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Abstract

Based on the density functional theory (DFT) framework, the mechanical, half-metallic (HF), optical and thermoelectric
properties of ZryTiX (X = Al, Ga, Ge, Si) Heusler compounds are calculated. The mechanical calculations show good
agreement of the lattice constant results with other experiment. The magnetic moments of Zr, TiX (X = Al, Ga, Ge,
Si) compounds have been calculated by 1.95, 1.85, 2 and 2.1up respectively and their stability were founded in the
ferromagnetic phase for all cases. The density of states (DOS) indicates splitting states on Fermi level due to Zr d and Ti d
overlapping by an asymmetry behavior at two dp and dn spins. The elastic stability, Paugh and Cauchy coefficients imply to
the soft and ductility nature of these materials. Also, the optical parameters such as dielectric, refraction, absorption and loss
functions have been shown the optical response in the visible area. The thermoelectric treatments indicate good electronic

and thermal conductivity with high Seebeck and merit coefficient which is sensitive to the external magnetic moments.
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1 Introduction

The spin based transfer of electron is referred as spintronics
[1-4], which is very interesting for the electronic industry
in order to make magnetic read heads, giant magnetic
resonance (GMR) [5], and tunneling magnetic resonance
(TMR) [6-8]. The half-metals (HM) have very useful
application in spintronic beside metallic and semiconductor
behavior in majority and minority spins respectively, which
are divided into two main classes, binary [9, 10] and Heusler
compounds [11-13]. Heusler compounds are an important
class of matters in the HM category, which are divided
to two half- and full- heuslre with high Curie temperature
[14—17]. The full-heuslers with X, YZ crystal lattice and Ly
space group, where X and Y belong to transition metals
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and Z is a III-Vth element of the periodic table. Also,
some reports have shown a new crystal structure of heuslers
named LipAgSb, which Y atom has more electronegativity
than X [18-27]. Recently, the Zr based heuslers are
taken into consideration theoretically and experimentally
[28-34], whereas the Z and Y atomic positions are in (0,
0, 0) and (1/2, 1/2, 1/2) and X ones in (1/4, 1/4, 1/4) and
(3/4, 3/4, 3/4) respectively, which show the HM nature and
high magnetization; therefore, these compounds are good
candidates for spintronic applications.

The thermoelectric (TE) phenomena is a way for
conversion the temperature gradient to electrical current via
Seebeck effect and vice versa, and it iS even more attractive
for improving thermal energy efficiency in heat recovery
and cooling. The thermoelectric generators contribute to
sustainability through scavenging of loss heat [35], which
points that the TE treatment is a function of temperature.
The 18-electron intermetallic systems Zr, TiX(X = Al, Ga,
Ge, and Si) might be good candidates for TE applications
due to their high bulk modulus.

The spin polarization current is very interesting in the
spintronic and TE industry, so spin dependents on the
TE phenomena lead to a contention about the interaction
between spin, charge and heat current [36]. For example,
it might be the Seebeck coefficient cause to a spin
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accumulation by the thermal gradient [37]. This spin
accumulation might lead to generate the spinning current
in the thermoelectric devices [38]. The ferromagnetic Half-
metals are the good candidate for the mentioned purposes
due to their spin polarization at the Fermi level. Until now,
the surface effects, interfaces, and defects are the main
problems to generate the spin polarization currents in the
Half-metal devices [39], so the theoretical investigations of
novel thermoelectric devices being able to inject currents
of high spin polarization are indeed important and being
investigated -for instance- in Ref. [40].

In this paper, the structural, half-metallic, optical
and thermoelectric properties in the two up and down
spins of Zr,TiX (X = Al, Ga, Ge, Si) compounds are
calculated based on the FP-LAPW +lo method. Till now, the
thermoelectric behavior of the mentioned cases has not been
considered. Thus, the Computational methods are presented
in Section 2, the results such as structural, HM, optical and
thermoelectric treatments are discussed in Section 3, and
finally, the conclusion is present in Section 4.

2 Computational Methods

The structural, half-metallic, optical and thermoelectric
treatment of Zr,TiX (X = Al, Ga, Ge, Si) compounds
was carried out based on the density functional theory
(DFT) framework by FP-LAPW+lo method [41] using
Wien2K and BoltzTraP codes [42, 43]. The exchange-
correlation potential was approximated by GGA [44], also
the optical calculations are approximated to RPA [45]. The
optimized input parameters such as Rkmax, Kpoint and
Imax were selected to 8.5, 20000 and 10 respectively. Also,
other parameters such as mufin-tin spheres radii, separation
energy and convergence in charges have been selected to
2.0(Bohr), —6.0(Reyd) and 0.0001 respectively.

3 Results
3.1 Structural Properties

The unit cell volume changes versus energy (E-V) diagram
contains important information about crystal properties such
as lattice constant, equilibrium volume, bulk modulus and
its derivative [46]. The E-V curves of the Zr,TiX (X =
Al Ga, Ge, Si) compounds in the paramagnetic (PM) and
ferromagnetic (FM) phases and their results were displayed
in Fig. 1 and Table 1, respectively. Moreover, the structural
characters of Zr,CoAl, Zr,CoGa, Zr,CrGa and Zr,CrAl
compounds added to Table 1 for comparison with our
compounds [47]. Figure 1 indicates that the FM phase is
more stable than PM phase in all mentioned cases and by
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applying the hydrostatic pressure a transition phase were
occurred of FM to PM phase.

The elastic constants and its depended coefficients
such as Debay temperature, Anisotropy coefficient, Young
and Bulk modulus, Poisons ratio are important tools for
better knowledge about the mechanical treatment of the
matters. The study of elastic constants details is shown the
mechanical natural of crystals such as stability and lattice
hardness [48]. Based on the cubic symmetry of Zr, TiX (X
= Al, Ga, Ge, Si) compounds, only three C;1, C13 and Caq
coefficients of the elastic tensor are non-zero. The Shear (G)
and Bulk (B) modulus are related to the elastic constants
based on the following equations:

B =1/2(Br + By) G =1/2(Gy + Gr) (D
Where, Bg, By, Gy, Gr are defined as follows:
C 2C
B = By = 11+ 2C12 )
3
Ci1 —Ci2+3Cys
Gy = ( 5 > 3

5C44 (C11 — C12)
R= “4)
[4C44 +3(C11 — C12)]
Also, Young modulus (E), Poison ratio (v) and Anisotropy
coefficient are based on the following equations:

9GB

T 3B+G )
3B —-2G
p=—o (6)
2(3B +G)
2Cy4
- = 7
(Ci1 —C2) @

One of the important scales for indicating the elastic
stability in the cubic structure is [51]:

Ci1—C12>0,C11+2C12>0,C44 >0 (8)

The elastic results are listed in Table 2 and it is clear
that the all mentioned compounds have elastic stability.
Another parameter for showing the characteristic of the
angle of bonds is named the Cauchy pressure [52], which
is calculated for all mentioned cases. This pressure is
negative for non-metallic compounds and is positive for
other cases, so, the metallic treatment of our compositions
is confirmed. Moreover, the positive value of the Cauchy
pressure indicates the soft nature and malleable of the
ZrhTiX (X = Al, Ga, Ge, Si) compounds. The Paugh
relation which is defined by B/G [53], is another useful
parameter for indicating the ductility or brittleness with
% > 1.75 and % < 1.75 respectively, that Table 2 indicates
the ductile behavior of our compounds. The Poisson’s ratio
is a parameter for indicate the nature bonds [54], so that the
lower amount of this parameter implies the covalence bonds
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Fig.1 The Energy-Volume (E-V) diagrams of Zr, TiX (X = Al, Ga, Ge, Si) compounds in the Ferromagnetic (FM) and Paramagnetic (PM) phases

(v =0.1), while v = 0.25 represents ionic bonds and the ZrTiX (X = Al, Ga, Ge, Si) compounds. The anisotropy
amount between 0.25 to 0.5 represent central forces [55]. coefficient (A) shows the degree of elastic anisotropy [56],
Our results in Table 2 confirm the central force bonds for  so that for isotropic matters A = 1, and deviation from A

demonstrate the degree of elastic anisotropy. The A results
Table 1 The lattice constants, total magnetic moments, Bulk modulus ~ have been implied to the elastic anisotropy nature of the

and its derivative of the Zr,TiX (X = Al, Ga, Ge, Si) compounds in mentioned compounds in Table 2.
the FM and PM phases

Compounds a(A) B(GPa) B’ MMT (u5) -2 Electronic Properties
Zr, TiAI(FM) 6.81 101.249 3.509 1.95 The band levels graph versus symmetry directions in the
6.84% first Brillion zone is named Band structure which contains
Zr, TIAI(PM) 6.85 102.713 3.701 the important information about electronic, optical and
Zr, TiGa(FM) 6.75 102.082 3.796 1.87 thermoelectric properties. The Band structures of Zr,TiX
Zr2TiGa(PM) 6.77 104.629 4117 (X = Al Ga, Ge, Si) compounds were shown in Fig. 2 for
Zi2TiGe(FM) 6.73 106.246 3.887 1.88 up and down spins. In the —6 to —9 eV energy range, a
Zr2TiGe(PM) 6.74 107.367 4.043 level of 1s orbital belongs to X = Al, Ga, Ge, Si atoms is
ZrZT%S%(FM) 6.67 111.290 3832 1.87 presented which is located in the semi-core zone and will
Zr2TiSi(PM) 6.68 113.786 3832 not contribute in conducting. The Fermi level of all cases has
Z12CoAl 6.57 1115 2.35 2.000*° : . . :
been cut off by levels in two spins and the metallic behavior
Zr2CrAl 6.59 860 699 1.000° appear in the mentioned spins. By a comparison between
Zr2CoGa 639 Ha9 100 2.000° Fig. 2 curves, it is shown that the curve slop of Zr,TiG
712CrGa 6.62 79.3 6.24 1.000° & ’ ! p ob £ tie
& Si compounds are higher than two others in I' point so
abCRef [48-50] the electron mobility of these compounds are higher than
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Table 2 The elastic constants and other related parameters: Bulk (B), Shear (G) and Yung (E) modules, the B/G relation, Poisson ratio (v) and

Anisotropy parameter (A)

Compounds Ci1 (GPa)  Cyp (GPa) Cy4 (GPa)  Cip— Cy44 (GPa) B (GPa) G (GPa) E (GPa) % v A

ZrTiAl 119.414 92.167 64.186 27.981 101.249 43.961 115.209 2330 0310 4.711
Zr,TiGa 115.144 99.090 58.544 40.546 104.441 38.331 102.458 2724 0336  7.239
Zr, TiGe 141.290 106.424 58.670 82.621 118.046 42.175 113.060  2.798 0.340 3.365
Zr, TiSi 147.560 113.063 61.231 51.832 123.562  43.638 117.125 2832  0.342 3.549

two other compounds and the electronic, optical and thermal
conductivity are too large.

According to distinct electronic behaviors of the men-
tioned cases at two up and down spins, these compositions
have the magnetic nature and the total magnetic moments
are listed in Table 1, which are originated from Zr and Ti
elements, which have a half empty d orbital. Our results
show the magnetic moments based on GGA completely
compatible with Slater Pauli rule:

Where N, represent the valance band electron numbers.
The density of states (DOS) diagrams are depicted in
Fig. 3 for up and down spins, which include the important
information about the electronic and optical nature of
matters. The different behavior of DOS at up and down
spins confirms the magnetic nature of the compound
Figure 3 shows that Al, Ga Ge and Si states are located
below the Fermi level and the Zr and Ti d orbitals are in
Fermi level. Also, the Ti states have big peaks in two spins
and its peaks are smaller for Zr. The d — d of Zr-Ti and
p — d of Ti-X and Zr-X hybridization caused the spin split

m; =Ny — 18up (9 and spin polarization at Fermi level.
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Fig.2 The Band structure of a, b Zr TiAl, ¢, d Zr; TiGa, e, f Zry TiGe and g, h Zr, TiSi at up and down spins, respectively
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Fig.3 The DOS curves of the Zr, TiX (X = Al, Ga, Ge, Si) compounds at the up and down spins

3.3 Optical Properties

The matter response to incident light is named dielectric
coefficient which divided into two real and imaginary parts.
These coefficients are functions of the optical frequency and
are characterized by the relation [57]:

£ () =1 (w) +ie2 (w) (10)

The real part of the dielectric function (¢1 (w)) for Zr, TiX
(X = Al, Ga, Ge, Si) compounds is depicted in Fig. 4a.
It is shown that the static amount (g1 (w)) of all cases
tend to —oo which indicate the metallic nature of the these
compounds Other than the visible area and the infrared edge,
the £1 (w) sign is negative in all photon energies and Zr, TiGa

has a much more response to incident light. Plasmonic
oscillations occur when the €1 (w) and energy loss function
(ELF) are zero and the maximum amounts, so comparing
Fig. 4a and c is shown that the plasmonic frequencies are
occurred in 17.5 eV, 19.5 eV for Zr,TiAl, 20 eV for Zr, TiGa
and 21 eV for Zr,TiGe and Si which implied to no losing
light in the infrared, visible and ultra violet areas.

The matter response to the incident light in energy
space is represented by the imaginary part of the dielectric
function (&2 (w)), so that its peaks indicate the electron
transmission from the occupied to unoccupied levels. Based
on the metallic nature of the mentioned compound, the
static value of &, (w) (Fig. 4b) has infinite values that
indicate the intraband transitions, and by increasing photon
energy, the & (w) peaks tend to the lower amounts, and
after 15 eV become zero. The absorption curves are
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Fig.4 The optical index of Zr, TiX (X = Al, Ga, Ge, Si) compounds versus photon energy a €| (w), b €2 (»), ¢ ELF, d Absorption and e Refraction

depicted in Fig. 4d which indicate increasing absorption  area belongs to optical transmissions, but the absorptions
in the visible area that are matched by ¢; (w) diagrams,  are increased by photon energy and reaches to maximum
so it can be said that the absorption in the mentioned amounts in the 10 eV (UV area), on the other hand, &; (w)

@ Springer



Silicon (2019) 11:501-511

507

has a lower amount for every compound. The refractions
are low too in the abovementioned energy ranges, so
the mentioned compounds have transparent behavior. The
refraction indices of Fig. 4e show big amounts of n (0)
confirming the metallic nature of these compounds, and
after 10 eV are lower than one (n (w) < 1) indicating the
superluminal phenomenon.

By a comparison between the ELF and ¢; (w) curves, itis
clear that the photon energy loss in the lower energies (IR,
visible area and UV edge) are very low, so, these Heusler
compounds are good candidates for optical applications in
the mentioned energy. The ELF main peaks are occurred
in 20 eV, wherever the ¢| (w) diagrams are zero, which
indicates the plasmonic frequencies. Of course the &1 (w)
roots in the lower photon energies are related to refractions
and reflections.

3.4 Thermoelectric Properties

The thermoelectric behavior of the matter is strongly related
to the Seebeck coefficient (S) and other thermoelectric
parameters such as electronic (§) and thermal (K) conduc-
tivities for isotropic electronic structure. In good thermo-
electric materials, we should have: (a) the narrow energy
gap, (b) the bands overlap in the edge of energy gap [58]
and (c) the bands density near the Fermi level (Er) [59, 60].
Another dimensionless thermoelectric coefficient is named
thermoelectric efficiency or merit parameter as follows:

_S%T
K

zZT (11

which is related to S, §, temperature (T) and K.

Fig.5 The electrical 1.5e+20
conductivity (8) of the Zr, TiX — Al
(X = Al Ga, Ge, Si) compounds — Ga
in the a up, b down spins 1.4e+20 - Ge
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(a) up spin
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The electrical conductivity versus temperature for
ZrnTiX (X = Al, Ga, Ge, Si) compounds is depicted in
Fig. 5 for the up and dn spins. Based on the high bands
density in the Fermi edge and the metallic behavior of the
mentioned cases, the good electronic conductivity at two
up and dn spins are expected. In the temperatures (about
50 K), the electronic conductivity at dn spin is almost three
times upper than the up spin. In Zr,Ti(Al & Ga) cases,
with increasing temperature after a downtrend in the thermal
conductivity at up spin, it is heavily increased until 800 K,
but in Zr, Ti(Ge & Si) cases it is decreased. The electronic
conductivity of Zr,TiGe compound in dn spin at 50 K has
the maximum amount, and after room temperature attains

Fig.6 The thermal 4e+15

the saturation limit, even that in the other three compounds
in the range of 50 K to 800 K, it has a constant amount.
The total thermal conductivity of the matter belongs to
the electron conductivity and lattice vibration, but based on
the metallic nature of the mentioned cases, the electronic
portion is more than lattice vibration ones. The thermal
conductivities of the mentioned compounds are increased
by applying temperature relatively linear in the dn and up
spins, respectively, which indicate that the electronic carrier
is higher in the high temperature than the lower one (Fig. 6).
The S coefficients of the Zr,TiX (X = Al, Ga, Ge,
Si) compounds are shown in the Fig. 7. This parameter
is a sensitive tool for testing the electronic structure of

conductivity (K)of the Zr, TiX
(X = Al Ga, Ge, Si) compounds
in the a up, b down spins
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Fig.7 Seebeck coefficients (S) 6e-5
of the Zr, TiX (X = Al, Ga, Ge, Al
Si) compounds in the a up, b Ga
down spins Ge
— Si
4e-5 1 (a) up spin
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matters, which has the order of magnitude uV K ~1 for
metals and is relatively big for semiconductors. The S
parameters of the mentioned half metallic compounds are
depicted, and it is shown that by increasing temperature
the deeper electronic levels are contributed in the elec-
tronic conduction. The S sign of Zr,Ti(Ge, Si) is positive
and for Zr,Ti(Al, Ga) is negative until 650 K in the up
spin. By increasing temperature until room temperature,
the S coefficient of ZrTi(G, Si) compounds have been
changed and after that, it has been reduced slowly. In the
two other cases, the S parameters are decreased by increas-
ing temperature until 250 K, and after this, it has a linear
treatment. But the S sign in the dn spin is changed for the
mentioned cases than up spin, so that ZryTi(Al, Ga) and

150 250 350 450 550 650 750

Temperature [K]

Zr,Ti(Ge, Si) have positive and negative sign respectively,
and by increasing temperature the S coefficient attain a satura-
tion limit. The negative sign of S is implied to the n-type nature
of the charge carriers. The figure of merit (ZT) is an important
dimensionless parameter to indicate the electrical and opti-
cal conductivity quality. The ZT has a big amount for good
thermoelectric matters. Figure 8 shows the ZT of the men-
tioned cases in up and dn spins at the range of 50 K to 800K.
The ZT amount of the ZryTi(Al, Ga) is a small amount
but for Zr, Ti(Ge, Si) compounds, it is rapidly increased by
increasing temperature until 50 K, and then it is decreased
in the up spin. But in the dn spin, the Zr,TiAl has a small
value while in the three other cases, the ZT are increased
linearly and in the 700 K is reached to a saturation limit.
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Fig.8 The figure of merit (ZT) 0.10

of the Zr, TiX (X = Al, Ga, Ge,
Si) compounds in the a up, b
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4 Conclusions

In summary, the elastic, HM, optical and thermoelectric
properties of ZrTiX (X = Al, Ga, Ge, Si) Heusler
compounds were calculated by DFT within the GGA. From
the mechanical computations, the E-V diagrams indicate
more stability in the FM phase than in NM one, and
the elastic parameters of these compounds implied to the
ductility behavior. There is a central force in the mentioned
compounds by anisotropy elastic nature. The DOS and Band
structure diagrams indicate the magnetic treatment of these
compounds with good metallic behavior at both spins. The
optical responses to the incident light occur in lower photon
energies that imply the metallic nature of the mentioned
cases. The ELF peaks are located in higher energies and
plasmonic frequencies are in the UV region.

The covalence and ionic bonds with metallic behavior in
the two up and down spins of these compounds were made

@ Springer
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a good base for thermoelectric applications. Our results
indicate high electrical and thermal conductivity in the two
spins and the Seebeck and ZT coefficients parameters are
increased in the room temperature.
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