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Abstract
Thermodynamic stability, electronic and optical properties of the Zr2TiSi compound in the bulk and its [111] films have been
investigated, based on the density functional theory (DFT) framework and generalized gradient approximation (GGA). The
Zr2TiSi has thermodynamic phase diagram and mechanical stability in the bulk form. Also, the thermodynamic phase diagrams
of the [111] films referred to good stability for three ZrSi-, ZrTi and SiZr-terminations. The Zr2TiSi has ionic bonds between its
atoms with brittleness behaviour. These films have half-metallic behaviour with 4.22μB, 4.33 μB and 8.61μB magnetic moments
for the ZrSi, ZrTi- and SiTi-terminations, respectively. Also, the optical property of the films have confirmed its metallic
behaviour and its main optical response occurred in the infrared and visible ranges with the redshift than bulk one. The very
low Eloss in the infrared (IR), visible and ultraviolet (UV) edge with high absorption in these regions of the [111] terminations,
make them as suitable cases for optoelectronic applications.
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1 Introduction

In the last years, investigation on Heusler compounds increased
due to their different physical properties such as Half-metallic,
magnetic shape memory effect, thermoelectric properties [1–6].
Therefore, the Heusler compounds have been attractive for spin
electron injection [7], Giant and Tunnel magnetoresistance
(GMR and TMR) [8], magnetic switching [9–13], magnetic
memories [14]. Mostly, the small energy gap in minority spin,
and being sensitive to the external magnetic field, make them
suitable compounds for thermoelectric spin switch [15]. The
Heusler compounds are divided into two main categories, full-
Heuslers and half-Heuslers with XYZ and X2YZ stoichiometry,
respectively. While the X and Y belong to the transition metals,
the Z is belonging to the III-V column of the periodic table [16].

The high active metallic natures of the Zr and Ti elements with
their lightweight, stiffness and lower oxidations have made them
attractive cases in the alloy crystallization [17–19]. The Zr and Ti
atoms have a lot of interest in creating the chemical bondswith Si
atom. Accordingly, they have created different alloys of these
three elements such as: Ti3Si, ZrSi, ZrSi2 and Zr2Si in the bulk,
film and two-dimension forms [20–23]. Recently, the Zr2TiAl
compound was synthesized [24] in the Heusler structure with
X2YZ stoichiometry by L21 space group which X atoms are in
the (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4), Yand Z located at (1/2, 1/2,
1/2) and (0, 0, 0) positions, respectively [25]. Also, the new Zr
bases of the Heusleres investigated, theoretically and experimen-
tally [24, 26–30]. Mostly, the Heusler compounds have ferro-
magnetic behaviour [29], and some others have semiconducting
properties [30]. Mostly, these materials use in the film and inter-
face forms in industry applications [31–33], which the surface
effects are changed their physical properties.

The electronic and optical conductivity and high optical
absorption in the metallic materials are interesting for opto-
electronic and infrared sensor applications [34]. For increasing
or changing the abovementioned properties in the materials, it
can be considered the surface effects in the film structures.

Heusler compounds are often used as thin films in the elec-
tronics industry, and they grow on semiconductor substrates
along the two [001] and [111] directions, mostly [35–38].
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Because of their compatibility with the semiconductor crystal
lattice, they use as a source of electron injection [39–46].
Given that the Zr2TiSi compound becomes crystalline at the
base of the F.C.C lattice and its thin film along the [111]
direction has a hexagonal cross-section and corresponds to
semiconductor substrates, so we investigated the half-metallic,
stability and optical properties of the ZrSi-, ZrTi- and SiZr-
terminations for [111] films. We expected that the surfaces
effects in the films would significantly alter the electronic,
thermodynamic stability and optical behaviour.

2 Computational Methods

The mechanical, electronic and optical properties and thermo-
dynamic phase diagram of the Zr2TiSi bulk and [111] films
have been calculated based on density functional theory
(DFT) framework by full potential linear augmented plane
wave (FP-LAPW) with Wien2K code [47, 48]. The Kohn-
Sham equations have calculated under the generalized gradi-
ent approximation (GGA) [49]. The muffin tin radii for all
atoms selected to 2 (Bohr) and the separation energy between
the core and valance levels was determined to −6 Reyd. The
optimized input parameters such as RKmax, KPoint and lmax
were selected to 8.5, (3000 for bulk, 400 for films) and 10,
respectively. The convergence calculations are based on the
electron charge to 0.000, and the atomic forces in the film
structures are relaxed to 0.1 a.u./Reyd by mini-position
command.

3 Bulk Properties

3.1 Structural Properties

To find the accurate results, in the first step, it must obtain the
ground state point with its equilibrium volume. The total
change energy of Zr2TiSi versus its unit cell volume (E-V)
and fit with the Brich-Murnaghan equation diagram is shown
in Fig. 1(a) in the ferromagnetic (FM) and non-magnetic
(NM) phases. It is shown that the minimum point in the E-V
diagram of the FM phase is lower than the other one, which
refers to its stability in the magnetic state. The E-V arc is
indicated the Zr2TiSi hardness with the bulk module of
116.64(GPa) (Table 1). Under the hydrostatic pressure (in
the smaller volumes) the NM and FM phases graphs are tan-
gent to each other and in the larger volumes the ferromagnetic
(FM) one is completely stable than NM. The transition pres-
sure of FM to NM in the smaller volumes calculated to 68.24
(GPa).

For a more detailed check on the stability of this com-
pound, we have plotted the phonon dispersion diagram in
Fig. 1(b). It clear that all phonon branches have positive sign

that refers to its dynamic stability. The levels slopes around the
Γ point have been shown functional heat capacity for this
compound. Two frequency gaps have appeared in the
150 cm−1 to 160 cm−1 and 205 cm−1 to 235 cm−1 ranges, the
absorption of infrared light does not occur in these frequencies
ranges.

The stability of the bulk phase can be supported by the aid
of the thermodynamic phase diagram as a useful tool for eval-
uating the stability of the compositions [50, 51]. Regarding the
metallic nature and thus the higher tendency of the Zr and Ti
atoms for bonding, their chemical potentials have been select-
ed as the main variables for calculating the Gibbs free energy:

gBulkZr2TiSi¼2μZr þ μTi þ μSi ð1Þ

The amounts of the chemical potentials have been adopted
from the Wien2K outputs, and each one is restricted to a min-
imum and maximum thresholds beyond which the related
atoms are totally absent or perfectly present. Therefore, acces-
sible region among the permitted values of all chemical po-
tentials expects as a condition for crystallization. Figure 2
confirms that such an accessible region which highlighted is
allowed and thus the bulk Zr2TiSi could be thermodynamical-
ly crystallized.

In the following, the elastic constants and related parame-
ters such as hardness, bulk and shear moduli, brittleness and
ductility of the Zr2TiSi bulk have been investigated which
contain helpful information about microscopic nature of this
matter [52, 53]. The ductility or brittleness nature of the ma-
terials check by the bulk modulus to the shear modulus ratio
(B/G) which are ductile if the B/G be higher than 1.75 and
brittle if be less than 1.75 amount [54]. The type of atomic
bonds checks with the Cauchy pressure (C12 – C44) that is
positive for ionic bonds and negative for covalent ones [55].
The Poisson’s ratio is another tool to compute the bond nature
that for ionic (covalent) bonds is higher (less) than 0.25. The
resistance of the materials to an applied force which named
stiffness includes essential information about mechanical
properties. High Young’s moduli or elastic constants refer to
the stiff material, and the flexible materials have low stiffness.
The resistance to localized plastic deformations (shape chang-
es) known as hardness which defined as bulk modulus, shear
modulus and Vicker’s hardness. The average sound velocities
(Va), Debye temperature (TD) and melting point (Tm) of the
Zr2TiSi have been calculated by Hill scheme. Our simulated
elastic constants of the bulk Zr2TiSi, as well as some other
mechanical and thermodynamic factors, are summarized in
Table 1. Quickly using the data, the Cauchy pressure is posi-
tive, and therefore this bulk structure is dominantly ionic. This
deduction is affirmed by the negative sign of the Vicker’s
hardness and the magnitude values of the Poisson’s. The

Young’s modulus and BH
GH

� �
ratio is 116.05 GPa and 0.17,

implying the ductile nature of the composition. The objective
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criteria for elastic stability (Born stability conditions) can be
checked by eigenvalues of the elastic constants matrix (C),
with keeping in mind that they all must be positive [56–59].
The stability of compounds leads to the following linear set of
equations for cubic symmetries:

C11−C12 > 0 ; C11 þ 2C12 > 0 ; C44 > 0

Which referred to the elastic stability for the Zr2TiSi bulk.
Also, the significant amounts of the B and G modulus are
indicated the ionic and anisotropy elastic response of the
Zr2TiSi to the external stresses or strains which are in agree-
ment with a significant amount of the anisotropy (A). The
electron density (ED) curves in the x-y and along with the
main diameter panels in the two up and down spins are in
agreement with the A amount. It indicated the ionic bonds
between atoms with different behaviour along with the men-
tioned directions. The strong bonds between atoms are caused
by high Debye and melting point temperatures (Table 1).

3.2 Electronic Properties

The density of states (DOS) and bandstructure of the bulk
Zr2TiSi in the two up and down spins have been depicted in
Fig. 3. It is shown that this compound has the half-metallic
nature with 65% spin polarization at Fermi level. The DOS
curves are shown good metallic behaviour for two mentioned
spins as the electron states are extended from valence band to
the conduction one. Also, the bandstructures in the first
Brillouin zone along the symmetry points are depicted in the

Fig. 3 for two mentioned spins. The energy levels cut the
Fermi surface in the two up and down spins, while in the down
spin several levels have been cut off the Fermi level with
different gradients and are convolve of valence to conduction
bands which referred to its high metallic behaviour with good
electron transports. Although the DOS curve shows the elec-
tron probability in the Fermi level in the up spin, but the level
that cut the Fermi level (belong to Zr d orbital) is smooth,
completely, which is referred to the zero velocity of its elec-
trons and infinity effective mass, so its electrons no contribu-
tion in the electronic conductivity. Thus, the Zr2TiSi in this
spin mode behaves like a semiconductor. Also, the ED dia-
gram indicated the ionic spin bonds that changed as the exter-
nal magnetic field. In the x-y panel, the main ionic bonds are
occurred between Ti atoms in the up spin and between the Ti
and Si atoms in the down spin. In the main diameter of the unit
cell, the ionic bonds are between the Ti and Zr atoms in up
spin and are between the Zr and Ti with Si in down one Fig. 4.

The optical diagrams of the Zr2TiSi bulk have been
depicted in Fig. 5. The real part of the dielectric function
(Epsilon-Re) indicates the metallic behaviour of this case in
lower energies and has the infinite amount in the zero photon
energy. This diagram is decreased by sleep slope as increasing
the photon energy and entering to the negative area at the
ultraviolet (UV) edge, and till 16.5 eV its response to the
incident light is negative. The Epsilon-Re has two roots in
the UV edge and 20 eV that can be originated from the plas-
monic oscillations. It should be noted that the main optical
responses have occurred in the infrared (IR) and visible areas.
The imaginary part of dielectric function (Epsilon-Im) is the

Fig. 1 a The energy-volume (E-V) diagram of the Zr2TiSi in the two ferromagnetic (FM) and non-magnetic (NM) modes b The phonon branches of the
mentioned case in the Brillouin zone

Table 1 The lattice constant a(A°), elastic constants Cij(GPa), Bulkmodule B(GPa), Shear module G(GPa), Yongmodule E(GPa),Poisson’s coefficient
ν, elastic anisotropy A, average wave velocity Va, Debye temperature TD (K) and melting point Tm (K).

A C11 C12 C44 B G E ν A Va TD Tm

6.698 474.30 63.07 1185.64 116.05 660.09 683.79 −0.48 4.41 11,371.62 1273.12 3356.15
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optical response of the matter to the light in the energy space
so that each peak indicates the optical transition of the full
level to the empty one. The Epsilon-Im agrees with the metal-
lic nature of this compound, whereas its static amount is none
zero and also, its main peak is laid in the IR region. By in-
creasing the photon energy the Epsilon-Im diagram has
dropped sharply and reached to zero after 10 eV photon ener-
gy which is indicated no electron transition after this energy.
The energy loss function (Eloss) means losing photon energy
in the matter. The Eloss diagram of the Fig. 5 has been shown
no peak in the IR, visible and UVareas till 20 eV, by compar-
ison between the Epsilon-Re and Eloss diagrams, it showed
that the plasmonic oscillations occurred in the 20 eV. The
important note to pay attention to is that the Eloss has any
peak in the IR and visible areas, and also the main optical
responses occur in these energy ranges, which referred to its
photo sensor applications at these energies. Based on the me-
tallic nature of Zr2TiSi bulk in the IR and visible spectra, the

Fig. 3 The electron density (ED) in the x-y (top) and main diameter (down) planes for the two up (left column) down (right column)

Fig. 2 The thermodynamic phase diagram of the Zr2TiSi bulk as atomic,
chemical potentials. (The accessible region is highlighted)
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main extinction peaks total change in these areas its curve
decreased in the higher photon energies, so the light absorp-
tion is little in lower energies and at higher energies based on
reducing the extinction and refraction indexes, this compound
is same of the transparent matter. Also, the reflection index
confirmed the metallic nature of the Zr2TiSi bulk in lower
energies and at higher energies behaves like a transparent
object.

4 Film Properties

4.1 Electronic Properties

The surface effects in the film are the main reason for change
electronic and optical behaviour. These changes are originated
of the increasing the electron density (ED) in the surface layer
and appearing the dangling bonds in this layer. The Zr2TiSi
films can be crystalized along with its symmetric directions of
the unit cell such as [001], [010], [111] etc. The [111] film of
the FCC crystals as Heusler compounds are the important case

base the Hexagonal geometry cross-section. The [111]
supercells of the Zr2TiSi compound with various terminations
are shown in Fig. 6, whereas their ED in the surface layers has
been depicted in the two up and down spins. The ED of the
three ZrTi-, ZrSi and SiZr-terminations are depicted in Fig. 6
in the two up and down spins. The surface ED of the film
terminations indicated the ionic bonds between the surface
atoms. The ED geometry in the down spin for the Zr atom
shows the electronic polarization than other cases in the sur-
faces of the film in down spin which referred to the ionic
property than up one. The ZrSi-, SiZr- and ZrTi-terminations
have the magnetic moments of 4.22 μB, 4.33 μB and 8.61 μB,
respectively, which indicated these films are suitable cases for
the spintronic applications.

up dn up dn up dn.
The electron density of states (DOS) contains important

information about the electronic and optical properties of the
materials. The DOS diagrams of the abovementioned thin
films have been depicted in the Fig. 7 in the two up and down
spins. It is shown that all three terminations have the DOS
anisotropy in the two up and down spins which refer to the

(up) (dn)

Fig. 4 The DOS (top) and band
structure (down) in the up and
down spins of the Zr2TiSi bulk
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magnetic and half-metallic nature of these compounds. The
ZrSi-termination has low spin polarization at Fermi level, and
two others have higher magnetic behaviours which are in
agreement with the ED curves in the Fig. 6. In spin down
the electron, states have been shifted to higher energies, espe-
cially for the SiZr-termination case. So, these [111] thin films
have the half-metallic nature with excellent electronic conduc-
tivity in the two mentioned spins. It is shown that the electron
states are broadened of valence to the conduction bonds,
continuously.

The electron levels diagrams in the first Briliuon zone
along its symmetry directions (bandstructure) of the three
mentioned Zr2TiSi [111] film terminations had been drowned
in the Fig. 8 for two up and down spins. The ZrSi-termination
bandstructure has the interesting behaviour, whereas, in spite
of the electron states at the Fermi level in up spin (Fig. 7), the
level splitting is appeared in up spin with the direct energy gap
in the X to M direction. The main electron states of this spin
belong to the flat level near the Fermi level that its electrons
have zero group velocity with infinite effective mass which no
contribution in the electronic and optical conductivity. But the
valence and conduction bonds interconnectedness at the
Fermi level with various gradient indicated high electron mo-
bility in this spin. As we expected of the high metallic nature
of the Zr and Ti atoms in the surface of the ZrTi-termination
case, the bandstructure diagrams for this termination in the up
and down spins have metallic behaviour by the high gradient
of their levels. The presence of the Si atom in the film surface
of the SiZr-termination case has been changed its electronic
structure than last case. It is shown that the splitting of the
levels is appeared in the Fermi level in the up spin, even

though it has the electron states in its DOS diagram from
Fig. 7. As the ZrSi-termination case, in the SiZr-termination
exist a flat level upper the Fermi level. The group velocity in
this level is zero, and also, the effective mass has infinite
amount, so the SiZr-termination such as ZrSi- one has the
semiconducting behaviour in the up spin. Also, the steep slope
of the levels in all cases in the conduction bods indicated good
electron mobility. Based on the narrow gap in the up spin of
the ZrSi- and SiZr-termination cases and also, the levels den-
sity around the Fermi level these cases can be good thermo-
electric properties.

4.2 Optical Properties

The optical properties of the Zr2TiSi [111] films have calcu-
lated with random phase approximation (RPA) method based
on Kramars-Kroing relations. The real and imaginary parts of
the dielectric function coefficients are the main parameters for
investigating the optical response of the matter to the incident
light. Based on the symmetry of the mentioned films, we
studied the two main directions, in-plane (xx) and perpendic-
ular to it (zz). The real part of the dielectric functions (Epsilon-
Re) has been painted along the xx and zz in the panels (a, b) in
the Fig. 8. The static amounts of the Epsilon-Re are infinite for
the two mentioned directions which referred to their metallic
behavior. It is shown that the Epsilon-Re (xx) has a redshift
than its amount in the zz direction. By increasing the photon
energy, the Epsilon-Re is decreased until the ultraviolet (UV)
edge in the two mentioned directions. Each Epsilon-Re of the
two mentioned directions have two roots and have negative
amounts of the UVedge to 13 eV photon energy. Comparing
the Epsilon-Re of the bulk to the films indicate that the nega-
tive value of the films is decreased, so these [111] films have
better optical responses to the incident light.

          up                       dn                            up                          dn                               up                           dn   
Fig. 6 The ZrSi-, ZrTi- and SiZr- terminations ED in the up and down spins (of left to right), respectively

�Fig. 5 The real and imaginary parts of the dielectric function, Eloss,
Absorption, Extinction, Refraction and Reflection of the Zr2TiSi versus
photon energy
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Fig. 8 The electronic bandstructure of the ZrSi-, ZrTi- and SiZr-terminations in the up and down spins

Fig. 7 The DOS diagrams of the a ZrSi-, b ZrTi- and c SiZr-terminations in the up and down spins

2172 Silicon (2020) 12:2165–2178



A negative Epsilon-Re sign means that light cannot pass
through the material, and therefore the material does not give a
reasonable response to the light. The concurrent negative
values of Epsilon-Re and refraction indexes mean it refers to
the meta-material nature. From the comparison of Figs. 9 and
11, we find that in the energy range that Epsilon-Re is nega-
tive, the refractions are shifted toward lower than one; there-
fore, these compounds have the potential to become meta-
material in the 5 eV region.

The imaginary part of dielectric function (Epsilon-Im)
has important information about electronic and optical
properties. Each peak of the Epsilon-Im indicate the opti-
cal transitions of the excited electrons from the full level
(under the Fermi level) of the Zr, Ti and Si atoms to
empty ones, the Fig. 9(c, d) confirmed the metallic nature
of these compound, especially along the xx direction.
Along the xx direction, the optical transitions are occurred
in the infrared (IR) to UV and have the redshift along the
zz direction. For two mentioned directions no transitions
occurred after 15 eV, which indicated no optical absorp-
tion in this area. Comparing the Epsilon-Im with Eloss,

absorption and reflection diagrams have shown that after
15 eV photon energy, these compounds act as transparent
materials.

The energy loss function (Eloss) diagram indicates losing
of the optical energy of photons in the material. The Eloss
curves of the Zr2TiSi [111] films along the xx and zz directions
have been depicted in the Fig. 10. It clear that these diagrams
have their lowest amount in the IR and visible areas and the
main peaks are occurred in the 13 eV photon energy, whereas
the Epsilon-Re for these terminations is zero, which referred
to the plasmonic oscillations. According to the small amounts
of the Eloss in the lower energies, it can be said that these films
are suitable cases for optical sensors in the IR and visible
areas. On the other, it is clear that the absorptions for all cases
have steep slopes in the lower energies and reach their satura-
tion amounts in the UVedge to 10 eV. Based on the minimum
amount of the absorption and Eloss after 20 eVand zero of the
reflection, these cases behave as transparent materials.

The real and imaginary parts of the refraction index by
names of extinction and refraction indexes are present in
the Fig. 11 for the two xx and zz directions. It is shown

Fig. 9 The Epsilon-Re and Epsilon-Im of the ZrSi-, ZrTi- and SiZr-terminations along the xx and zz directions
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that the maximum extinctions with drop electromagnetic
wave amplitudes are occurred in near the zero energy,
which is referred to the high metallic nature of these
cases. By increasing the photon energy, the extinctions
are decreased that indicated the transparent behaviour for
these films along with two mentioned directions. But the
extinction is started of zero for the zz direction cases. The
refraction amounts along two mentioned directions in the
IR have been indicated the metallic treatment. In the 5 eV
photon energy, the refraction indexes are one, and this
compound has similar to vacuum behaviour and after this
energy, the refraction indexes have been shifted to lower
than one which referred to higher electromagnetic speed
than light.

The reflection indexes of the [111] films have depicted in
the Fig. 12 for two xx and zz directions. It is shown that the
amount of the static amount of reflections is 0.8 and 0.58 for
the xx and zz directions, respectively, which referred to the
high metallic nature for xx direction and lower for zz one in
the IR region. But for all directions, after 15 eV, the reflection
indexes are shifted to zero that are confirmed the transparent
behaviours for these cases.

4.3 Thermodynamic Phase Diagram Properties

The thermodynamics can be a useful tool for studying the
stability of different films, which is capable of examining
the stability of different surfaces in real thermodynamic con-
ditions. This theory assumes that each film is in equilibrium
with the gas consisting of the constituent elements of that film.
This gas environment acts as an endless source of particles at
constant temperature and pressure. As we know, the stable
atomic composition at each film depends on the ratio of the
constituents of the gaseous environment. For example, if there
is a higher percentage of Zr in the gaseous environment, then
its concentration at the film will increase. To quantify the
thermodynamic stability of surfaces, the free energy of the
surfaces must be investigated that follow as bellow:

γ T ;Pið Þ ¼ G T ;Pið Þ−∑
i
N IμI T ;Pið Þ

� �
=2A ð2Þ

WhichG is theGibbs Free energy of the film,Ni andμi are the
number of atoms in the film structure and chemical potential for
each atoms, respectively. Also, T and P are the environment
temperature and pressure, respectively. Hence, we calculated

Fig. 10 The Eloss (top) and Absorption (down) diagrams of the ZrSi-, ZrTi- and SiZr-terminations along the two xx and zz directions.
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the thermodynamic phase diagrams of the ZrSi, ZrTi and SiZr
terminations of the Zr2TiSi [111] films. In the stable film, the
surface Gibbs energy must be in equilibrium with internal layers
which have the bulk-like behaviour. In Fig. 13, the maximum
value of the Zr and Ti chemical potentials are referred to their
pure bulk phases and the minimum ones who obtained from Eq.

3, indicates conditions that the Zr (Ti) atoms leave the crystal
structure. The Free energy of different films can be obtained in
terms of different chemical potentials and phase diagrams can be
drawn for all films. In the first step, we show the stability of the
Zr2TiSi compound in the full Heusler phase by calculating the
total energy of the phase diagram. Gibbs free energy of this

Fig. 12 The Reflection indexes of the [111] films along with the xx and zz directions

Fig. 11 The Extinction (top) and Refraction (down) indexes of the Zr2TiSi [111] film for xx and zz directions.
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compound can be calculated according to the following equa-
tions in terms of the chemical potentials of the atoms forming it.

2μZr þ μTi þ μSi ¼ gbulkZr2TiSi ð3Þ

Which μ Zr, μTi and μSi are chemical potentials of the Zr, Ti
and Si, respectively, in the Zr2TiSi bulk.

To specify the accessible region, we use the following re-
lationships:

1=2 GZr2TiSi–GTiSið Þ≤ΔμZr ≤G
bulk
Zr ð4Þ

GZr2TiSi–GZrTi≤ΔμSi≤Gbulk
Si ð5Þ

GZr2TiSi–GZrSi≤ΔμTi≤G
bulk
Ti ð6Þ

In the next step, we calculated the phase diagrams of the films,
so the free energies can be obtained from the bellow relation.

γi T ;Pið Þ ¼ Gslab−μZrNZr
−μTiNTi

−μSiNSi

� �
2A

ð7Þ

That Gslab is the Gibbs free energy of the film, NTi NSi and
NZr are the atomic number in the film cell. The denominator 2 is
referred to the two surfaces on both sides for each film structure.
On the other hand, the films thickness are optimized that their
middle layers exhibit bulk properties. Therefore, the surfaces can
be considered in thermodynamic equilibrium with the bulk state,
and according to the above eq. 2, the free surface energy can only
be written in terms of the chemical potential of the two dominant
atoms (ie, Zr and Ti):

γi T ;Pið Þ ¼
Gslab−μZr NZr−2 NSið Þ−μTi NTi−NSið Þ

� �
2A

ð8Þ

The most important issue is the relation between Gibbs free
energy and the results of our calculations in the context of
density functional theory. Gibbs free energy consists of differ-
ent parts:

G ¼ Etot þ Fvib þ PV ð9Þ

That Etot is the total energy in ground state, Fvib is the
portion of energy due to atomic vibrations, and PV has the
small amount which can be ignored under the 100 atm pres-
sure. To calculate the vibrational part, we need to use the
phonon spectrum of the system, and if the density of the pho-
non states be the δ(ω), the vibrational part of the Gibbs free
energy is defined as follows:

Fvib T ;wð Þ ¼ ℏw
1

2
þ 1

eβℏw−1

� 	
−kT

βℏw
eβℏw−1

−1n 1−e−βℏw
� �� �

ð10Þ

But calculating the vibration part using the above
method in our software is very time consuming. Because
the computation of the phonon spectrum of thin-layers
requires the use of large time and high computational
volume. But one can ignore the share of vibrational ener-
gy with good accuracy. At stoichiometric surfaces (sur-
faces where the ratio of atoms is the same as the bulk),

Fig. 13 The thermodynamic
phase diagram of the ZrSi- (B-
term), SiZr- (C-term) and ZrTi-
(A-term) terminations based on
the chemical potential of the Zr
and Ti atoms

Table 2 The Cohesive energy (EC) and Enthalpy (H) of the ZrSi-, ZrTi-
and SiZr-terminations versus eV

ZrSi-
terminations

ZrTi-
terminations

SiZr-
terminations

EC −5.35 −6.01 −5.41
H −4.22 −4.81 −4.33

2176 Silicon (2020) 12:2165–2178



the free surface energy is γ = (Gslab − Ngbulk)/2A , which
depends on the Gibbs energy difference between the sur-
face and bulk states, and for non-stoichiometric levels, a
similar argument can be applied. So we estimate the
Gibbs free energy with the total energy calculated based
on the density functional theory as the (8) relation.

Another problem here is that the energy of the super
cell and bulk does not have a specific energy reference
and their absolute value is meaningless. To measure these
values from a physical reference point, we decided to
measure the energy of each system relative to the energy
of its atoms in isolation (because the chemical potential of
the isolate atom is zero and can be a good energy refer-
ence point). In other words, we use the cohesive energy of
that system instead of the total energy of each system. To
complete the discussion of the stability of the film, we
calculated the Cohesive energy (EC) and Enthalpy (H)
and our results are present in Table 2. It is shown that
all terminations have stability in the abovementioned
views based on their negative signs in the EC and H
parameters.

5 Conclusion

Thermodynamic phase diagram stability, elastic, electronic
and optical properties of the Zr2TiSi in bulk and its [111] films
have been investigated by the DFT framework and GGA ap-
proximation. The EV diagrams indicated that the Zr2TiSi has
the ground state point in the ferromagnetic phase. Also, the
phonon bandstructure indicated the dynamic stability of the
Zr2TiSi. The thermodynamic phase diagrams of the bulk and
film cases referred to their stability as the thermodynamic
view. The elastic constants results and relative parameters
showed to the ionic bonds between atoms with brittleness
behaviour and excellent elastic stability. The DOS and
bandstructure curves have been shown the half-metallic nature
of this compound with 65% spin polarization on the Fermi
level. Also, the electron density on the slabs confirmed the
magnetic property with ionic bonds between atoms.

It was observed that there were thermodynamic stability in
all fims terminations, especially the ZrTi one. The surface
effects have led to spin splitting of the ZrSi- and SiZr-
terminations in the up spin, which gives rise to the half-
metallic behavior. The ED diagrams of the films surfaces have
confirmed the ionic bonds in the films surface.

The positive optical responses of films are occurred in the
IR and visible regions and have the redsfift than bulk case.
Also, very low amount of the energy loss function in the
abovementioned energy ranges with high absorption and
Epsilon-Im have indicated that these films can be suitable
cases for opto-electronic applications.
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