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The alloying and magnetic disordering effects on site occupation, elastic property, and phase stability of Co,YGa
(Y =Cr, V, and Ni) shape memory alloys are systematically investigated using the first-principles exact muffin-tin orbitals
method. It is shown that with the increasing magnetic disordering degree y, their tetragonal shear elastic constant C’ (i.e.,
(C11 — C12)/2) of the L2 phase decreases whereas the elastic anisotropy A increases, and upon tetragonal distortions
the cubic phase gets more and more unstable. Co,CrGa and Co,VGa alloys with y > 0.2 thus can show the martensitic
transformation (MT) from L2 to DOy, as well as CopNiGa. In off-stoichiometric alloys, the site preference is controlled
by both the alloying and magnetic effects. At the ferromagnetism state, the excessive Ga atoms always tend to take the
Y sublattices, whereas the excessive Co atom favor the Y sites when ¥ = Cr, and the excessive Y atoms prefer the Co
sites when ¥ = Ni. The Ga-deficient Y = V alloys can also occur the MT at the ferromagnetism state by means of Co or
V doping, and the MT temperature Ty; should increase with their addition. In the corresponding ferromagnetism ¥ = Cr
alloys, nevertheless, with Co or Cr substituting for Ga, the reentrant MT (RMT) from DO0,; to L2; is promoted and then
Tv for the RMT should decrease. The alloying effect on the MT of these alloys is finally well explained by means of the
Jahn-Teller effect at the paramagnetic state. At the ferromagnetism state, it may originate from the competition between
the austenite and martensite about their strength of the covalent banding between Co and Ga as well as Y and Ga.

Keywords: first-principles, martensitic transformation, elastic modulus, magnetic ordering, shape memory

alloys
PACS: 61.66.Dk, 62.20.de, 63.20.dk, 64.70.K-

1. Introduction

Several Co;-based Heusler alloys (with the stoichiometric
composition X,YZ) such as Co-Ni—Ga,!!"?] Co,Cr(Ga,Si),"!
Co,Cr(AlLSi),"* Co-V-Ga,>! and Co-V-Sil'%!!l recently
have attracted a lot of research due to their extrordinary shape
memory effect. This is because they possess the reversible
martensitic transformation (MT) from the L2; phase (face-
centered-cubic, fcc, space group Fm3m) to the so-called D0,
phase (body-centered-tetragonal, bet, space group 14 /mmm),
described clearly in Ref. [12] although in some compositions,
other related structures, such as the inverse Heusler (L2)[13:14]
and the disordered B, cubic phases,! and the orthorhom-
bic and monoclinic martensite,!'®) may also coexist. Among
them, Co,Cr(Ga,Si) alloys can also occur with L2{—D0y—
L2 successive transitions upon cooling from the paramag-
netic (PM) state to the ferromagnetic (FM) state,*! showing
an abnormal behavior of reentrant martensitic transformation
(RMT) from DOy to L2;. Some PM state of Co-V-Si al-
loys can even exhibit their shape memory effect up to about
700 °C,[9 higher than the MT temperatures (7y) measured
in most shape memory alloys. Compared to the traditional
Ni-Mn-QGa alloys, these Co;-based shape memory alloys also
possess relatively good mechanical property, processability,
and corrosion resistance.!!%!”] They therefore have a broad

fCorresponding author. E-mail: cmli @synu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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prospect for applications in the area of biomedicine, automo-
tive, aerospace, and chemistry industry.

Similar to the traditional Ni-Mn—Ga alloys, the reversible
MT behavior of these Coj-based shape memory alloys is
highly composition-dependent. With respect to the composi-
tion, Ty changes from 250 K to 500 K in Co—V-Ga alloys,[S’é]
and in Co-Ni—-Ga alloys it even varies from 100 K up to
800 K.[18:191 The phenomenon of RMT from D0y to L2
was clearly observed only in some Co,Cr(Ga,Si) alloys, >2°]
Ty for the normal MT of L2,-D0;, and that for the RMT
change oppositely against the composition. Correspondingly,
in these alloys the entropy difference between the L2; and
D0y, phases has been confirmed to be positive during the RMT
but negative in the normal MT,*?% and during the two phase
transitions, an inverse temperature dependence of superelas-

(12201 a5 well as electric resistivity[®! was also found

tic stress
in Coy49.7Crp83Gay;Siy; alloy. Exploring the alloying effect
on the thermodynamic properties and phase stabilities of these
CoYGa (Y = Cr, V, and Ni) Heusler alloys and then trying to
find out their physical mechanisms are critical to design them
with good shape memory effect. However, until now, their true
story is still not deeply understood.

There are several plausible quantities to connect the com-

position and Ty of Ni-Mn—Ga alloys, such as the number

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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of valence electrons per atom (e/a),?!=23! the energy differ-
ence between the cubic austenite and the tetragonal martensite
(AEAM),[24] the tetragonal shear modulus of the parent phase
(C' = (Cy1 —C12)/2),1252%] and the tetragonality of the marten-
site (|1 —c/al).[?”-?8] Generally, Ty increases with the increase
of e/a, AEAM, and |1 — c/a|, whereas decreases with increas-
ing C'. The established correlation between Ty and e/a is
also followed by the most Co,YGa (Y = Cr, V, and Ni)-based
alloys.[3018:191 Nevertheless, the relationships of Ty; ~ AEAM,
Tm ~ |1 —c/al|, and Ty ~ C' have never been examined. In ad-

1291 the excessive Mn atoms

dition, similar to Ni-Mn-In alloys,
on the In sites are FM coupling with those on their own sites
in the L2 phase, whereas in the tetragonal D0, martensite
they turn out to be anti-ferromagnetic (AFM) coupling with
each other, in Co,Cr(Ga,Si) alloys the RMT occurs at the FM
state whereas the normal MT happens at the PM state.[32%]
The magnetic ordering therefore may also be associated with
the phase stability of these Co,-based alloys at finite temper-
atures. Furthermore, the MT from L2, to tetragonal pase in
Ni-Mn-Ga can be traced to the Jahn—Teller distortion and
Fermi surface nesting at the electronic structure level.3%-3!1
This electronic origination as well as the alloying and mag-
netic ordering effects on the MT also needs to be ascertained
in these Co;-based shape memory alloys.

In this paper, we systematically investigate both the al-
loying and magnetic disordering effects on the thermodynamic
properties and phase stabilities of the L2; and D0, phases of
CoyYGa (Y = Cr, V, and Ni) Heusler alloys, and then try to
find out the physical mechanisms driving their composition-
dependent MT. In order to have a better comparison among
the three groups of alloys, the other complicated structures are
neglected in both the austenite and martensite. Though for the
FM Y = Ni alloy, the inverse Heusler structure!'?! is also found
to be lower than the L2; structure in energy about 0.23 mRy
from our calculations. However, the latter structure corre-
sponds to the ground state of both Y = Cr and V alloys, and the
MT of L2;-D0y, can be found in Co,NiGa alloy as well.[!3]
The rest of the paper is arranged as follows: In Section 2, we
describe the first-principles method used and the calculation
details. In Section 3, the site occupation, equilibrium prop-
erties, elastic property, and phase stability of nine groups of
off-stoichiometric alloys as well as the three stoichiometric
ones are presented at both the FM and PM states, the alloy-
ing and magnetic ordering effects on these properties are ex-
plored, and the mechanism driving the composition-dependent
MT of these alloys is discussed together with their calculated
electronic structure. Finally, we summarize the main results of
this work in Section 4.

2. Methods and calculation details

Based on density-functional theory (DFT), the employed
first-principles solver is the exact muffin-tin orbitals (EMTO)

d4.132-35]

metho in combination with the optimized overlapping

muffin-tin approximation for the effective potential *>3¢! and
the full-charge density technique for the total energy.3>37]
This approach is then suitable to accurately describe the total
energy change with respect to anisotropic lattice distortions. In
addition, within the EMTO method, the single-electron Kohn—
Shan equations are solved by using Green’s function tech-
nique and the substitutional disorder is treated using the co-

).[33-401 Our main moti-

herent potential approximation (CPA
vation for choosing this method is that it is flexible enough
to describe both the atomic disorders and magnetic disorders
in the CoYGa (Y = Cr, V, and Ni)-based alloys. In a num-
ber of previous studies, *!*] the accuracy of the EMTO-CPA
method for the equation of state and elastic properties of met-
als and disordered alloys has been demonstrated.

For the present application, the EMTO basis sets include
S, p, d, and f components, and the scalar-relativistic and soft-
core approximations are adopted. The Green function is cal-
culated for 32 complex energy points distributed exponentially
on a semicircular contour. As pointed out in Refs. [32,35,36],
the EMTO results can be improved by optimizing the over-
lapping potential spheres. Here, after a careful potential op-
timization, we set the muffin-tin radii (R$?) and atomic radii
(RS9) of the atoms on the Co sublattice being R$S = 0.95R
and R$O = 1.10Rys, respectively, and keep those of atoms
on the other sublattices equal to Ry, (Wigner—Seitz radius of
the Voronoi polyhedron around each site). In the one-center
expansion of the full-charge density, the number of compo-
nents is truncated at 10. The e/a ratio is calculated with Co-
3d74s?, Cr-3d%4s!, V-3d34s?, Ni-3d%4s?, and Ga-4s%4p'. The
electronic exchange-correlation potential is described with the
generalized gradient approximation by Perdew, Burke, and
Ernzerhof. 46! The Brillouin zone is sampled by a 17 x 17 x 17
uniform k-point mesh without smearing technique for both the
cubic and tetragonal structures.

The equilibrium lattice parameters (a and c¢/a) and the
bulk modulus (B) of both the L2 and D0,, phases (described
clearly in Ref. [12]) are first determined by fitting the calcu-
lated total energies (E) versus volume (nine data points) to a
Morse function.*”! Here the ¢/a ratio of the tetragonal struc-
ture is defined by means of the equivalent fct (face-centered-
tetragonal) unit cell and then, when ¢/a = 1 the tetragonal
structure right means the L2 structure. At the fixed equilib-
rium volume V, the elastic constants of a single crystal can be
derived by straining the lattice and then calculating the sec-
ond derivative of the total energy AE to the strain §. The
lattice deformations and corresponding mathematical formula
for the calculation of the elastic constants in both the cubic and
tetragonal structures may be found in Ref. [48]. Throughout
the present work, in order to get good fitting coefficients, six
strains from 8 = 0 to 0.05 with intervals of 0.01 are used to
calculate the total energies. The corresponding polycrystalline

056105-2



Chin. Phys. B 31, 056105 (2022)

elastic constants are estimated by means of the Hill average
method.??)

The temperature-dependent magnetism is evaluated with
the performance of Uppsala Atomistic Spin Dynamics (Up-
pASD) program.[#°->31 Within this method, the itinerant elec-
tron system is mapped to an effective classical Heisenberg
model,

I‘I:—lzt.ll'j’l’ni-’I’I’Lj7 (1)
27
where J;; are the interatomic exchange interactions, and the in-
dices i and j are 1 and 2, representing the Co and Y atoms. The
m; is the magnetic moment of atom i, its motion is described
using the Landau-Lifshitz—Gilbert (LLG) equation49-"]

ami

ot

= —ym; X [B;+b;(1)] _V%mi
x{m; x [B;+b;(t)]}, 2

where B; = —dH /dm; is the so-called effective field experi-
enced by each atom i, ¥ is the gyromagnetic ratio, and b;(¢) is
a stochastic magnetic field with a Gaussian distribution with
respect to temperature 7. The magnitude of b;(z) is related to
the damping parameter &, which eventually brings the system
into thermal equilibrium. With the solved m; from Eq. (2), the
magnetic moment of the system (M) is then calculated from

M(T) = ]1,\/<Zi:mx,i)2+ (Zi“my,i)zjt (Zl:m,)z 3)

In our calculations, the periodic box size is kept to 10 X
10 x 10 unit cells. The time-step for solving the above dif-
ferential Eq. (2) is 107!° s, and the number of the time steps
is taken as 10000. The o is set 0.01. The 0 K J;; includes
the exchange interactions between the atoms within the tenth

nearest neighbors. They are calculated using the magnetic

force theorem[+> 3]

I implemented in the EMTO program.|
The magnetic excitations gradually transform the FM mag-
netic moment into the PM (described by the disordered local
magnetic-moment model,>®) DLM) magnetic moment over
a temperature interval of Curie temperature 7c. During this
process, with the partially disordered local magnetic-moment
(PDLM) model,®78] the Co,YGa system may be described

as a (COEYT)P),(CO%Y +),Ga pseudoalloy. Here, the magnetic

disordering degree y is named as the magnetic disordering de-
gree, which is connected with the temperature-dependent nor-
malized magnetic moment (M /My ~ 1 — 2y, with M and M)
the magnetic moments at any temperature 7 and O K, respec-
tively).

3. Results and discussions

3.1. Equilibrium properties of the austenite
3.1.1. The standard stoichiometric alloys

Table 1 compares the equilibrium properties of the 12
phase of Co,YGa (Y = Cr, V, and Ni) alloys with the available
experimental and theoretical results.

It is clear that at the FM state, the present a, B, total
magnetic moment ({), and magnetic moments on Co (Uco),
Y (uy), and Ga (Ug,) atoms of the three alloys are in good
agreement with their previous theoretical ones. [>+13:62:63.66-68]
For Co,CrGa and Co,VGa alloys, the a and o values are
also in line with their experimental data.[>%-61:64651 Since the
atomic radii of Cr, V, and Ni are about 1.85 A, 1.92 A, and
1.62 A, respectively, a of Co,VGa is the largest whereas that
of CoyNiGa is the smallest. As is expected, a of the two al-
loys becomes smaller at the PM state (shown in the parenthe-
ses). However, in the PM Co,CrGa alloy, it becomes slightly
larger, being consistent with our previous result.[**] It may be
attributed that in the alloy, the Co, Cr, and Ga atoms are ar-
ranged much more closely together due to their stronger inter-
actions at the ground FM state than the high temperature PM
one. B is shown in softening for all the three alloys with the
PM ordering.

As listed in Table 1, uc, turns out to be different in the
three FM cubic alloys, and among them the py values also
have big changes. As a result, Uyt of Co,CrGa alloy is the
largest whereas that of Co,VGa is the smallest. As shown in
Fig. 1, the critical temperature, at which M /M, gets close to
0 and yx reaches the maximum, thus decreases with Y vary-
ing from Cr to Ni and then to V. Their estimated 7¢ values
are about 474 K, 422 K, and 347 K, respectively, also in line
with the available experimental data®:3] in Table 1. Above
results ensure the accuracy of the present EMTO and UppASD
calculations of these Co,-based Heusler alloys.

Table 1. Equilibrium lattice parameter (a), bulk modulus (B), total magnetic moment (L), magnetic moments on Co (lco), ¥ (Uy), and Ga (Ug,)
atoms, and Curie temperature (7¢) of the FM L2;-Co,YGa (Y = Cr, V, and Ni) alloys are in comparison with the experimental and theoretical data from
Refs. [2,13,59-68]. For comparison, a and B of the three alloys with the PM ordering are also given in the parentheses.

Alloys Methods a(A) B (GPa) Hiot (Up) Hco (Up) Hy (Us) Hga () Tc (K)

Co,CrGa This work 5.7249 (5.7383) 203.5 (177.7) 3.02 0.75 1.57 -0.049 474
Experiment 39611 5.741, 5.805 3.01 495
Theory 6263 5.728 208.8 3.03 0.70 1.72 -0.100

Co,VGa This work 5.7818 (5.7674) 197.3 (183.9) 1.82 0.83 0.18 -0.015 347
Experiment!61:64.63] 5.7859, 5.769 1.90 352
Theory[66-68] 5.786 198 2.00 0.92 0.21 -0.008

Co,NiGa This work 5.6959 (5.6882) 181.0 (178.9) 2.56 1.08 0.49 -0.074 422
Theory!>13] 5.68 181 2.67
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Fig. 1. Temperature dependence of the normalized magnetic moment
(M /My, with M and Mp being the magnetic moment at any tempera-
ture 7" and 0 K, respectively) and magnetic susceptibility () of the FM
L2;-CoYGa (Y =Cr, V, and Ni) alloys.

3.1.2. The off-stoichiometric alloys

For the off-stoichiometric CoYGa (Y = Cr, V, and Ni)
alloys, we first determine their site preference by comparing
the free energies (F) per atom of an alloy with different site
occupations at their equilibrium volume. The lower the F is,
the more stable the corresponding site configuration is. Here,
F is calculated by taking both the electronic total energy E and
the chemical mixing entropy into account, expressed as

1 4
F=E+ ZkBTZ[xilnxi+ (1—x)In(1 —x)], 4)

i=1
where x; is the composition at each of the four sublattices, kg is
the Boltzmann constant, and 7 = 300 K. We consider the three

types of compositions: Co-rich (Coy.1Yy9Ga, Cor 1Y Gago,
and Coy,1Yp.95Gag 95), Y-rich (Coj 9Y7.1Ga, CorY;.1Gag g, and
Co1.95Y1.1Gag95), and Ga-rich (Coj9YGay 1, Cox¥poGay i,
and Coj 95Yy.95Ga; 1) alloys. For each composition, the nor-
mal occupancy (the excessive atom evenly occupying all the
sites of the deficient atoms) and the abnormal occupancy (the
excessive atom occupying solely the site of one of the other
two atoms, and then the replaced atoms moving to the sublat-
tice of the left deficient atom) are considered.

In Table 2, the relative electronic total energy (AE and
AE', for the spin-polarized and nonspin-polarized composi-
tions, respectively, with the same spin-polarized equilibrium
lattice constants) as well as free energy (AF') of each alloy to
that of the alloy with the normal site configuration is shown.
For each alloy, the difference between AE and AF with the
same site-occupation configuration is very small at 300 K.
Then, around the room temperature, the mixing entropy can-
not change the relative stability of the site occupations such
that comparing the electronic energy is actually sufficient to
determine the stable site occupancy.

For the Co-rich alloys with ¥ =V and Ni, they always
possess the lowest AE when the excessive Co atom is in the
normal site, i.e., evenly occupies the sites of the deficient

atoms, whereas these alloys with ¥ = Cr are the most stable

Table 2. Relative electronic total energy (AE and AE’, calculated with and without spin-polarization, in mRy) and free energy (AF, in mRy) of
the off-stoichiometric L2;-Co,YGa (Y = Cr, V, and Ni) alloys to those of these alloys with normal site occupancy configuration, at temperature
of 300 K. AE and AE' are evaluated with the same spin-polarized equilibrium lattice constants. Also presented in the table are the total magnetic

moments (U, in Up) of these FM alloys with different configurations.

Composition Site occupancy AE AE’ AF Hiot
Cr v Ni Cr A% Ni Cr v Ni Cr V Ni
Co-rich
Co2.1Yp9Ga Co02(Yp.9Cop.1)Ga 0 0 0 0 0 0 0 0 0 3.08 187 2.69
Co,(Yp.9Gay.1)(Gag 9Cop.1) 1.58 0.46 1.09 0.79 -0.81 0.87 143 031 094 236 121 262
Coy.1YGag o Co,Y(Gag 9Coo.1) 0 0 0 0 0 0 0 0 0 266 145 290
C02(Yp.9Co0.1)(Gap 9Yo.1) -0.46 1.50  0.62 0.49 0.46 0.30 -0.61 1.35 047 333 203 283
C02.1 Yo,gsGaogs COz(Y0‘95 C00A05)(Ga095 CO()A()S) 0 0 0 0 0 0 0 0 0 2.83 1.65 2.80
C02(Y.9C00.1)(Gag.05Y0 05) 275 067 027 017 110 004 -281 061 021 321 195 277
Co0(Yo.95Gag.05)(Gag.oCop.1) -1.82 024 053 005 -045 015 -1.88 0.18 047 251 133 277
Y-rich
CO]QY]JGa (CO()A95 Y()‘()s)z YGa 0 0 0 0 0 0 0 0 0 2.73 1.37 2.45
(C00.95Y0.05)2Y (Gag.9Yo.1) 2.85 2.76 340 3.58 3.77 3.35 270  2.61 325 331 1.87 250
CoyY1.1Gag g Co2Y (GagoYp.1) 0 0 0 0 0 0 0 0 0 330 195 263
(C00.95Y0.05)2Y (Gag.9Cop.1) 1.85 236 -0.81 -0.44 0.31 -0.17 1.66 217 -1.00 237 098 280
Co1.95Y1.1Gag.9s  (C00.975%0.025)2Y (Ga.95Y0.05) 0 0 0 0 0 0 0 0 0 3.02 167 259
(C00.95Y0.05)2Y (Gap.95Cog.05) 0.97 121 -047 -0.18 0.16 -0.06 0.89 113 -055 255 1.19 262
(Co0.975Gag.025)2Y (Gag.oYo.1) 1.46 1.42 1.70  1.83 1.92 1.60 140 1.36 1.64 331 192 257
Ga-rich
Co;19YGay g (Co0.95Gag 05)2Y Ga 0 0 0 0 0 0 0 0 0 301 174 232
(Co0.95Gag 05)2(Y0.0Gap. 1 )Ga -2.03 -091 -203 -398 -241 -259 -218 -1.06 -2.18 243 1.11 2.08
C02Y049Ga1,1 COz(Yo,gGao_l)Ga 0 0 0 0 0 0 0 0 0 2.73 1.61 2.23
(C00.95Gag,05)2(Yp.9Coo.1)Ga 3.57 4.59 1.96 4.06 4.94 2.59 338 440 1.77 3.07 1.84 248
C01_95Y0'95G211_1 (C00_975Ga0,025)2(Y0_95Ga0_05 )Ga 0 0 0 0 0 0 0 0 0 2.87 1.70 2.32
(Co0.95Gag,05)2(Y0.95C00.05)Ga 1.77 2.31 0.89 197 2.46 1.20 1.69 223 0.81 3.03 1.80 2.08
(C00.975Y0.025)2(Y0.0Gag.1)Ga -1.06 -044 -1.10 -2.06 -123 -139 -1.12 -050 -1.16 258 139 195
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when the excessive Co atom occupies the Cr sublattice no
matter whether Cr is deficient or not. The Y-rich alloys with
Y = Cr and V possess the smallest AE when the excessive Y
atom takes the normal site as well, whereas when it occupies
the Co sublattice these alloys with ¥ = Ni turn out to be the
most stable. The Ga-rich alloys always have the lowest energy
when the excessive Ga atom occupies the Y sublattice no mat-
ter whether Y is deficient or not. Therefore, it is concluded
that in these off-stoichiometric alloys, the excessive Co atom
favors the Y sublattice in the Y = Cr alloys, and the excessive
Y atom prefers the Co site in the ¥ = Ni alloys, whereas the
excessive Ga atom always tends to take the Y sublattice.
Listed in Table 2 are also Ui values of these off-
stoichiometric alloys with different site occupations. Exam-
ining the local magnetic moments on each sublattices (not
shown in the table), we find that both Lc, and gy change
when Co and Y are on the different sublattices. Here, uy cor-
responding to the ¥ atom on the Co sublattice is even anti-
ferromagnetic coupling with that to the Y atom on its own site
when Y = Cr and V. Therefore, yo of each alloy changes with
different site-occupation configurations. Obviously, the site
occupancy of these off-stoichiometric Co,Y Ga alloys is con-
trolled by the complex interaction between the chemical and
magnetic effects. In Table 2, it is seen that AE generally dif-
fers dramatically from AE’, indicating that the magnetic effect
on the site occupancy should be very strong. In some groups
of Y- and Co-rich alloys, the magnetic effect even alters the
stability sequence of the site occupations. Calculated without
polarization, instead of being the normal site, the excessive
Co atom changes to take the Ga sublattice in the Y =V alloys,
and the excessive Y atom changes to occupy the Co site in
the Y = Cr alloys. In these off-stoichiometric alloys, the mag-
netic effect seems to stabilize the normal site-occupation con-
figuration. Contrarily, in the Y = Cr alloys the excessive Co
atom is nevertheless found going back to the normal site from
nonspin-polarized calculations. The magnetic effect is compli-

cated and composition dependent. It is noted thtat ug, is much
small and almost negligible. Calculated with and without spin-
polarization, the determined stable site-occupation configura-
tions are the same in each Ga-rich alloy.

With the determined stable site-occupation configura-
tion, we calculate the equilibrium properties of the nine
groups of off-stoichiometric alloys: Co,Y(Ga;_,Co,) and
CoyY(Ga|_,Yy) (Y =Cr, V, and Ni), Cor(Y;_Co,)Ga (Y =Cr
and V), and (Coj_¢.5,Nig.5.)2NiGa (Coy(Nij,Co_,)Ga) al-
loys (x = 0.05, 0.10, 0.15, and 0.20), since in these alloys
with increasing x the e/a ratio increases and the MT is then
hoped to be promoted. As shown in Table 3, it is found
that a of Co,Y(Ga;_,Co,) alloys always decreases with in-
creasing x due to the atomic radius of Co (1.67 A) being
much smaller than that of Ga (1.81 A). Following Vegard’
law[®! as well, a of Coy(Cr;_,Coy)Ga, Cox(V;_Coy)Ga,
and Co;Ni(Ga;_,Niy) alloys decreases with the increase of
Both
Co,Cr(Ga_,Cry) and (Coj_g.5.Nigs,)2NiGa alloys are ex-

x whereas that of Co,V(Ga;_,V,) increases with x.

ceptions, where with x increasing from O to 0.2, a changes
no more than 0.0025 A, since the atomic radii of Cr (1.85 A)
and Co (1.67 A) are similar to those of Ga (1.81 A) and Ni
(1.62 A), respectively. The calculated trends of B ~ x are con-
trary to those of a ~ x in most groups of these alloys except for
Co,Cr(Gaj_Coy), Coy(Cri_,Co,)Ga, and Cor,V(Gaj_,V,),
where the trends of B ~ x and a ~ x tend to be the same.
In (Coj_q5¢Nigsy)2NiGa alloys, due to tin; (~ 0.15uz) be-
ing much smaller than ¢, (~ 1.07up), Ut decreases with the
Ni addition. In all the other alloys, nevertheless, Ll always
increases with x because there the local magnetic moment of
the doped atom is always larger than that of the replaced atom.
Even in Coy(Cr;_,Co,)Ga alloys, on the same Cr sublattice
Uco (~ 1.75ug) is also larger than pcy (~ 1.50u3), although
the latter (~ 1.57ug) is almost twice the former (~ 0.75u3) in
the FM L21-Co,CrGa alloy.

Table 3. Equilibrium lattice parameter (a, in A), bulk modulus (B, in GPa), and total magnetic moment (L, in Up) of nine groups of off-stoichiometric
CoyYGa (Y =Cr, V, and Ni) alloys with the FM L2 phase: Co,Y (Gaj_,Coy) and CorY (Ga;_,Y,) (Y = Cr, V, and Ni), and Coa(¥;_1,Co.,)Ga (+ for
Y =Crand V and — for Y = Ni). Four compositions of x = 0.05, 0.10, 0.15, and 0.20 are calculated for each group of alloys.

Groups X a B Heot

Cr \Y Ni Cr \% Ni Cr \% Ni
CoyY (Gaj—Coy) 0.05 5.7231 5.7762 5.6913 202.8 198.6 182.1 3.17 1.91 2.73
0.10 5.7210 5.7685 5.6878 202.3 199.6 182.9 3.33 2.00 2.89
0.15 5.7185 5.7568 5.6842 201.9 200.4 183.2 3.51 2.09 3.04
0.20 5.7156 5.7420 5.6804 201.7 201.0 183.6 3.67 2.18 3.19
CorY(Gay_,Yy) 0.05 5.7241 5.7822 5.6928 206.6 197.9 181.3 3.16 1.88 2.67
0.10 5.7232 5.7827 5.6895 208.4 198.8 181.9 3.30 1.95 2.79
0.15 5.7224 5.7838 5.6859 208.9 199.7 182.6 3.43 2.01 2.90
0.20 5.7216 5.7856 5.6824 209.3 200.8 183.7 3.57 2.07 3.00
Coz (Y- +£4Co,)Ga 0.05 5.7232 5.7752 5.6964 201.9 198.7 179.9 3.06 1.84 2.52
0.10 5.7215 5.7712 5.6966 200.6 199.8 179.0 3.09 1.87 2.46
0.15 5.7196 5.7689 5.6968 199.3 200.7 178.4 3.12 1.95 2.39
0.20 5.7177 5.7677 5.6970 198.1 201.5 177.7 3.15 2.03 2.32
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3.2. Martensitic transformation

3.2.1. The stoichiometric alloys with the FM ordering

Figure 2 shows the electronic total energies E of the FM
Co,YGa (Y = Cr, V and Ni) alloys as a function of ¢/a and
rws. At the ground FM state, E of the three stoichiometric
alloys shows two minima: one is at ¢/a = 1, meaning the
L2, parent phase, and another one is around ¢/a = 1.25 for
Y =Cr, V and near ¢/a = 1.40 for Y = Ni, corresponding to
the tetragonal D05, phase. In comparison, for both Co,CrGa
and Co, VGa alloys, the L2 phase is lower than the tetragonal
one in energy, meaning that the two stoichiometric alloys can
not occur with the MT even at 0 K. Then, the FM cubic phase
corresponds to their ground state. For Co,NiGa alloy, nev-
ertheless, the energy of the obtained DO,; structure is lower
than that of the L2; structure. At low temperatures, it can oc-
cur with the MT and possess the D0y, martensite. The esti-
mated equilibrium V, ¢/a, B, and i values of the martensitic
Co,NiGa alloy at the FM state are about 11.594 A3, 1.3835,
181.1 GPa, and 2.85ug, respectively, in good agreement with
the previous theoretical results (11.57 A3, 1.41, 180 GPa, and
2.92, respectively).!1?!
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Fig. 2. Electronic total energy (E, in Ry) contours of the FM Co,YGa
(Y =Cr, V, and Ni) alloys as a function of the tetragonal lattice ratio
(c/a) and the Wigner—Seitz radius (rys).

3.2.2. Magpnetic disordering effect

In order to investigate the magnetic ordering effect on the
MT of CoyYGa (Y = Cr, V and Ni) alloys, with the fixed equi-
librium V at the FM L2, phase, we calculate their relative elec-
tronic total energies AE to the L2; phase change with respect

to c¢/a at the different magnetic disordering degree y values.
Their obtained trends of AE ~ ¢/a change against y are shown
in Fig. 3. In each y, we can find two energy minima as well
in all the three alloys. The one at ¢/a = 1 means the cubic
L2, phase, whereas another one above ¢/a = 1 corresponds to
the tetragonal DOy, phase. In Co,NiGa alloy, with a negative
value AE of the tetragonal phase (c/a ~ 1.30-1.40) decreases
with increasing y, indicating that the magnetic disordering
further promotes the occurrence of the MT. In Co,CrGa and
Co,VGa alloys, AE of the obtained DO,, phase (c/a ~ 1.20-
1.30) also becomes lower and lower with the increase of y, and
when y = 0.2 it changes from positive to negative. The critical
value of y = 0.2 means M /My = 0.6. As seen from Fig. I,
in the two alloys it corresponds to 7 = 390 K and 250 K, re-
spectively. There, before transiting to the PM state, the two
stoichiometric alloys thus have already been able to occur with
the MT and possess the tetragonal D0,; phase. Therefore, con-
trary to the traditional Ni-Mn-Ga alloys, "%l where during the
heating process at low temperatures, the cubic parent phase
gets relatively more and more stable, in Co,CrGa and Co, VGa
alloys the tetragonal D05, martensite gradually changes to be
stabilized instead with increasing 7 due to the magnetic exci-
tations. The magnetic and structural transitions tend to couple
each other there, meaning that the metamagnetic MTP! is also
confirmed in the two stoichiometric compositions.

6
o Ar
%
= 9t
=
d 9
-2
—o-y= 01+y 04
= A M A y=02-<y=05//
Q'j \
E 2
R
<d 0
-2
= 1.0t
=
E/0.5
R
d 0
S|
(c) C02N1Ga §sg
—0.5 : :
0.8 09 10 1.1 12 1.3 1.4 1.5 1.6

c/a
Fig. 3. Relative electronic total energy (AE) of CoYGa (Y =Cr, V
and Ni) alloys to that of their L2 structure change with respect to the
tetragonal lattice distortion (c/a), calculated at the different magnetic
disordering degree (y, 0 <y <0.5).
From Fig. 3, it is also noted that with y increasing from
0 to 0.5, AE of the tetragonal martensite decreases about
3.6 mRy and 2.5 mRy in Co,CrGa and Co, VGa alloys, respec-

tively, but merely less than 0.5 mRy in Co,NiGa alloy. In fact,
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with the increase of y, L of both the L2 and D05, phases de-
creases whereas their E values increase. It is thus obvious that
in each y > 0, the increase of the energy of the parent phase
is higher than that of the tetragonal martensite in the three al-
loys, and in comparison, the magnetic disordering effect on the
relative stability of the D0y, martensite is more dominant in
Co,CrGa and Coy VGa alloys. This result could be attributed
to the ¢/a-dependent Lo of the three FM (i.e., y = 0) alloys.
Described in Fig. 4, in the FM Co,;NiGa alloy, the i values
corresponding to ¢/a = 1 and 1.40 (2.6uy and 2.8z, respec-
tively) are almost comparable and in the alloy, the energy in-
creases of the austenite and martensite in each y > 0 are then
induced by a similar decrease of their L. However, in the FM
Co,CrGa and CoyVGa alloys, o of the L2; phase is much
larger than that of the tetragonal phase (c/a =~ 1.20-1.25),
about 1.5ug—1.6uz. There, in each of y > 0 the decrease of
Ut 18 therefore relatively much more in the austenite. It con-
sequently further accelerates the energy increase of the phase
relative to the tetragonal martensite in the two magnetic disor-
dered alloys. In CoyVGa alloy, i possesses a large value in
Fig. 4 only when ¢/a = 1 and 1.05, about 1.82u and 1.48 5,
respectively. For the other ¢/a values, the Co and V atoms
change to be almost non-spin-polarized as well as the Ga atom,
and there o is then close to 0. It indicates that the MT of
L21-D0y; and the magnetic transition in the alloy may couple
each other.

- CoyCrGa
8- CoyVGa
CoyNiGa

Pot (14B)
'\-\

0.8 09 1.0 1.1 1.2 1.3 1.4 1.5 1.6
c/a

Fig. 4. Total magnetic moments (U) per unit cell of the FM Co,Y Ga
(Y = Cr, V and Ni) alloys versus the tetragonal lattice distortion (c/a).

At the PM state, Co,YGa (Y = Cr, V and Ni) alloys are
all stabilized by the D0y, martensite. The estimated V, ¢/a,
and B values are about 11.686 A*, 1.2307, and 194.1 GPa for
Co,CrGa, 11.864 A3, 1.2228, and 206.6 GPa for Co,VGa, and
11.526 A3, 1.3509, and 175.6 GPa for Co,NiGa, respectively.
In comparison with the L2 parent phase, both pc, and uy
of the tetragonal D0y, phase in their absolute values greatly
decrease in the former two alloys but slightly increase in the
last one as well as those of the three FM alloys. As a result,
due to the magnetovolume effect:[’!1 the increase of the lo-
cal magnetic moment of a system generally corresponding to

the expansion of its volume, upon the MT the V values of the
three PM alloys change about —1.0%, —1.1%, and 0.2%, re-
spectively, whereas their B values vary about 9.2%, 12.3%,
and —1.8%, respectively. For the martensitic Co,NiGa alloy
with the PM ordering, V and c/a are slightly smaller whereas
B becomes larger than the corresponding FM alloy.

3.2.3. Alloying effect

We further investigate the alloying effect on the MT
in the off-stoichiometric CoYGa (Y = Cr, V and Ni) al-
loys. Since as well as Ni-Mn—Ga, Ty of the most Cop-
based shape memory alloys was also found to increase with
e/a,B3%18191 the nine groups of alloys with higher e/a ra-
tio than their stoichiometric compositions shown in Table 3
are considered here. In Fig. 5, their curves of AE ~ ¢/a
changing with respect to x are shown with the energy of
the FM L2; structure (¢/a = 1) taken as reference at both
the FM and PM states. It is found that in each group of
Ga-non-deficient Co,(Cr;_,Co,)Ga, Coy(Vi_,Co,)Ga, and
(Co1-0.5¢Nig.5:)2NiGa alloys (Figs. 5(c), 5(f), and 5(i)), the
curve of AE ~ c/a changes very small with x increasing
from O to 0.2 at the two magnetic states. The alloying ef-
fect on their MT then seems to be negligible in the studied
composition range. In the FM state of Co,Y (Ga;_,Co,) and
CoyY (Gaj—_Yy) alloys with ¥ =V (Figs. 5(d) and 5(e)) and
Ni (Figs. 5(g) and 5(h)), with increasing x, AE of the obtained
tetragonal structure above ¢/a = 1 becomes lower and lower.
Its value around ¢/a = 1.25 then changes from positive to neg-
ative in the two groups of ¥ = V alloys when x increases up
to 0.2 and 0.4, respectively. As well as all the FM Y = Ni al-
loys, these FM Co,V(Ga;_,Coy) and Co,V(Gaj_,V,) alloys
with x > 0.2 and x > 0.4, respectively, then also have the MT
behavior at 0 K. With increasing x, the ¢/a ratio of their D0,
structure tends to slightly increase with x (i.e., e/a).

In the FM Ga-deficient alloys with ¥ = Cr (Figs. 5(a)
and 5(b)), the obtained tetragonal structure around ¢/a = 1.25
tends to possess a higher and higher AE value with increasing
x. This means that, in these alloys, increasing the e/a ratio by
replacing the Ga atoms with Co and Cr atoms favors the L2
parent phase getting more and more stable instead, and then
further suppresses the MT. However, it promotes the RMT
from DOy to L2 there at low temperatures. Correspondingly,
Ty for their RMT then tends to decrease with increasing x
(e/a) since the energy barrier between the two phases becomes
lager and larger with Co and Cr doping. The established con-
trary trends of Ty ~ x for the MT at the PM state and the RMT
at the FM state are in good agreement with those measured in
the Co,Cr(GaSi) shape memory alloys."!
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Fig. 5. Relative electronic total energies (AE) of the FM and PM Co,Y (Ga;

_+Co,) and CorY(Gaj_,Yy) (Y =Cr, V, and Ni), Cop(Y;_,Co,)Ga (Y =Cr

and V), and (Co;_g 5¢Nig 5¢)2NiGa alloys versus the tetragonal lattice distortion (c/a). Here, the electronic energy of the FM L2, structure (c¢/a = 1) is
taken as reference for each alloy. The range of concentration x is 0 <x < 0.4 for Co,V(Ga;_,Vy) and 0 < x < 0.2 for the other groups of alloys.

At the PM state, AE of each alloy corresponding to
the D0,y structure is always lower than that to the L2
one in Fig. 5, and then all these PM off-stoichiometric al-
loys can occur with the MT as well. In the Ga-deficient
Co,Y(Ga;_,Co,) and Co,Y (Ga;_,Y,) alloys, with increasing
x (i.e., e/a), the ¢/a ratio of the tetragonal martensite slightly
increases, whereas AE corresponding to the structure gradu-
ally becomes lower and lower than that to the L2 structure.
Then, the D0, phase becomes more and more stable than the
L2, phase with Co and Y doping. This indicates that in these
PM alloys, the MT is promoted with the increase of e/a, cor-
responding to the increase of their Ty with e/a. It is also noted
that in all these ¥ = Cr and V alloys, AE of the DO;; structure
corresponding to the PM state is always not much higher than
that to the FM one, and in some compositions they are even
similar. It indicates the low magnetization and magnetic exci-
tation energy of their tetragonal phase. The MT of L21-D0y;
therefore should tend to couple with the magnetic or metam-

agnetic transition in these ¥ = Cr and V alloys.

3.3. Elastic properties
3.3.1. The standard stoichiometric alloys

Table 4 lists the calculated static elastic constants of the
stoichiometric CoYGa (Y = Cr, V and Ni) alloys with the

austenitic and martensitic phases, in comparison with the pre-
vious theoretical results. %72 Tt is shown that in the FM L2,

phase of the three alloys, the present Cy; is slightly smaller
but C» becomes slightly larger than our previous results cal-
culated with the normal settings of Ry and Ry (i.e., Ry and
Ry on all the sublattices are equal to Rys).[*> As a result, their
estimated C’ values as well as Cy44 are smaller than those cor-
responding to the previous EMTO calculations.*>! However,
it is clear that with the optimized RS Y and RC° (Rmt =0.95R
and RSO = 1.10Ry), the evaluated shear elastic constant C’
and Cy4 are closer to those resulted from the first-principles

4,272 confirming

full potential calculations shown in Table
again the accuracy of our present EMTO calculations.

The magnetic excitations gradually transform the system
from the FM state to the PM one. Correspondingly, the elas-
tic constants of Co,YGa (Y = Cr, V, and Ni) alloys can be
assumed to change against the magnetic disordering degree y
increasing from O to 0.5. Here, with the equilibrium volume
at the FM state (y = 0), C’, C44 and the elastic anisotropy (A)
of the three L2; alloys are then especially calculated at the dif-
ferent y values. As shown in Fig. 6, with increasing y, both C’
and Cy4 of the Y = Cr and V alloys decrease whereas for the
Y = Ni alloy, C’ decreases and Cy4 increases with y. The eval-
uated A values of the three alloys all gradually increase with
the increase of y. This result indicates that in the three alloys,
the magnetic disordering tends to soften the tetragonal shear

elastic constant C' and then increase their elastic anisotropy
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A. Described in Table 4, when the FM state transiting to the
PM one, C’ decreases to 62.1% and A increases to 1.6 times
for Co,NiGa, for Co,CrGa C’ decreases to 7.7% and A in-

creases to 10.7 times, and for Co,VGa C’ even becomes nega-

Table 4. Single crystal elastic constants (in GPa), tetragonal shear elastic constant (C' = (C; — Cj2)/2 and C;

tive. Thus, the magnetic disordering decreases the mechanical
stability of the L2 parent phase, which nevertheless favors
the tetragonal lattice deformations and then promotes the MT

in the three stoichiometric alloys.

= C1 + Ciz + 2C33 — 4Cy3, for the

cubic and tetragonal structures, respectively, in GPa), shear modulus (G, in GPa), Young modulus (E, in GPa), Debye temperature (@, in K), elastic
anisotropy (A), and the ratio of the shear and bulk modulus (G/B) of the FM and PM Co,YGa (Y = Cr, V, and Ni) alloys with the L2 and D05, phases,

in comparison with those of theoretical ones taken from Refs. [2,45,72].

Phases Alloys Methods Cl 1 C12 C13 C33 C44 C66 C//Cs G E 0 A G/B
FM-L2, Co,CrGa  This work 238.3 186.1 137.0 26.1 68.6 1849 4189 5.25 0.34
Previous work[®!  240.3  185.1 1373 27.6 704 1893 4242 497 035
Ref. [72] 233.0 1828 136.8 251 673 545 034
Co,VGa  This work 265.2 163.4 130.9 50.9 89.2 232.5 4783 257 0.45
Previous work[®!  277.7  157.1 143.1 583  100.8 2584 507.1 246 051
Ref. [72] 266.5 162.1 126.8 52.2 88.5 243 0.45
Co;NiGa  This work 188.7 177.1 127.1 5.8 32.7 92.4 287.0 2191 0.18
Previous work[®! 1954 1738 137.7 108 459 1269 3386 1275 025
Ref. [2] 197 187 120 5 24
PM-L2; CoyCrGa  This work 1804 1764 121.8 2.0 19.0 55.0 2237 56.39 0.11
Co,VGa  This work 180.1 185.8 106.8 -29
Co,NiGa  This work 2257 136.5 129.1 3.6 26.1 74.6 257.0 3592 0.15
FM-D0;;  Co;NiGa  This work 2255 1484 1694 2045 128.0 94.6 105.1 61.0 164.6  389.0 0.34
PM-D0;;  Cop,CrGa  This work 2679 1465 1679 2465 1346 1473 2359 90.2 2342 4769 0.46
Co,VGa  This work 260.5 1748 1845 2508 1074 1689 1989 76.8 2049 4442 0.37
CopNiGa  This work 22577 1365 1645 1977 1460 1119 99.6 66.5 177.0 404.7 0.38
48} '\ ' ' ' ' (;) {6.4 parable with those theoretical ones of the FM L1o-CoNiGa
< 36f 156 & alloy.[16]
U 24|-B= 4.8 © The plastic property of a material has been related to the
o112 -:g?grg; {4.0 © ratio of the shear and bulk modulus (G/B). A high value of
2
Op 4 CoaNiGa . . 13.2 G/B (greater than ~ 0.57) generally means the inherent crys-
136 =B ' ' ' ' ~ 1129.0 talline brittleness (ICB) of a bulk material. From Table 4, we
b o~ L. .
128 -‘_'\‘\‘\ (b)) 1285 & find that the G/B values of these stoichiometric alloys are all
-m-Co,CrG S . .
& 120f o corvan 1128.0 2 below this critical value and hence their ICB is low. In com-
~— ) . . . .
< ligp & CoaNiGa {1275 parison with the FM ordering, the PM ordering also tends to
© 104} : 1127.0 decrease the G/B ratio of these cubic alloys. However, the MT
100} +COQCrGa T seems to increase the ICB of these alloys. In both the FM and
-8 Co,VG . .
75 ngnga 1 PM Co,NiGa and PM Co,CrGa alloys, the G/B ratio of the
< 50f / ] martensite is always larger than that of the austenite.
25} ' .
ol ] 3.3.2. The off-stoichiometric alloys
0 01 02 03 04 05 Figure 7 shows C', C44, and A values of the FM and
Y

Fig. 6. Shear elastic constants (C’ and C44) and elastic anisotropy (A) of
L2;-CoyYGa (Y =Cr, V, and Ni) alloys versus the magnetic disordering
degree (y) increasing from 0 to 0.5.

The stability criteria for tetragonal crystals are Cj; >
‘C12|, C33 > 0, C44 > 0, C66 > 0, C]] —|—C33 —2C13 > 0, and
Cy(= C11 + C12 +2C33 —4Cy3) > 0. From our calculations
shown in Table 4, the elastic constants of the tetragonal al-
loys all satisfy the above conditions. It indicates that at 0 K,
the tetragonal martensite is energetically and mechanically sta-
bilized in the PM Co,CrGa and Co,VGa alloys, as well as
in both the FM and PM Co;NiGa alloys. For the FM DO0y;-
Co,NiGa alloy, the present elastic constants seem to be com-

PM L2, phase of the studied nine groups of off-stoichiometric
CoyYGa (Y = Cr, V and Ni) alloys change with respect to the
composition x. For all the Ga-deficient Co,Y (Ga;—,Co,) and
CoyY(Gay_,Yy) alloys, both C' and Cy4 decrease with increas-
ing x (i.e., e/a) at the PM state, whereas their A values of these
Y =V (Figs. 7(d), 7(e), and 7(f)) and Ni (Figs. 7(g), 7(h), and
7(1)) alloys increase with x. For the Y = Cr (Figs. 7(a), 7(b),
and 7(c)) alloys with the PM ordering, A has not been shown
in Fig. 7(c) since their C’ values are negative. The x-dependent
C’ as well as A of these PM Ga-deficient alloys indicates that
their L2 parent phase gets mechanically more and more un-
stable with the increase of e/a ratio, which nevertheless favors
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the tetragonal lattice deformations. At the FM state, both C’
and Cy4 decrease with the increase of x in these Ga-deficient
Y =V alloys whereas in the corresponding ¥ = Ni alloys, C’
decreases but Cy4 increases with x. As a result, A of all these
Y =V and Ni alloys increases with x as well. Similar to their
corresponding PM alloys, with the increase of e/a ratio, C’
softens whereas A enhances, promoting the MT from L2 to
DO0y,. Correspondingly, as shown in Fig. 5, with increasing x
the tetragonal phase of all these PM Ga-deficient alloys and
the FM ones without Y = Cr gets relatively lower and lower in
energy in comparison with the L2 parent phase.

For the FM L2; phase of Co,Cr(Ga;_,Co,) and
Co,Cr(Ga;_,Cry) alloys, with increasing x both C’ and Cyq
increase whereas A decreases. In these alloys, the L2 parent
phase gets mechanically more and more stable instead with the
increase of e/a ratio, contrary to their corresponding ¥ = V
and Ni alloys. Correspondingly, as shown in Figs. 5(a) and
5(b), respectively, upon tetragonal lattice distortions, the cu-
bic L2, phase of the two groups of Ga-deficient Y = Cr al-
loys becomes lower and lower in energy with increasing x in
comparison with the obtained tetragonal phase, promoting the
RMT from D0y, to L2.

32 8 54 9 8 4
(a) o (d) (g)
—~ 30 4 45 '\'\o\. 6 . 61 m 3
© @ <
5 < 5 5§ 5
= 28 o 2 2 3 32 © 4 2 2
0O w O Q @) @) O
26 ~—&— CoyCr(Ga;—,Co,) —4 27 —& Co,V(Gay_,Coy) 0 2 —& CoyoNi(Gay_, 1
—@-Co0,Cr(Ga;_,Cr,) —0-CoyV(Ga1_,Vy) —@—Co,Ni(Ga;_,Ni)
Coy(Gr—,Co,)Ga Coy(Vi_,Co,)Ga (Co1-0.5:Nig.5,)2Ni
24 —8 18 Solid: FM © -3 0T Solid: Fi1 0
142 124 138 Empty: PM 114 130 Empty: PM 122
E 140 122 E E 132 108 E o 129 120 =
o o 9 a S o S
23 2y &3 £z 2= =
@) 138 120 SIS 126 102 Dvr »ijr 128 118 nif
re
136 (b) 118 120 96 1271 = (h) 116
5.4 69 5 88 180 240
B
5.1 66 4 66 _ 90 160
< < P
4.8 63 R R 3 \———l\/”/. 44 = 0 80 =
@
4.5 60 2 22 —90 0
(c) (f) (i)
0 0.10 0.20 0 0.10 0.20 0 0.10 0.20
xX xX X

Fig. 7. Shear elastic constants (C' and Cy4) and elastic anisotropy (A) of the FM and PM L2, phase of CoyY(Ga;_,Co,) and Co,Y(Gaj_,Yy)
(Y =Cr, V and Ni), Co,(Y;-,Co,)Ga (Y = Cr and V), and (Co;_¢.5,Nig 5,)2NiGa alloys versus the composition x (0 < x < 0.2).

For both the FM and PM L2, phases of Co,(Y;_,Co,)Ga
(Y = Cr and V) and (Coj_5.Nig.5,)2NiGa alloys, the eval-
vated trends of C' ~ x, Cyq ~ x, and A ~ x are in line with
those of their corresponding Ga-deficient alloys. In compari-
son, nevertheless, with x increasing from 0O to 0.2, the varia-
tions of C’ and A are relatively smaller in each group of these
Ga-non-deficient alloys. Then, the alloying effect on their
elastic stabilities should be not as significant as it on those of
the corresponding Ga-deficient alloys. Similarly, their curves
of AE ~ c/a at both the magnetic states also have not a big
change with x increasing from 0 to 0.2 in Figs. 5(c), 5(f), and
5(). Therefore, in these studied Ga-deficient Co,Y (Ga;_,Coy)
and CoyY (Ga;_,Y;) alloys, the composition dependence of the
MT is closely related with their composition-dependent C’ and

A values: the increase of the e/a ratio generally corresponds
to the decrease of C’ but the increase of A, which promotes the
occurrence of the MT but suppresses the RMT behavior.

3.4. Electronic structure

To understand the atomistic origin of the phase stability
of these studied Co,Y Ga-based Heusler alloys, we compare
the total density of states (DOS) of their stoichiometric com-
positions with both the FM and PM L2 and D0;; phases. As
shown in Figs. 8(a) and 8(e), respectively, in the FM L2 phase
of Co,CrGa and Co, VGa alloys, around the Fermi level there
is a big peak in the majority (spin-up) DOS, while there is
a deep band gap in the minority (spin-down) DOS, indicat-
ing that the two alloys exhibit a nearly half-metallic behav-
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ior in the FM cubic phase. As seen from the local DOS of
Co (Figs. 8(b) and (f)), Cr and V (Figs. 8(c) and 8(g)), and
Ga (Figs. 8(d) and 8(h)) atoms, it is clear that the big peak is
contributed mainly by the degenerated Co d and Cr d (V d)
electronic states, whereas the deep band gap originates mainly
from the overlapping of the orbits between Co d and Ga p as
well as Crd (V d) and Ga p, i.e., the strong covalent hybridiza-
tion between them around the Fermi level.

Upon tetragonal distortions, the degenerated Co d and Cr
d (V d) states dominating the big peak around the Fermi level
split and there, these states may shift to lower or higher en-
ergy levels. Then, in the FM D0, phase the big peak becomes
smaller in Co;CrGa and it even disappears in Co,VGa. The
redistribution of the majority DOS has nevertheless no great
influence on the stability of the system. However, in the minor-
ity DOS, the deep band gap around the Fermi level becomes
shallower in the two FM tetragonal alloys, since there the Co

d and Cr d (V d) states increase upon tetragonal distortions.
It indicates that in the FM DO0,, phase, the covalent banding
between Co and Ga as well as Cr (V) and Ga weakens, and the
stability of the system then beomces worse. The calculated
tetragonal shear elastic constant C’ of the FM L2 phase of the
two alloys are thus with very large values. With Co and Cr
(V) substituting for Ga, this electronic structure mechanism
should beomce more and more dominant, further suppress-
ing the tetragonal lattice deformations. In the Ga-deficient
Co,Cr(Ga;—,Coy) and CorCr(Ga;_,Cry) alloys with the FM
ordering (Figs. 5(a) and 5(b), respectively), the calculated rel-
ative electronic energy AE of the tetragonal D05, phase is thus
higher and higher with increasing x, whereas C’ of the L2,
phase increases but A decreases with x (Figs. 7(a) and 7(c), re-
spectively). In all these Y = Cr alloys, the FM L2 phase is the

ground state.
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Fig. 8. Total electronic density of states (DOS) [(a), (€), and (i)] and local DOS corresponding to Co [(b), (f), and (j)], Y [(c), (g), and (k)], and Ga
[(d), (h), and (1)] of CooYGa (Y = Cr, V and Ni) alloys with both the FM and PM L2, and D0, phases. The vertical lines indicate the Fermi level.

Unlike Co,CrGa alloy where the valley of the band gap
is almost right at the Fermi level, in the FM L2; phase of
Co,VGa alloy, the right sides of the band gap for Co d and
Vd and then that for the total DOS are very close to the Fermi
level. Consequently, upon tetragonal distortions, there some of
the Co d and V d states (dominated by the former) shift near
below the Fermi level. Then, the band gap in the total DOS
of the alloy becomes shallower but wider at the same time in

the FM D0y, phase. Replacing Ga with Co and V in Co,VGa
alloy, the widening of the band gap should also become more
and more significant as well as its getting shallow upon tetrag-
onal distortions. However, contrary to the latter, the former
indicates the covalent banding between Co and Ga as well as
Cr and Ga getting stronger and stronger, and then AE of the
D0, phase becomes lower and lower with Co and V doping.
It favors C’ of the L2 phase decreasing but A increasing with
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x in Co,V(Ga;_,Coy) and Co, V(Ga;_, V) alloys. Obviously,
since in comparison with the corresponding ¥ = Cr alloys,
the contrary trends of AE ~ x (Figs. 5(d) and 5(e)), C' ~ x
(Fig. 7(d)), and A ~ x (Fig. 7(f)) are estimated in these FM
Y =V alloys, upon tetragonal distortions the widening of the
band gap is confirmed to have more and more dominant role on
the phase stability than its getting shallow with Co and V dop-
ing in these alloys. Moreover, in comparison, the Co-doping
should more favor this electronic structure mechanism, since
upon tetragonal distortions the DOS change of Co d seems
to be slightly larger than that of V d around the band gap in
Co,VGa alloy. In each x, C’ is therefore relatively lower in the
Co-doped alloys in Fig. 7(d) and shown in Fig. 5(d), when x
goes up to 0.2, Co, V(Ga;_,Co,) alloys turn out to possess the
MT behavior, whereas Co, V(Ga;_,Vy) alloys can occur with
the MT until x > 0.4 in Fig. 5(e). Only in the two groups of
Ga-deficient Y = V alloys with x < 0.2 and x < 0.4, respec-
tively, the FM L2 phase corresponds the ground state.

As shown in Fig. 8(i), in the FM L2;-Co;NiGa alloy,
there are both majority and minority DOS located around the
Fermi level, showing the metallic property of the alloy. More-
over, around the Fermi level in the minority DOS of the al-
loy, there is a pseudogap contributed by the overlapping of
the orbits between Co d and Ga p as well as Ni d and Ga p.
Upon tetragonal distortions, the pseudogap corresponding to
Ni d becomes deeper and wider, and that for Co d becomes
slightly shallower but wider. As a result, the pseudogap in
the total DOS becomes wider in the FM D0, phase, indi-
cating the stronger covalent banding between Co and Ga as
well as Ni and Ga, and then the more stability of the system.
Thus, in Co,NiGa alloy the FM tetragonal phase corresponds
to the ground state. This phase should further become rela-
tively more and more stable with Co and Ni substituting for
Ga and in comparison, the Ni-doping has a greater influence
on its relative stability. Similarly, in each x, the evaluated C’
value of the Ni-doped alloys (Fig. 5(g)) is also smaller than
that of the Co-doped alloys (Fig. 5(h)).

At the PM state, there is a big peak just right at the Fermi
level in the L2 phase of all the three stoichiometric alloys,
dominated by the Co d and Y d states. Similar to Ni-Mn—
Ga alloys, this big peak results in the instability of the cubic

30311 Upon tetrag-

parent phase due to the Jahn—Teller effect.!
onal distortions, these Co d and Y d states around the Fermi
level split, and there the peak in the total DOS then beom-
ces smaller. Since the decrease of the states just right at the
Fermi level lowers the energy of the system, the tetragonal
D0y phase is thus stabilized in all the three PM alloys. With
Co and Y substituting for Ga, this electronic structure mecha-
nism becomes more and more effective. Then, in all the Ga-
deficient alloys with the PM ordering, with Co and Y doping,
C’ of the L2 phase decreases whereas A increases and upon

tetragonal distortions, the D0, phase becomes relatively more
and more stable.

4. Summary

Using the first-principles EMTO-CPA method, we have
systematically investigated the alloying and magnetic disor-
dering effects on the site occupation, equilibrium properties,
elastic property, and phase stability of L2;- and D0,,-Co,Y Ga
(Y =Cr, V, and Ni) Heusler alloys. The main results are sum-
marized as follows:

(1) At the ground FM state, both Co,CrGa and Co, VGa
alloys possess the L2 structure whereas Co,NiGa alloy is sta-
bilized by the D0,, martensite. At the PM state, all the three
stoichiometric alloys can show the martensitic transformation
(MT) behavior and then have the tetragonal structure. Their
evaluated crystal structure and lattice parameters, L and Tc
values, and elastic constants for both the austenite and marten-
site are in good agreement with the experimental and theoreti-
cal results.

(2) For the three stoichiometric alloys, with increasing
the magnetic disordering degree y, their C’ of the L2 phase
decreases but A increases, and upon tetragonal distortions the
cubic phase becomes relatively more and more unstable. For
y > 0.2, Co,CrGa and Co, VGa alloys thus can show the MT
from L2 to DOy as well. In comparison with Co;NiGa, in
the two alloys the magnetic disordering effect on the relative
stability of the D0, phase is more dominant since at their FM
state, Lo of the L2 phase is much larger than that of the D0,,
phase, which further accelerates the energy increase of the for-
mer relative to the latter in each y > 0.

(3) In off-stoichiometric alloys, the site preference is con-
trolled by both the alloying and magnetic effects. From spin-
polarized calculations, the excessive Ga atom always tends to
take the Y sublattice, whereas the excessive Co atom favors
the Y site when Y = Cr, and the excessive Y atom prefers the
Co site when Y = Ni. Calculated without spin-polarization,
instead of being the normal site, the excessive ¥ atom changes
to take the Co site when Y = Cr and the excessive Co atom
changes to occupy the Ga site when Y = V, whereas in the
Y = Cr alloys, the excessive Co atom goes back to the normal
site.

4) In the Ga-deficient Co,Y(Ga;_,Co,) and
CoyY (Gaj—_,Yy) alloys with the PM ordering, with increas-
ing x (i.e, e/a), C' of the L2, phase decreases but A increases,
whereas the relative electronic energy AE of the D0,, phase
becomes lower and lower, which corresponds to Ty increas-
ing with e/a. The same trends of C' ~ x, A ~ x, AE ~ x are
also found in these FM Y = V and Ni alloys, resulting that
the two groups of Y =V alloys with x > 0.2 and 0.4, respec-
tively, can occur with the MT also at the FM state. However,
in the corresponding FM Y = Cr alloys, their contrary trends
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are established, indicating that with the increase of e¢/a, the
RMT from DO0y; to L2 is promoted and then Ty for the RMT
should decrease.

(5) The x-dependent MT in Co,Y(Ga;_,Co,) and
Co,Y(Ga;_,Y,) alloys is finally well explained by means of the
Jahn-Teller effect at the PM state. At the FM state, it may orig-
inate from the competition between the austenite and marten-
site about their strength of the covalent banding between Co
and Ga as well as Y and Ga. With increasing x, it becomes
relatively stronger and stronger in the austenite for the ¥ = Cr
alloys but in the martensite for the Y =V and Ni alloys, which
consequently promotes the RMT for the former alloys but the
MT for the latter ones.
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