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Using the coherent potential approximation within full-potential local orbital minimum-basis method, we
have performed a systematic investigations on the possible martensitic transformation, electronic and magnetic
properties for TioCoGai_,Cu, system. Results show that the system has a potential martensitic transformation
and can be synthesized in experiment with exception of Ti»CoCu alloy due to their negative formation energy.
Calculated total magnetic moment are in good agreement with the Slater—Pauling rule M; = Z; — 18, thus the
system is ferromagnetic half-metallic material except for TisCoCu, which is also confirmed by density of states
with the band gap at the Fermi level, a nonmagnetic behavior is observed for Ti2CoCu alloy. In addition, the
potential martensitic transition from cubic to non-modulated tetragonal transformation illustrates more stability
of martensitic phase with respect to cubic one. Such behavior can be explained by the hybridizations between the

d orbitals.
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1. Introduction

Recently, the magnetic shape-memory alloys (MSMA)
have attracted wide attention due to their unique prop-
erties which undergo a variant from the magnetic high
temperature austenite phase to tetragonally distorted
martensitic phase, and show an extremely large strain
in a small external field [1]. The unique property makes
these alloys as smart magnetic actuators. So far, the
Heusler alloy NiMnGa is found to be the most promi-
nent MSMA due to its large strain of over 5% in an
external field of less than 1 T [2-5]. Althouth there is
growing interest in the potential application as a mag-
netic actuator, commercial realization on NiMnGa has
non-negligible shortcomings due to the facts that in the
stoichiometric composition it has a martensitic transfor-
mation temperature 7T, of about only 200 K and a Curie
temperature T, of the same order. This encourages the
researchers to search for alternative MSMAs with the
desired T, and T, above room temperature. Another
quantity of interest for MSMA is the saturation mag-
netization, the large strain can be realized under exter-
nal magnetic field when there is a substantial saturation
magnetization.

Tis-based Heusler compounds, as a kind of the Heusler
materials, have attracted widely attention due to their
multiple function such as magnetic shape memory be-
havior, half-metallicity and thermodynamic properties
etc. [6-16]. Among them, some alloys combine the tetrag-
onal distortion with a large magnetic moment and high
Curie temperature [17], especially, some of them have
synthesized in experiment [18]. In previous work, we
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demonstrate that Ti;CoGa alloy has a potential phase
transition from ferromagnetic ordering in austenite to
nonmagnetic ordering in martensitic one [17]. However,
the drawback is rather large saturation magnetization of
the austenite phase.

In current work, the aim is to decrease the saturation
magnetization of TizCoGa;_,Cu, alloy by Cu dopant,
and then obtaining the system more suitable as MSMA.
Furthermore, we will discuss the structural, electronic
and magnetic properties along with related martensitic
transformation for the system based on first-principles.
The paper is organized as follows. Details of computa-
tions are given in Sect. 2, followed by the results and
detailed discussions in Sect. 3. Finally, in Sect. 4, we
summarize our conclusions.

2. Calculation details

The calculations are performed by using the full-
potential nonorthogonal local-orbital minimum-basis
code (FPLO) [19, 20] and employing the coherent po-
tential approximation (CPA) to model TisCoGa;j_,Cu,
system in a random way [21]. The CPA simulation relies
on the Blackman-Esterling-Berk theory that includes
random off-diagonal matrix elements in the local orbital
representation. In our spin resolved, the exchange cor-
relation potential was used in the form of the Perdew—
Burke—Ernzerhof within the generalized gradient approx-
imation (GGA) [22]. 484 irreducible k-points, and the
valence orbitals 4s4p3d for all atoms were used, while
the 3s3p orbitals are treated as semicore states for tran-
sition metal. Left orbitals are as core states. For a
self-consistent field iteration, the convergence criterion
was set to both the density (1076 in code specific units)
and the total energy (10~ Ha).
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3. Results and discussion

3.1. Structural and energetics related to deformations

In the present calculations, we calculate the possible
martensitic transformation for Ti;CoGa;_,Cu, system
with HgoCuTi structure. In the structure, Ti atoms are
located at 4a and 4c Wyckoff positions, whereas the 4b
and 4d positions are occupied by the Co and Ga/Cu
atoms. However, the Ti atoms occupy the 2a and 2¢ posi-
tions in martensitic phase, and Co and Ga/Cu are located
at 2b and 2d positions. Initially, we fit the energy-volume
relation of ferromagnetic state by using the Murnaghan
equation [23] to obtain the equilibrium lattice parameter.
Based on the equilibrium states, we further calculate the
antiferromagnetic phase since it is reported that intro-
ducing dopant may lead to the appearance of antiferro-
magnetic phase [24]. Calculations show that the antifer-
romagnetic phase is finally converged to ferromagnetic
one when z = 0.00 and 0.75, and for other systems the
total energies of ferromagnetic state are lower than an-
tiferromagnetic one, thus the system of TisCoGa;_,Cu,
exhibits a ferromagnetic ground state. Accordingly, the
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lattice parameters, bulk modulus, the first order deriva-
tive of the modulus, total energy are listed in Table I.
Herein, we can see the decrease of lattice parameter with
the increase of Cu concentration, which is due to the
smaller Cu atomic radius. The calculated formation en-
ergy E shows that these systems are easier to be formed
in the range of 0.75 because of their negative values.

TABLE I

The calculated equilibrium lattice constants ag, bulk
modulus B, the first order derivative of the modulus on
volume B'7 formation energy E; and equilibrium total
energy E are shown for TizCoGai—,Cu, system with cu-
bic structure.

Concentration | ao Ly B B E
x [A] [eV] | [GPa] [Hal
0.00 6.197 | -0.827 | 64.3 | 2.23 | -5045.238
0.25 6.125 | -0.489 | 62.6 | 4.45 | -4972.956
0.50 6.091 | -0.204 | 72.0 | 2.93 | -4900.676
0.75 6.040 | -0.029 | 69.4 | 4.51 | -4828.400
1.00 6.002 | 0.064 | 70.3 | 4.39 | -4756.127
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Total energy per formula unit as a function of tetragonal deformations (c¢/a) for the TioCoGai—_.Cu, system.

The energies are plotted with reference to the energy of the cubic phase.
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TABLE II
The calculated total M¢,: and partial magnetic moments of different Wyckoft sites for TioCoGa;—,Cu, system.
Concentration Cubic Tetragonal
- Miot | Tisa Tiae Coup (Ga/Cu)ad Miot | Tiza Tize | Coaz | (Ga/Cu)z2q
e8] | [psl | [es] | [ws] [1B] 28] | [ws]l | (e8] | [#B] [1B]
0.00 2.000 1.378 | 0.860 | -0.203 -0.035 0.000 | 0.000 | 0.000 | 0.000 0.000
0.25 1.500 | 1.120 | 0.752 | -0.335 | -0.034/-0.049 | 0.000 | 0.000 | 0.000 | 0.000 0.000
0.50 1.000 | 0.804 | 0.569 | -0.342 | -0.027/-0.036 | 0.000 | 0.000 | 0.000 | 0.000 0.000
0.75 0.499 | 0.427 | 0.319 | -0.231 | -0.015/-0.017 | 0.000 | 0.000 | 0.000 | 0.000 0.000
1.00 0.000 | 0.000 | 0.000 | -0.000 0.000 0.000 | 0.000 | 0.000 | 0.000 0.000

In order to study the tetragonal distortions of
TiyCoGay_,Cu, system. In Fig. 1, we present the func-
tion of total energy as a c¢/a ratio, the aim is to see
whether a tetragonal non-modulated phase is energeti-
cally lower than the cubic one, the possible phase transi-
tion happens only when total energy of tetragonal phase
is lower than one of cubic phase. To this end, total en-
ergy calculations at different ¢/a ratio are performed as
an estimation of the tetragonal transformation. By min-
imizing the total energy with respect to ¢/a, we find the
lowest energy of tetragonal phase, implying a potential
transition of martensitic phase. The energy minimum of
tetragonal phase, when x is 0.00 and 0.25, is pinned at
1.42; the rest remains at 1.41.

3.2. Magnetic moments

The calculated total and partial magnetic moments are
given in Table II. For Ti;CoGa;_,Cu, system, Ti atoms
couple ferromagnetically to each other. In contrast, the
magnetic moments of Ti atoms couple antiferromagneti-
cally with Co atom. In addition, the magnetic moments
are mainly carried by Ti atoms, thus resulting in a ferro-
magnetic ground state in cubic phase. Moreover, we plot
the function of total magnetic moment on the valence
electron number or Cu concentration in Fig. 2, it finds
that the calculated magnetic moments are in good agree-
ment with the Slater—Pauling rule M; = Z; — 18 [25],
where M; is total spin magnetic moment, and Z; is va-
lence electron number in unit cell. In the martensitic
phase of different Cu concentration, the magnetic mo-
ment disappears, suggesting a nonmagnetic nature. In
order to explain the trends in energy, we will analyze the
differences in the electronic density of states (DOS) for
the system. Such an analysis will be presented in the
next subsection.

3.3. Density of states

In what follows, we present the spin-polarized total
DOS for TisCoGay_,Cu, system in Fig. 3, which con-
tains the DOS in cubic and martensitic phases at dif-
ferent Cu concentration. For both spin configuration
of cubic phase, we can observe that the majority-spin
states show the semiconductor character when x < 0.75,
and the minority-spin states preserve the metallic nature,
thus these systems indicate half-metallic properties, that
is also confirmed by their total spin magnetic moment.

The system reveals nonmagnetic character owing to the
same weight of majority-spin and minority-spin states
when the Ga atom is replaced fully by Cu atom, it is also
confirmed by calculated total magnetic moment, i.e., the
total spin magnetic moment is closed to zero. In addi-
tion, we also notice the band gap of minority-spin states
become smaller and smaller as the increase of Cu concen-
tration because of reduction of exchange splitting energy.
In majority-spin states, the Fermi level slowly move from
the pseudogap to the shoulder states, also illustrating the
increase of formation energy. In fact, the contribution to
overall DOS is mainly from transition metal d orbitals
and p orbital of Ga atom.
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Ti2CoGaji_,Cu, system.

A comparison of the total DOS of cubic phase with

respect to martensitic phase is made in Fig. 3, we
can see that the electronic states of their marten-
sitic phase present the nonmagnetic properties due
to the same weight of majority-spin and minority-
spin states. However, some marginal differences
are still obvious around the Fermi level. Most
noticeably, the peaks of DOS are more promi-
nent for martensitic phase of Ti;CoGa, indicating

Slater—Pauling rule between total spin mag-
moment and valence electron number for
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Fig. 3. Spin-polarized total densities of states of TiaCoGai_,Cu, system calculated at their cubic phase and at the
global stable martensitic phase. Note that the Fermi energy is defined as the zero energy.

the stronger localization of d electrons. Another notewor-
thy feature of the total DOS in the tetragonal structure
has few changes. As an increase of Cu concentration, re-
sulting in transforming the located spin peaks into mul-
tiple peaks with reduced intensities and an overall shift

of states toward lower energies. Due to such migrations
of states, the valleys in the both spin states get filled,
and then produce gentle peaks in the DOS. These migra-
tions of electronic states toward lower energies stabilize
the tetragonal phase compared to their cubic phase. In-
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spection of the DOS for the stable tetragonal structure
indicate better stabilities to the cubic phases due to mi-
grations of states toward lower energies. This explains
why the tetragonal phases are stable energetically and
marginally lower than the cubic phases.

4. Summary and conclusions

We have performed systematical investigations on pos-
sible martensitic phase, electronic and magnetic prop-
erties of TiyCoGaj_,Cu, system by using FPLO-CPA
method. For cubic structure, calculations show that
the TioCoGay_,Cu, system can be synthesized in ex-
periment with exception of Ti;CoCu alloy due to their
negative values of formation energy. As the increase of
Cu concentration, the lattice parameter of system de-
creases because of smaller atomic radius for Cu atom,
and the total energy is increasing owing to lower elec-
tronegativity of Cu atom. Calculated total magnetic
moments are in good agreement with the Slater—Pauling
rule M; = Z; — 18, which is firmed by the total DOS,
i.e., one of spin channels indicates the half-metallic char-
acter. Especially, the nonmagnetic behavior is observed
for TiCoCu alloy. In addition, we find that the sys-
tem exhibit potential martensitic transition from cubic
to non-modulated tetragonal transformation according to
the function of total energy on deformation, suggesting
more stability of martensitic phase with respect to cubic
one. Such behavior can be explained by the hybridiza-
tions between the d orbitals. For martensitic phase at
different Cu concentration, the stable structures are lo-
cated around ¢/a = 1.41, meanwhile they indicate the
nonmagnetic behavior due to the same weight of DOS in
both configuration.
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