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Heusler materials have aroused great scientific research interest during recent years due to their special
electronic and magnetic properties. Especially for the equiatomic quaternary Heusler compounds, they
exhibit very high composition flexibility and structure tunability. In this work, we have carried out
a systematic study on the structural configuration and tetragonal stability for the Heusler compound
TiZnMnSi by first-principles calculations. Results reveal the type-A structure with ferromagnetic state
possesses the lowest total energy and thus should be the ground state configuration. Based on the
equilibrium lattice constant, the electronic band structures and magnetic moments have been

R S ber 2020 computed. The tetragonal phase transformation is then investigated by using the total energy variation
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indicates that TiZnMnSi exhibits a strong tendency for the tetragonal phase. These findings could provide
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Introduction

During recent years, scientific research in the field of materials
science and condensed matter physics has achieved great
progress due to the fast improvement in material processing
technologies and equipment, including the vast computing
power increase. Among the wide ranges and various purposes of
material applications, magnetic metal or half-metal materials
have become of high interest recently, especially for the devel-
opment of magnetic random-access memory and magnetic
shape memory technologies."” The search for novel smart
magnetic materials has indeed increased tremendously and
they have become essential for a new generation of intelligent
materials.

The family of Heusler materials stand out as one of the most
promising candidates due to their excellent electronic and
magnetic characteristics,**" such as, high Curie temperature,
compatible crystal structure and tuneable properties. Initially,
Heusler compounds have two typical classes:** half-Heusler
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with generic chemical formula XYZ and full-Heusler with
formula X,YZ, where X and Y represent the transition metal
elements and Z is from the main group elements. Despite the
different stoichiometric ratios in these two Heusler kinds, there
are always three elements in both of them and thus they can be
regarded as ternary compounds. Until recently, quaternary
Heusler alloys start to show up and they can be simply obtained
by replacing one X in the full Heusler materials by a different
forth element X'. Thus, the quaternary Heusler with formula
XX'YZ has stoichiometric ratio of 1 : 1: 1 : 1 and thus the name
of equiatomic quaternary Heusler (EQH) is derived.?**"*” Both
experimental investigations and theoretical calculations have
gradually began, e.g., Bainsla et al. have prepared the equia-
tomic quaternary CoFeCrAl Heusler alloy with arc melting
technique and found that it exhibits Y-type structure with only
a very small amount of anti-site disorder and it has half met-
allicity with high spin polarization;** Paudel et al. have theo-
retically studied the structural, magnetic, electronic and elastic
properties for the LiMgPdSb-type EQH alloys CoFeZrZ (Z = Ge,
Sb, and Si) and examined their half metallic behaviour under
different values of Hubbard correlation parameter U by using
GGA+U method;* Rani et al. have combined a theoretical and
experimental study on the half metallic behaviour of EQH alloys
CoRuMnGe and CoRuVZ (Z = Al, Ga);** Wang et al. and Hao
et al. have designed new EQH compounds ZrRhTiln and TiZr-
Ruz* (Z = Al, Ga, In) from first principle computations;®
several other works focused on the rare-earth-element based
EQH materials, like ScFeCrT (T = Si, Ge), LuCoCrZ (Z = Si, Ge),
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YCoCrZ (Z = Si, Al, Ge, Ga), MCoVZ (M = Lu, Y; Z = Si, Ge) and
they show better prospect for spintronic applications;****** and
Gao et al. conducted a high-throughput screening for spin
gapless semiconductors (SGSs) in EQH compounds after Bain-
sla et al. reported the SGS signature in EQH CoFeMnSi.**>*%
Compared with the ternary Heusler materials, the EQH
compounds bring out several special advantages, like high
composition flexibility and better property tunability. Conse-
quently, more research attention and effort are continuously
dedicated in the development of EQH materials.

Among the vast varieties of Heusler materials, Ti-based and
Mn-based Heusler compounds have attracted a lot of research
interest because of the presence of magnetism and possible
phase transformation, which can be particularly interesting for
the development of magnetic-tunnel-junction memory material
and ferromagnetic shape memory material. In this work,
a systematic theoretical investigation has been detailed on the
equiatomic quaternary Heusler compound TiZnMnSi, which is
composed of the very common elements. Its ground state
structural configuration and magnetic ordering have been
determined and the corresponding equilibrium lattice constant
is derived. The calculated electronic band structures reveal the
metallic nature in this compound. More importantly, the
possible tetragonal phase transformation is further examined
from different perspectives. Results clearly indicate that the
tetragonal phase can indeed reduce the total energy and the
minimum tetragonal energy point is found at ¢/a equal to 1.33.
At last, we have also cross-evaluated the mechanical and
dynamic stabilities for the tetragonal and cubic phases. This
comprehensive study can serve as a useful guidance for the
future experimental research of the quaternary Heusler
compound TiZnMnSi and also promote some relative studies in
other similar quaternary Heusler compounds.

Computational methodology

The EQH compound TiZnMnSi has been theoretically explored
with first principles calculations under the framework of
density functional theory,** as implemented in the Cambridge
Serial Total Energy Package code.®® The pseudo potential plane
wave method has been applied and the Perdew-Burke-
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Ernzerhof functional with generalized gradient approximation
has been selected for the electronic exchange energy.®*** The
valence electron configurations for Ti (3d*4s”), Mn (3d°4s”), Zn
(3d"°4s%) and Si (3s*3p?) have been chosen, respectively. A plane
wave cutoff energy of 500 eV has been set and two different
Monkhorst-Pack grids of 12 x 12 x 12 and 12 x 12 x 15 k
sampling points in the first Brillouin zone have been used for
the cubic and tetragonal structures, respectively. The self-
consistent converge for energy and stress were set as 1 X
10 °evand1 x 10 2 eVA "

Results and discussions
Crystal structure

In general, EQH compounds normally exhibit LiMgPdSn crystal
structure,***%% also known as Y-type structure, in which the
four equal stoichiometric elements form four interpenetrating
face centred cubic sublattices as defined by the four Wyckoff
positions of A(0,0,0), B(1/4,1/4,1/4), C(1/2,1/2,1/2), and D(3/4,3/
4,3/4). According to the general site occupation rule in Heus-
ler compounds,******7> the main group element always enters to
the D site, leaving the other three positions for the transition
metal elements. Since there are three transition metal elements
in the EQH compound TiZnMnSi and it has not been synthe-
sized in experiments, we have considered all the possible
atomic configurations for the three transition metal atoms and
they can be reduced to the three independent structures, in
which the four Wyckoff sites ABCD are sequentially occupied by
TiZnMnSi, TiMnZnSi and MnTiZnSi, and they are respectively
defined as type-A, B and C structures for simple purpose in
current work. The corresponding crystal structures are shown in
Fig. 1 and the different atomic occupations are highlighted by
the diagonal colour line along the cubic cell.

In order to determine the ground state atomic orderings, we
have calculated the total energies at different lattice constants
for the three structural types and the obtained results are re-
ported in Fig. 2. Since the magnetism is a major feature for
Heusler compounds and many studies have found that Mn
element can carry large magnetic moment in Mn-based Heusler
materials, we thus further considered two possible magnetic

Type-C

Fig. 1 The crystal structure of the EQH compound TiZnMnSi in different atomic configurations.
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Fig.2 The calculated total energies for the EQH compound TiZnMnSi
in different atomic configurations and magnetic orders.

configurations for each structure type, the ferromagnetic (FM)
state and the nonmagnetic (NM) state. As displayed in Fig. 2, we
can clearly see that the ferromagnetic state shows lower total
energy than the nonmagnetic counterpart for all three struc-
tural configurations. It is observed for each configuration the
total energies for both FM and NM states converge to the same
values with lattice decrease and this is related to the electron
delocalization at smaller lattice constants. With a polynomial fit
of the total energy versus the lattice constant for each structural
state, we can derive the equilibrium lattice constant. The ob-
tained values are summarized in Table 1. The lowest total
energy is found for type-A structure under ferromagnetic
arrangement, which indicates that it should be energetically
preferred as the ground state configuration.

Electronic and magnetic properties

Based on the determined ground state structural configuration
and equilibrium lattice constant, we have further examined the
electronic and magnetic properties for the EQH compound
TiZnMnSi. The calculated spin polarized electronic band
structures are displayed in Fig. 3, with the Fermi energy level
shifted to 0 eV. Since only the bands nearby the Fermi level play
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Fig. 3 The calculated spin-polarized electronic band structures for
the EQH compound TiZnMnSi at the equilibrium lattice constant.

major role, we have set the energy range from —3 eV to 3 eV. We
can observe that there are multiple bands overlap with the
Fermi level in both spin-up and spin-down channels, meaning
that TiZnMnSi has metallic behaviour in both spin directions at
the ground state.

To better understand the spin polarization and magnetic
origination, we have also calculated the magnetic moments and
densities of states. The obtained values for the total and atom-
resolved magnetic moments are also listed in Table 1. Except
the ground state type-A structure, we have also provided the
results for other structures. It can be clearly seen that the total
magnetic moment for the EQH compound TiZnMnSi is 2.21 ug
and it is mainly originated from the Mn and Ti atoms. This
magnetic contribution behaviour can also be accessed with the
total and partial densities of states, as shown in Fig. 4. Similar
as the electronic band structures, we have only displayed the
vicinity energy range around the Fermi energy level, which has
been highlighted by the vertical black line in the middle. It is
found that the total density of state is majorly contributed from
the same two atoms Ti and Mn in both spin-up and spin-down

Table 1 The calculated equilibrium lattice constant (A), total and partial magnetic moments (ug) for the EQH compound TiZnMnSi in different

atomic configurations and magnetic states

Structural type Magnetic state Lattice Motal My My, My Mg;
Type-A NM 5.943

FM 6.055 2.21 —0.87 —0.08 3.24 —0.08
Type-B NM 5.962

FM 6.011 1.26 —1.10 —0.03 2.44 —0.02
Type-C NM 5.918

FM 5.934 0.90 —0.32 —0.06 1.29 —0.01

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The calculated total and partial densities of states in both spin
directions for the EQH compound TiZnMnSi at the ground state.

directions, as revealed by their relatively large shaded areas of
red and green colours, respectively. Whereas, the densities of
states for Zn and Si are very small as their colour filled areas are
very narrow compared with Ti and Mn. From Fig. 4, we can also
check the spin splitting effect and the correlation states for
different atoms between the two spin directions. For Ti atom, its
density distributions exhibit two high peak areas around 0 to
3 eV; there is a slight horizontal energy shift between the two
spin channels, which results into small spin splitting effect.
This splitting behaviour even becomes much more prominent
for Mn atom with a strongly asymmetric density distribution
between the two spins, a high peak at —2 eV in spin-up direction
and another high peak at 1 eV in spin-down direction. These
spin splitting effects in Ti and Mn can also be reflected from
their large magnetic moments, as discussed above. Besides, we
also notice that the density distributions for Ti and Mn atoms
show very large separation in the spin-up direction yet an
almost complete overlap in the spin-down direction, indicating
their strong correlation state in the spin-down direction.
Considering the Fermi energy level, the high peak density of Mn
atom in the spin-up direction corresponds to the bonding state
while the other peak in the spin-down direction resemble the
antibonding state.

Tetragonal phase transformation

In the family of Heusler materials, tetragonal phase often exists
and many previous studies have confirmed this from both
experimental characterization and theoretical calculation, such
as, Faleev et al have comprehensively examined 286 full
Heusler alloys and found 62% have tetragonal ground states at
zero temperature;> Wu et al. have investigated a series of
palladium based Heusler alloys Pd,YZ (Y = Co, Fe, Mn; Z = B,
Al, Ga, In, T, Si, Ge, Sn, Pb, P, As, Sb) and discovered that most
of them show potential tetragonal distortion;” Han et al. have
studied all-d-metal Heusler alloys X, ,Mn;.,V (X = Pd, Ni, Pt,
Ag, Au, Ir, Co; x = 1, 0) and determined all the Mn-poor alloys
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prefer to have a tetragonal phase instead of a cubic one;*® Liu
et al. and Faleev et al. have both observed the tetragonal struc-
ture in several Mn-based full Heusler compounds from experi-
mental characterizations.®”>7*

Compared with the cubic structure, tetragonal phase in
Heusler compounds can be even more useful for the potential
applications in spintronic fields. In particular, the perpendic-
ular magnetic anisotropy in the tetragonally distorted Heusler
materials can be critical to the development of magnetic-tunnel-
junction (MTJ) memory elements for the spin-transfer torque
magnetic random-access memory technology.” In order to
assess the possible tetragonal phase transformation in the EQH
compound TiZnMnSi, we have introduced the tetragonal strains
by simply varying the c/a ratio while keeping the unit cell
volume constant at the cubic structure. Different structures can
be obtained at different tetragonal strains: stretched or
compressed cubic structure along ¢ axis when c/a is larger
smaller than 1.

First, we can explore the tetragonal phase stability in the
EQH compound TiZnMnSi by calculating the total energy vari-
ation at different tetragonal strains. The obtained results are
shown in Fig. 5 with the energy difference normalized according
to the cubic equilibrium lattice system at ¢/a equal to 1. We can
immediately find that both tetragonal strains in compressing
and stretching sides can further reduce the total energy, indi-
cating the tetragonal phase can possibly exist from energetic
point of view. The maximum energy decrease has been calcu-
lated and displayed for both tetragonal sides and it is seen that
the tetragonal strain in stretching side exhibits much larger
energy reduction about 0.21 eV at ¢/a of 1.33 than that of 0.04 eV
in the compressing side at c/a of 0.85. Based on the previous
studies, the occurrence of a stable tetragonal phase in Heusler
compounds requires the transformation energy larger than
0.1 eV. Thus, the possible tetragonal phase is expected in the
stretching tetragonal strain side at c/a of 1.33 for the EQH
compound TiZnMnSi. As known, the electronic properties of
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Fig. 5 The calculated total energy difference for the EQH compound
TiZnMnSi under different tetragonal strains. The energy value is
normalized with respect to the cubic structure.

This journal is © The Royal Society of Chemistry 2020
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solid materials are strongly related with their structures. To
investigate this phase transformation effect, we have computed
the electronic band structures of TiZnMnSi in tetragonal phase
and the obtained results are shown in Fig. 6. Note the same
energy range as the cubic band structure is used yet different
high symmetric points are selected for the k paths. We can see
the band structures for the tetragonal phase are completely
different from those of the cubic phase, see Fig. 3. However, the
metallic feature is maintained for both spin directions as there
are multiple bands overlapping with the Fermi energy level.

As suggested in previous studies,>**”* the presence of the
tetragonal phase in Heusler alloys is related with the peak-and-
valley structure of their densities of states around the Fermi
energy level. Thus, we have computed the total density of states
for the tetragonal phase and compared it with the cubic one, as
plotted in Fig. 7. We can see that the Fermi level, as marked by
the vertical black dashed line in the middle, is located exactly at
the middle of two peaks in both spin directions for the cubic
structure; whereas, it smoothly shifts into much shallower
valley positions in the tetragonal structure. The precise values of
the densities of states at the Fermi level for both cubic and
tetragonal structures are also labelled in the right axis. The high
peak value in the cubic structure can cause high total energy of
the system and thus leads to poor structural stabilities, which
results into the tetragonal phase transformation in the EQH
compound TiZnMnSi.

Except the total energy variation, we can also evaluate the
tetragonal phase stability with the mechanical and dynamic
properties. We have computed the phonon dispersion spectra
for both cubic and tetragonal phases with the finite

— spin-up

Energy (eV)
o

— spin-dw

Energy (eV)
= g

-3 T T T T
z r X P N r

Fig. 6 The calculated spin-polarized electronic band structures for
the EQH compound TiZnMnSi in tetragonal phase.
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Fig. 7 The calculated total densities of states for the EQH compound
TiZnMnSi under both cubic and tetragonal phases.

displacement method and the results are displayed in Fig. 8. A
strong phonon softening behaviour is present in the cubic
structure as highlighted by the two red-colour curves with very
large imaginary frequencies. In contrary, the phonon curve for
the tetragonal phase exhibits no soft frequency, highlighting its
dynamic stability.

Besides, we have also examined the mechanical properties
for the EQH compound TiZnMnSi by employing the stress
strain method.””® There are three independent elastic
constants for the cubic structure, C;; C;, and C,,, and six
constants for the tetragonal one, C;4, C13, C13, C33, C44 and Cee.
Their derived values are all summarized in Table 2. According to
the generalized Born-Huang elastic criteria,”” the mechanical
stabilities for cubic and tetragonal structures should satisfy the
following two conditions, respectively. Based on the derived
elastic constants in Table 2, we can directly verify that the EQH
compound TiZnMnSi is mechanically stable in tetragonal
phase. Combining the dynamic and mechanical stabilities
together, we can see that the EQH compound TiZnMnSi exhibits
highly probable tetragonal phase transformation. Furthermore,
we have also computed the directional dependent mechanical
Young's modulus and shear modulus for the EQH compound
TiZnMnSi under the stable tetragonal phase with the ELATE

8 8

s R FE=T

Tetragonal

» o
1 L

Frequency (THz)
N

-2

0 T
X WK z T

T T
X P N i
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Fig. 8 The calculated phonon dispersion spectra for the EQH
compound TiZnMnSi in both cubic and tetragonal phases.
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Table 2 The calculated elastic constants (C;) in GPa for the EQH
compound TiZnMnSi in both cubic and tetragonal structures

Phase Ciy Ci Cis Css Cag o
Cubic 89.45 118.28 18.56
Tetragonal 127.37 125.40 90.67 145.23 67.00 53.66
Young's modulus Shear modulus
110
55
N0 N
-55
-110

-110

Fig. 9 The calculated directional dependent Young's modulus and
shear modulus for the EQH compound TiZnMnSi under the tetragonal
phase.

program,”® as shown in Fig. 9. A very strong mechanical
anisotropy can be clearly observed with the very large direc-
tional variation for both moduli. The maximum values for the
Young's modulus and shear modulus are found along the [111]
and [001] directions, respectively.

Cii —C2>0,Cp +2C12>0,Chq>0 (1)

Ci1 > |Cral, 2C15° < C33(Chy + Cia), Cag > 0, Co6 > 0 (2)

Conclusions

In current study, we have performed a detailed theoretical
investigation on the equiatomic quaternary Heusler compound
TiZnMnSi by first principles calculations based on density
functional theory. Among the three independent structural
configurations and the two magnetic states considered, type-A
atomic ordering under ferromagnetic arrangement has been
determined to be the energetically preferable ground state. On
the basis of obtained equilibrium lattice constant, we have
calculated its electronic and magnetic properties for TiZnMnSi.
Spin polarized band structures exhibit metallic feature with
multiple bands crossing the Fermi energy level. The total
magnetic moment of 2.21 uy is mainly contributed by Mn and
Ti atoms, whose spin splitting effects are quite strong, espe-
cially for Mn atom, as revealed from their partial densities of
states. Afterwards, we have focused on the possible tetragonal
phase transformation and examined the total energy difference
under different tetragonal strains. Obtained results clearly
indicate the tetragonal phase can further reduce the total energy
of the system and the minimum energy point is located at the
tetragonal strain c¢/a equal to 1.33. The origin of the tetragonal
phase has been analysed with the peak-and-valley structure of
the total densities of states for the cubic and tetragonal

39736 | RSC Adv, 2020, 10, 39731-39738
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structure. In the last, the tetragonal phase is further verified
with its mechanical and dynamic stabilities. This systematic
work can provide a very helpful reference for the further
investigation of the quaternary Heusler compound TiZnMnSi
and even inspire other related researches.
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