGa alloys. It is postulated that the isolation of a low-energy martensitic phase which

is more stable than the L10 martensite via ab-initio calculations, may be attributed to a

classic case of the phase selection conundrum, wherein the Co2NiGa L21 phase preferentially

transforms to the L10 martensitic phase in spite of other possible structures which are inac-

cessible even though their energy is lower. Elastic and phonon calculations were carried out

with the intention of isolating any instabilities due to vibrational or elastic effects . Finally,

the Bain and Burgers paths were recalculated taking into consideration the effect of con-

figurational , magnetic and atomic disorder. This analysis indicates that there is probably

a good explanation why we do not observe the other phases predicted from the structural

search.

The organization of this paper is as follows: In section II the computational details and

methodology used to perform the calculations is outlined. In section III the Bain and Burgers

transformations are applied to austenitic Co2NiGa and the results are presented. Section IV

outlines the minima hopping method as used in this work and the results obtained therein.

The phase selection hypothesis is presented and calculations carried out to validate it are

discussed in section V. Finally conclusions are drawn in VI and the work done is summarized.
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II. COMPUTATIONAL DETAILS AND METHODOLOGY

The results presented in this work are ab-initio calculations carried out to determine the

electronic, structural and elastic properties of Co2NiGa stoichiometric Heusler alloys. The

calculations were performed within the framework of Density Functional Theory, as imple-

mented in the Vienna ab initio simulation package (VASP)18, applying generalized gradient

approximation (GGA) using the Perdew-Wang 1991 (PW91) functional19. Single parame-

ter Burgers path calculations were also carried out using the local density approximation

(LDA)20. The electronic configurations of the relevant elements were realized using the pro-

jector augmented-wave (PAW) pseudo-potentials formalism21. Brillouin zone integrations

were performed using a Monkhorst-Pack mesh22 with at least 5000 k-points per Brillouin

zone or cell. Full relaxations were realized by using the Methfessel-Paxton smearing method

of order one23 and self- consistent static calculations were carried out with the tetrahedron

smearing method with Blöchl corrections24. A cutoff energy of 350 eV was used for all the

Bain and Burgers path calculations and spin polarizations were accounted for as well. Con-

vergence of the electronic structure was assumed, when changes between two consecutive

steps fell below 10−7eV .

The elastic constants were calculated by imposing a set of strains , ε = (ε1, ε2, ε3, ε4, ε5, ε6)

on the crystal structure25–29. The stresses (σi) resulting from the change in energy due to the

deformation are calculated. By application of Hooke’s Law σi = Cijεj, the stiffness tensor

Cij may be computed. The Bulk Modulus (B) is calculated by29:

B =
2

9

(
C11 + C12 + 2C13 +

C33

2

)
(1)

The shear modulus is calculated using the Voight approximation29:

G =
1

15
(2C11 + C33 − C12 − 2C13+) +

1

5

(
2C44 +

1

2
(C11 − C12)

)
(2)

While Young’s modulus is computed by29:

E =
9BG

3B +G
(3)

and Poisson’s ratio may be calculated as :

ν =
E

2G
− 1 (4)
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III. TRANSFORMATION PATHS IN Co2NiGa

The crystallographic relations for the b.c.c-h.c.p transformation were established by

Burgers13 and can be described as:

(110)b.c.c ‖ (0001)(h.c.p) , [1̄11]b.c.c ‖ [2̄110]h.c.p (5)

The transformation manifests in the form of two collective movements of atomic planes: i)

shearing towards the [1̄11] direction along the (11̄2) plane transforming the (110) b.c.c plane

into the (0001) h.c.p plane and ii) shuffling of alternate (110) planes in the [01̄10] direction

,with a constant (110) inter-planar distance. The Burgers’ mechanism thus involves two

distinct and simultaneous structural changes characterized by primary order parameters.

A. 1-parameter Burgers path

Friak et al30 coupled the two degrees of freedom to obtain a single parameter Burgers path

to study the b.c.c -h.c.p transformation in iron30–32. This model is modified and applied to

the L21 → hcp transformation in this work. Proceeding in a manner similar to30,the simplest

transformation is accomplished using an orthorhombic basis applied to a 1x2x1 supercell of

a 4 atom unit cell. For a L21 lattice constant a , the orthorhombic lattice parameters will

be:

a0 =

√
2a

s(δ)1/3
; b0 = a

(
δ(2
√

3− 3
√

2)

6
+

√
2

2

)
; c0 = a

(
δ(2
√

2− 3)

3
+ 1

)
(6)

where:

s(δ) =
√

2

(
δ(2
√

3− 3
√

2)

6
+

√
2

2

)
·
(
δ(2
√

2− 3)

3
+ 1

)
(7)

Here, δ = 0 corresponds to the L21 phase and δ = 1represents the hcp phase. Correspond-

ingly, the angle in the (110) L21 planes evolves from θ = 109.47◦ to θ = 120◦. The (110) L21

planes are transformed to the (0001) hcp stacking planes.

In Fig.1, we present the profile of the differential energy (δE) along the Bain path and

single parameter Burgers paths for CoNiGa . For the Burgers path, δ = 1 corresponds to
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FIG. 1. Energy profile comparison for Bain and single parameter Burger paths in Co2NiGa . The

minimum along the Burgers path occurs at approximately δ = 1.1 (O structure). The single data

point in the figures correspond to the completely relaxed minimum energy structure.

the perfect hcp lattice type. It is seen that the minimum along the Burgers path occurs at

approximately δ = 1.1. The single data point in the figure correspond to the completely

relaxed minimum energy structure. The energy of this structure is noted to be further

lowered by about 50 meV upon complete relaxation.

B. 2-parameter Burgers path

When both degrees of freedom are considered, this gives rise to the Burgers surface which

determines the energy field for the transformation. Nishitani et al33 described the b.c.c -

h.c.p transformation in Ti using the Burgers surface by performing first-principle calculations

using a two parameter model corresponding to the above mentioned two degrees of freedom.
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In order to model the Burgers surface of the Co2NiGa and Co2NiAl Heusler alloys, keeping

the atomic volume constant, the most rigorous transformation path is achieved by using an

orthorhombic basis (Space group :CmCm, #59, Pearson symbol:oS4) in conjunction with

an 8 atom unit cell. The evolution of the basis vectors and atom positions gives rise to a

two dimensional parameter space ( δ, η), where δ1 accounts for the basal shear and η for the

shuffle. For a L21 lattice constant a , the orthorhombic lattice parameters will be:

a0 = a
√

2 ; b0 = 2a/s(δ) ; c0 = a
√

2s(δ) (8)

where:

s(δ) = 1 +

[(
3

2

)0.25

− 1

]
δ (9)

The basis vectors are given by [a0, 0, 0], [0, b0, 0], [0, 0, c0], with atom positions (0, 0.25, 0.5),

(0, 0.75, 0), (0.5, 0.25, η/6), (0.5, 0.75, η/6), (0, 0, 0), (0.5, 0.5, 0.5 + η/6), (0, 0.5, 0) and

(0.5, 0, 0.5 + η/6). The L21 and hcp phases then correspond to (0,0) and (1,1) respectively.

Fig.2, shows the Burgers energy surface for the Co2NiGa Heusler alloy considering a

two-parameter Burgers path that takes explicit account for shuffles and shears necessary

to transform a bcc lattice into an hcp variant. In the figure, (0, 0) corresponds to the L21

structure and (1,1) corresponds to an hcp-like structure.

For these calculations, a 17x17 grid was used and the energy of the intermediate struc-

tures at each grid point was calculated using methods detailed in section II. A second-order

accurate finite difference scheme was then used to compute the total energy surface. The

minimum energy path (MEP) for the Burgers transformation through this energy surface

was constructed by using the modified string method34.This method allows determination

of the MEP by finding the minimum energy configuration along the hyperplanes normal to

the path. The MEP for the Burgers transformation is also indicated along the surface. The

inset shows the energy profile of the transformation, which is again barrier-less. The energy

values for all the different fully relaxed structures along with their lattice parameters are

summarized in Table I.

From Table I, it is seen that both the 1-parameter and 2-parameter Burgers path yield a

stable orthorhombic phase appreciably lower in energy than L10 via barrier-less transforma-
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FIG. 2. Burgers energy surface for Co2NiGa Heusler alloys. (0, 0) corresponds to the L21 structure

and (1,1) corresponds to the hcp structure.Inset: Energy profile for the transformation.

tions. Subsequently, it was deemed necessary to explore the energy landscape surrounding

the L10 structure by applying the minima hopping methods; results of which are detailed in

the following section.

IV. MINIMA HOPPING METHOD

Minima hopping calculations were carried out for the Co2-Ni-Ga chemical composition.

The basics of the method are described in detail in the original references14,35. In sum-

mary, this method performs a systematic ab initio search for low-enthalpy phases of a given

compound, where the only input is the chemical composition and the number of atoms in

the simulated cell. Short Rahman-Parrinello molecular dynamics simulations36, are used to
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TABLE I. Lattice parameters and energy values for Co2NiGa and Co2NiAl. Calculations were

performed using the GGA19 approximation. Energy difference is computed relative to the L10

structure in meV/f.u

Model Structure Space a b c δE

Group (Å) (Å) (Å) (meV/f.u)

L21 225 4.015 4.015 4.015 108.402

L10 123 4.364 4.364 3.598 0.000

1-param
O 59

4.113 5.094 4.397 -68.747

2-param 4.484 5.084 4.073 -118.436

escape from local minima and efficient local geometry relaxations were performed to identify

stable configurations. The efficiency of the escape step was ensured by aligning the initial

atomic velocities within the molecular dynamics along a soft mode direction. The energy

and stresses are obtained by interfacing the method with VASP18. As in the total energy

calculations, the projected augmented wave (PAW) method was used to describe valence and

core electrons37. To approximate the exchange-correlation functional we used the Perdew-

Burke-Ernzerhof (PBE)38 generalized gradient approximation. After the potential structures

are found by the Minima Hopping Method, the structure are tightly minimized by using a

plane wave cutoff of 550 eV, and the K-mesh used to calculate the observables in the Bril-

louin zone is adapted such that the calculation guaranteed a numerical convergence of the

total energy to less than 2 meV/atom. The structures were also re-optimized by using other

functionals in accordance with the total energy calculations.

A summary of the results is shown in Table II. This table shows the energy of all structures

using GGA19, PBE38 and LDA20 approximations relative to the relaxed L10 structure. It is

seen that a number of structures with monoclinic, tetragonal and orthorhombic symmetries

are predicted with energies much lower than the L10 structure. The list also includes the O

phase, which is was observed in section III to result from a Burgers transformation of the

original L21 structure. This shows that a number of low energy structures theoretically exist

in the thermodynamic vicinity of L10 but have been inaccessible experimentally. Figure 3

11



TABLE II. Energy difference of the predicted crystal structures in meV/f.u for Co2NiGa

Space δE Structure

Group GGA PBE LDA

123 0 0 0 L10

3 -58.0920 -21.2160 -67.1520 monoclinic

5 -55.5360 -51.1120 -82.5480 monoclinic

8 -109.976 -100.936 -150.396 monoclinic

11 -139.124 -136.228 -167.192 monoclinic

12 -122.636 -115.444 -159.772 monoclinic

31 -104.456 -99.6720 -136.620 orthorhombic

40 -66.2120 -61.1280 -91.3280 orthorhombic

44 -78.9040 -71.2440 -117.124 orthorhombic

51 -68.9520 -75.6160 -61.2120 orthorhombic

59 -132.536 -144.816 -151.376 O

63 -125.012 -126.512 -152.972 orthorhombic

119 -137.296 -131.360 -183.000 tetragonal

139 -27.9680 -20.7720 -67.9200 tetragonal

216 83.3960 89.4600 94.6720 Inv. Heusler

225 108.402 109.232 78.2080 L21

shows the simulated x-ray diffraction spectra for some of the lowest energy structures, that

can be used by the experimentalist to compare with some of our low energy structures. The

transformation mechanisms for all these structures, except the O structure are unknown.

The possibility of considering all possible structural transitions from the L10 phase to the

predicted ones is not the focus of this paper. Instead, we focus only on the O structure

and conduct a thorough analysis to investigate i) the stability of the structure and ii) the

possible energy barriers which may render these low-energy structures to be inaccessible.
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FIG. 3. Simulated X-ray diffraction spectrum with Cu Kα radiation, λ=1.54178 Å for some of the

low energy structures reported in Table II

V. ANALYSIS AND DISCUSSION

As mentioned earlier, the austenitic phase in the Heusler system Co2NiGa has a L21

structure. The martensitic transformation exhibited by this alloy is reversible, giving rise

to the shape memory effect. This implies that the resultant martensite have a symmetry

which is a sub-group of the austentic cubic structure39. The point group symmetries of the

relevant structures are : Fm3̄m. for L21, P4/mmm for L10 and Pmmn for the O phase.

The point groups of both the L10 and the O structures are sub-groups of the L21 point group.

The group - subgroup relationship for the a) L21-O and L21-L10 are shown in figure 4a,b.

Three possible paths exist for the symmetry transformation from L21 to O while two paths

exist for the symmetry transformation from L21 to L10. Some examples of group-subgroup

relations for additional structures isolated using the minima hopping method, which are close

in energy to the O structure viz. structures corresponding to space groups #63 and #119

have been described in figure 4c,d. For both these structures, we have two possible symmetry

reducing transformations possible. Of all the structures listed in Table II, structures with

space groups 12, 51, 59, 63, 119, 123 and 139 satisfy the symmetry relations with number
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FIG. 4. Group-subgroup graphs for the transformations a) L21-O and b) L21-L10 and for space

groups c) 63 and d) 119 as obtained in Table II generated using the Bilbao Crystallographic

database. Space groups corresponding to the relevant point groups are indicated.
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of symmetry paths ranging between 1-5. For space groups 8 and 11, symmetry relations are

satisfied, but the number of symmetry paths are 15 and 12 respectively. A larger number of

possible symmetry paths amounts to a one to many correspondence, which makes it harder

for a material to ‘remember’ it’s original crystal structure thereby hindering the ideal shape

memory effect. The remaining structures(space groups 3, 5, 31, 40, 44 ) do not satisfy

the symmetry requirements. Thus, from a crystallographic point of view, it is seen that in

addition to the O phase,a number of other structures also satisfy requirements.

The ideal reversible martensitic transformation must also be a volume preserving transition39

since the higher the volume change, the greater is the hysteresis or irreversibility associated

with the transformation. Having established the fact that there is a group-subgroup relation

between L21 and the O phase, we proceeded to investigate the existence of possible barriers

to the transformation. Table III shows the volume change (δV ) associated with the L21-O

and L21-L10 transformations , the effective bulk modulus for the transformation (Be) , the

corresponding volumetric strain energy per unit volume (Ev) and the total energy for the

transformation (Et). The volumetric strain energy was calculated as:

Ev =
1

2
σvεv =

1

2
(Beεv)εv =

1

2
Beεv

2 (10)

where σv is the volumetric stress and εv is the volumetric strain. εv was calculated by taking

the ratio of change in volume (δV ) to original volume. Be was estimated by averaging the

bulk moduli for the austenitic and martensitic phases. In table III, it is apparent that the

volumetric strain energy associated with the L21 - O is about 5 times larger than that for the

L21 - L10 transformation, however when compared to the Et, it it seen that it’s contribution

is negligible. Also, one must keep in mind that bulk effects (such as those associated with

elastic strain energy) only become important as the system volume becomes large enough.

The possible nucleation of the O phase from a parent L21 matrix is thus not ruled out.

A. The phase selection problem

Recapitulating, the Co2NiGa Heusler alloy shows a phase transformation from the

austenitic, high temperature L21 structure to the martensitic, low temperature non-modulated
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TABLE III. Energy difference due to volume changes during transformation. Indicated are the

volume change (δV ) for the transformations , the effective bulk modulus for the transformation

(Be) , the corresponding volumetric strain energy per unit volume (Ev) and the total energy for

the transformation (Et).

Transformation δV Be Ev Et

(�A3
) (GPa) (meV/f.u) (meV/f.u)

L21 - O -0.28 145 -0.784 -226.838

L21 - L10 -0.12 142.5 -0.141 -108.402

L21

L10
O

δEb

δEg

FIG. 5. Schematic of relative stabilities of the L10 and the O structures in the Co-Ni-Ga heusler

alloy. δEg is the energy difference between the conventional martensitic phase L10 and the O phase.

δEb is the proposed difference between the energy barriers for the L21- O transformation and the

L21 - L10 transformation respectively.

L10 phase. Minima hopping calculations predict a number of structures with monoclinic,

tetragonal and orthorhombic symmetries with energies much lower than the L10 structure.

Furthermore, Burgers path calculations predict the existence of an martensitic phase with
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orthorhombic symmetry , the O phase. This phase is stable against perturbations along a

Burgers transformation in a barrier-less fashion. While the examination of possible elastic

energy barriers to the transformation suggested that there maybe some elastic constraints

to the stabilization of the O phase, the elastic energy may not be sufficient to completely

rule it out.

It is proposed that the absence of the O phase may be attributed to the problem of phase

selection. As seen in Fig.5 , a possibility exists that while the O phase is relatively more

stable than the L10 phase , the energy barrier for the L21 -O transformation may be higher

than the barrier to the L21 -L10 transformation, i.e, δEb > δEg at some temperature far

away from the ground state conditions, when the system is cooled from the L21 structure.

In this case, the high temperature austenitic phase may not be able to sample a subset of

low energy states since there may be no accessible paths. We proceeded to examine the

stability of the O phase in terms of its vibrational spectrum, its elastic constant tensor and

we also examined the effect of configurational and magnetic disorder (brought about by high

temperatures) on the competition between Bain and Burgers paths, taking the L21 structure

into either the observed L10 or the missing O phase. .

B. Phase stability analysis

1. Vibrational properties

Phonon calculations were carried out to study the relative stability of the L21, L10 and

O structures. We use the fitfc module as implemented in the ATAT package to perform

the vibrational calculations. This method consists of slightly perturbing the positions of the

atoms away from their equilibrium position and calculating the reaction forces by fitting a

spring model. Equating the calculated forces to the forces predicted from the harmonic model

yields a set of linear constraints that allows the unknown force constants to be determined.

The force constant matrix is then used to extract the projected vibrational density of states

and the phonon dispersion curves. The projected vibrational density of states is shown in

Fig. 6 .
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FIG. 6. Projected vibrational density of states for the Co2NiGa system at T=0 K

The mode of interest in these alloys is along the [110] direction. The calculated phonon

dispersion curves of the three structures were compared .Fig. 7 shows the projected vi-

brational density of states for these structures along the [ξ, ξ, 0] directions in the Co2NiGa

systems respectively. No unstable modes are observed. Softening of the optical modes is ob-

served in the L10 as well as the O structures. No conclusions can be drawn about the relative

stability of the structures. The vibrational contribution to the total energy was estimated

for the three structures by integrating over the vibrational density of states. However, the

contributions were negligible ( < 5meV) hence we do not include them in this work.
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TABLE IV. Calculated elastic properties of CoNiGa in GPa : significant components of the stiffness

tensor (Cij), bulk modulus (B), shear modulus (G), elastic modulus (E) and Poisson’s ratio (ν).

Calculations were performed using the GGA19 approximation.

Alloy Structure c11 c12 c13 c33 c44 B G E ν

CoNiGa L21 181 186 186 181 141 136 52 139 0.33

L10 252 153 163 204 114 149 71 184 0.29

O 265 154 108 328 55 154 66 173 0.31

2. Elastic properties

Elastic constants for the structures considered in this work were calculated as explained

in section II and are listed in Table IV in GPa. Included are the significant components
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of the stiffness tensor ( c11 , c12 , c13 , c33 and c44) , bulk modulus (B), shear modulus

(G), elastic modulus (E) and Poisson’s ratio (ν). From the table we see that the elastic

moduli of L10 and O structures are close in magnitude. There is no suggestion of instability.

C11 − C12 lends an insight into the stability of the structure with respect to shear and

other martensitic transformation inducing deformations. For the L21 structure, C11 − C12

< 0, which is expected since the L21 structure is unstable with respect to temperature and

undergoes a martensitic transformation. However C11 − C12 values for both L10 and O

structures are positive, with the value for the O phase being higher indicating increased

stability with respect to the L10 structure.

C. Effect of disorder on the competition between Bain and Burgers paths

While arguments using rough estimates for the elastic strain energy associated with the

L21 − L10 and L21 −O transformations suggest a higher elastic barrier for the latter, these

arguments cannot be used when looking at the incipient process of the formation of a new

phase out of the L21 matrix since at early stages of the phase transformation bulk energy

contributions may not be significant enough. On the other hand, the phonon and elastic cal-

culations suggest that the O phase is mechanically stable. This leads us to believe that there

exist mechanisms arising from hitherto unaccounted for contributions within the material

which make these low energy states inaccessible when coming from high temperature experi-

ments. We thus proceed to examine three such contributions: i) the effect of configurational

disorder ii) magnetic disorder and iii) atomic disorder.

1. Effect of configurational disorder

It is well known that atomic ordering may influence the transformation behavior of SMAs.

Substantial experimental and numerical work has been carried out on investigating the the

order-disorder transition, long-range ordering and effect of ordering on the phase transfor-

mation characteristics in various shape memory alloys40–42 have been studied experimentally

and numerically. Recarte et al. show that in Ni-Mn-In SMA, the thermodynamics of the
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FIG. 8. Energy profile comparison for Bain and single parameter Burger paths in disordered (SQS)

Co2NiGa

martensitic transformation depends on the atomic ordering42. The effect of configurational

disorder was simulated by using Special Quasirandom Structures (SQS)43, implemented us-

ing the ATAT toolkit. A 32 atom supercell was used and the Bain and Burgers paths were

recalculated for this structure and are shown in fig. 8. We see that the energy at the min-

imum along the Bain path is still higher than that along the Burgers path, although the

energy difference is substantially lowered (≈ 25meV ).

2. Effect of magnetic disorder

In this sub-section, we present Bain path and Burgers path calculations for varying degrees

of magnetization (100%−0%). This may be viewed as a crude method to simulate the effect

of high temperatures by lowering the magnetization. This is achieved by using the fixed spin
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moments method within VASP. Specifically, we assign a value to the parameter NUPDOWN

in the INCAR file. Fixing the value of this parameter ensures that the difference of the

number of electrons in the up and down spin component will be kept fixed to the specified

value. We calculate the bain and burgers paths for the different values of NUPDOWN. For

these calculations, VASP automatically sets MAGMOM = NUPDOWN/number of ions,

hence we use the term MAGMOM to denote the different cases. Results are presented for

100 %, 90 %, 70 %, 50 %, 30 % magnetic moment values and the non-magnetic case.

In Fig. 9, it is seen that for the 100 % MAGMOM case, as seen before, the Burgers

path has a lower minima than the Bain path, i.e., the O phase is more stable than the L10

phase. However, on lowering the magnetic moment, as in the Fig. 9 b, the Burgers and Bain

paths have almost coinciding minima. On further lowering on the magnetic moment as in

Fig. 9 c, d, e and f, the trend is reversed and the Bain path is seen to have an increasingly

lower minima than the Burgers path. Thus reducing the magnetization of the system, i.e.

introducing magnetic disorder and simulating the effect of higher temperatures, stabilizes

the L10 phase with respect to the O phase.

3. Effect of non-stoichiometric composition

In this section we account for the effect of atomic disorder, viz, the modeling of the

transformation in a non-stoichiometric composition. As observed in1, it is not simple to

achieve the perfect heusler composition Co2NiGa because one is very near the two-phase

(γ+β) region or at the border of the B2 phase. Simulating a non - stoichiometric composition

also weakens the magnetic ordering naturally ( as opposed to fixed-spin calculations in

subsection V C 2). We use a 16 atom SQS supercell to model the the Co43.75Ni25Ga31.25

composition and calculate the Bain path. Since the symmetry of the structure is lowered

due to the off - stoichiometric composition, the bain path (varying of c/a) was calculated

for 2 cases: i) c —— z and ii) c —— y. We then selected the bain path with the lower

energy profile. For the Burgers path, we used a simple 16 atom supercell to simulate the

structure. Since Ga replaces Co, we considered all possible configurations of Ga replacing

Co and then selected the lowest energy configuration. The Burgers path was carried out

22



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Reaction coordinate (Burgers path)

−150

−100

−50

0

50

100

150

E
n

er
gy

[m
eV

/f
.u

]
Burger

Bain

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
c/a ratio (Bain path)

(a)MAGMOM = 100%

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Reaction coordinate (Burgers path)

-100

-50

0

50

100

150

200

E
n

er
gy

[m
eV

/f
.u

]

Burger

Bain

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
c/a ratio (Bain path)

(b)MAGMOM = 90%

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Reaction coordinate (Burgers path)

-50

0

50

100

150

200

250

E
n

er
gy

[m
eV

/f
.u

]

Burger

Bain

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
c/a ratio (Bain path)

(c)MAGMOM = 70%

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Reaction coordinate (Burgers path)

0

50

100

150

200

250

300

E
n

er
gy

[m
eV

/f
.u

]

Burger

Bain

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
c/a ratio (Bain path)

(d)MAGMOM = 50%

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

Reaction coordinate (Burgers path)

50

100

150

200

250

300

350

E
n

er
gy

[m
eV

/f
.u

]

Bain

Burger

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
c/a ratio (Bain path)

(e)MAGMOM = 30%

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Reaction coordinate (Burgers)

−150

−100

−50

0

50

100

150

E
n

er
gy

[m
eV

/f
.u

]

Burgers path

Bain

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
c/a ratio (Bain path)

(f)non-magnetic

FIG. 9. Energy profile comparison for Bain and single parameter Burger paths in Co2NiGa for

varying values of magnetization (fixed spin moment calculations).
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FIG. 10. Energy profile comparison for Bain and single parameter Burger paths in Co7Ni4Ga5.

on the lowest energy configuration. Thus it was ensured that the lowest possible bain path

and burgers paths were used, which encapsulate all possible energy ranges which may be

observed and enable us to make a qualitative, if not quantitative observation. The results

are indicated in fig 10. It is seen that the L10 structure as achieved through the Bain path is

more stable than the corresponding O phase for this composition. This maybe attributed to

the weakening of the magnetic ordering due to substitution of one Co atom by a Ga atom,

as mentioned earlier .

VI. SUMMARY AND CONCLUSION

The Burgers path was investigated in the Co-Ni-Ga ferromagnetic shape memory alloy

system. Calculations were carried out using two models-a single parameter characterization

of the Burgers path and a two parameter Burgers model which generates a transformation
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energy surface. In both models, a low energy structure with a orthorhombic symmetry (O) is

observed whose parameters are shifted from the expected co-ordinates for the transformation.

This low energy structure (O) has been unobserved experimentally. Complete relaxation

of the O structure shows further reduction in energy. The Bain path for the alloys is also

determined and compared to the Burgers path.Minima hopping calculations were carried out

to investigate the energy landscapes surrounding the L10. martensitic phase in Co−Ni−Ga.

Results showed the existence of a number of structures similar in energy to as well as much

lower than the predicted O phase in the vicinity of th L10 structure. It was postulated

the the Co2NiGa Heusler system exhibits a classic case of the phase selection problem.

Although the unexpected Ophase may be relatively more stable than the L10 phase, the

energy barrier for the L21 -O transformation may be much higher than the barrier to the

L21 -L10 transformation. This high barrier may be due to vibrational effects, elastic effects,

configurational disorder, magnetic disorder or due to micro-structural effects.

In an effort to validate this hypothesis, the stability of this structure was investigated via

elastic and lattice dynamics calculations and the the contributions of configurational and

magnetic disorder on the transformations were studeied. No instabilities due to vibrational

effects were detected. Elastic calculations showed comparable values of elastic properties for

the L10 and O phases. C11 − C12 values showed that the O phase is relatively more stable

than the L10 phase. Calculations incorporating configurational disorder showed a lowering

in the energy difference between the L10 and the O structures,but the O structure was still

more stable. The calculations simulating the effect of magnetic disorder/ high temperature

showed that the L10 structure may be stabilized with respect to the O phase by lowering

the magnetic moment. Thus, it is proposed that magnetic disorder plays an important role

in the phase selection energetics of the CoNiGa system and is a principal contributor in the

determination of the transformation path followed in this system. Further calculations were

carried out on an off-stoichiometric composition Co43.75Ni25Ga31.25 , where the weakening of

the magnetic ordering manifests naturally. As expected, the L10 phase was seen to be more

stable than the O phase.

Reverting to the question raised in section I, we conclude that it is unrealistic to use

standard DFT prototypes to investigate ground states of relatively less known systems. By
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performing a detailed analysis of the transformation paths (Burgers and Bain) by taking into

account perturbations on the ground state, it is seen that what is manifested is in principle

a phase selection problem: the ultimate crystal structure that the system transforms into,

depends on the path that the system prefers. When coming from high temperature, the

accessible path is that corresponding to the Bain transformation. To conclude, discrepancies

between DFT and experiments may be reconciled if we consider the ’history’ of the alloy.
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