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ARTICLE INFO ABSTRACT

Keywords: In this work, the results of the evolutionary variable-composition search for binary compounds in the Ti-Si
Ti-Si system are presented. The evolutionary algorithm did not find any new stable structures of silicides at 0 K
DFT and 0 GPa. On the other hand, many low-energy metastable and unstable structures are predicted. The 33
ISJTPE;( predicted and 10 known from literature but previously unstudied structures of compounds with low formation
ilicides

Predicted structures

energies with respect to the ground-state line are analyzed. The mechanical properties, electronic band

structures, densities of states, and temperature dependencies of thermodynamic stability of 17 dynamically
stable previously unstudied structures are calculated.

1. Introduction

The Ti-Si system is an important subsystem for designing materials
used in different technological applications. Titanium silicides play
significant role in materials for microelectronic devices [1], corrosion-
resistant materials [2-5], materials for nuclear energy [6], and consid-
ered as promising materials for electrochemical energy storage [7,8]
and medicine [9,10]. Being intermetallic compounds, they exhibit use-
ful combinations of properties such as high hardness, good corrosion
resistance, and high melting temperature.

The equilibrium phase diagrams of the Ti-Si system [11-16] report
about six stable titanium silicides, Ti;Si (P4,/n 86), TisSi; (P6;/mcm
193), TisSi, (P4,2,2 92), TiSi (Pnma 62), TiSi, (Fddd 70), and TiSi,
(Cmcem 63), that were observed in experimental works [17-36]. How-
ever, there are several reasons to suppose that not all possible structures
of titanium silicides are covered by existing equilibrium phase diagrams
of the Ti-Si system.

Firstly, in the experimental investigations, only limited concen-
tration and temperature ranges of phase equilibria were considered.
For example, in the works devoted to investigations of silicide pre-
cipitation in titanium alloys, the studied concentration ranges were
limited to a few atomic percent [17,18,23,28,31,33,34,36-48]. In the
works, devoted to determining phase equilibria and construction of
phase diagrams [28,39,48-53], the temperature ranges were limited by
temperatures sufficiently high (above 600 K) for complete equilibration.

Secondly, the information from existing equilibrium phase diagrams
is often used for interpretation of experimental results which lowers
the probability of discovering new silicides. For example, in the works
devoted to synthesis of titanium silicides [20,54], the stoichiometric
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ratios of precursors were selected based on the information from the
existing equilibrium phase diagrams. Moreover, in some experimental
works [31,33] the structures of silicides were deduced either from the
Si content in the phases [31] or solely from the equilibrium phase
diagrams [33] rather than determined with the required techniques
such as electron or X-ray diffraction. Thus, there is a probability that
there could be other structures of titanium silicides that were not yet
observed experimentally for one of the reasons highlighted above.

The growing power of computational approaches allowing to make
fully theoretical crystal structure predictions using global optimization
methods based on ab initio calculations lays out the way to overcome
the difficulties of experimental approaches in the task of discovering
new compounds. There are successful examples of ab initio based
predictions of new stable structures even in the well-studied systems
that were confirmed by experiments [55]. For example, the structure
of MnBj; in the Mn-B system with this stoichiometric ratio was never
experimentally observed until the theoretical predictions of its stability
were made [55].

In the Ti-Si system, the theoretical crystal structure predictions
were made only for 2D systems [56] using particle-swarm optimiza-
tion with the CALYPSO package [57]. For 3D systems, only the DFT
calculations of formation energies were carried out for structures that
are stable in chemically similar systems of early transition metals or
rare earths with p-elements [58-62]. However, there were no attempts
to find completely new stable structures of 3D titanium silicides in the
Ti-Si system.

In this work, we make such an attempt by doing the global variable-
composition search for 3D structures of titanium silicides in the Ti-Si

Received 27 April 2020; Received in revised form 12 September 2020; Accepted 14 September 2020

Available online 16 October 2020
0364-5916/© 2020 Elsevier Ltd. All rights reserved.


http://www.elsevier.com/locate/calphad
http://www.elsevier.com/locate/calphad
mailto:poletaev.dan@gmail.com
https://doi.org/10.1016/j.calphad.2020.102201
https://doi.org/10.1016/j.calphad.2020.102201
http://crossmark.crossref.org/dialog/?doi=10.1016/j.calphad.2020.102201&domain=pdf

D.O. Poletaev et al.

system at 0 K and 0 GPa using the evolutionary algorithm USPEX [63—
66].

2. Details of calculations

The global search for new compounds in the binary Ti-Si system
was conducted using evolutionary algorithm USPEX [63-66] on the
basis of DFT calculated total energies with the VASP code [67,68].
To cover all possible compositions we used the variable-composition
feature [69,70] of the USPEX code. Since in the variable-composition
search minimal and maximal numbers of atoms in a structure should
not differ by more than two times, we performed four global searches
of compounds with structures containing 2-4, 4-8, 8-16, and 16-32
atoms per unit cell. The minimum number of atoms (2) correspond to
the number of atoms in the unit cell of a-Ti hexagonal close-packed
structure, while the maximum number of atoms (32) correspond to
the number of atoms in the unit cell of Ti;Si (P4,/n 86) structure
from experimental phase diagrams. We did not consider structures
with larger number atoms in a unit cell as only ordered solid solution
structures are expected there. The evolutionary searches for compounds
in these subsystems were started from 165, 165, 165, and 70 random
structures, respectively, distributed among 11 random compositions
from pure Ti to pure Si. Further generations of structures consisted
of 120, 120, 120, and 70 individuals (in subsystems with 2-4, 4-8, 8-
16, and 16-32 atoms per unit cell, respectively) were produced by the
combination of heredity (40%), random generation from space groups
(10%), random topology [71] (10% in 8-16 atoms subsystem, 0% in
other), soft mutation (20%) and transmutation (20%) of atoms. The
searches were stopped if the most stable found structures did not
change for 20 generations, that was done when 77, 89, 35, and 27
generations of structures were treated in subsystems with 2-4, 4-8, 8-16,
and 16-32 atoms per unit cell, respectively.

To increase the probability of finding completely new structures,
the searches for compounds in 2-4, 4-8, and 8-16 subsystems were
conducted without any preliminary information about already known
structures (i.e. no seed structures were used). However, the search
for compounds in the 16-32 subsystem was conducted using known
phase diagram structures of silicides and pure elements, which were
considered in our previous work [72]. Three unary structures of a-
Ti (P6;/mmc 194), w-Ti (P6/mmm 191), and diamond Si (ngm 227)
were added as seeds to the 4th generation, while the seven binary
structures, TisSi; (P63/mem 193), TisSi, (P4,2,2 92), TiSi (Pnma 62),
TiSi, (Cmcm 63), Ti;Si (P4,/n 86), Ti,Si (P4,/n 189), and TiSi, (Fddd
70), were added as seeds to the 20th generation. The latter allows to
prevent focusing the search on disordered low-symmetry structures the
number of which increases exponentially with the system size and fills
the energy landscape with local minima [73,74]. The crystallographic
information with formation energies of binary seed structures in com-
parison with available experimental and calculated data are collected in
Table 1. Formation energies, E, of Ti,Si, structures were calculated as
follows:

Ti, Si,
E,=E

Ti Si
0 - xEO1 - xEOI, @

where Eg Sl EJ', and E}' are DFT total energies per atom of a Ti,Si,
structure, and structures of a-Ti and diamond Si, respectively.

The relaxation of generated by USPEX structures and calculation of
their energies were done within the density functional theory (DFT)
using generalized gradient approximation (GGA) with Perdew—Burke—
Ernzerhof parametrization [79] and projector-augmented wave (PAW)
[80] potentials as implemented in VASP [68]. There were four steps
for structure relaxation and one additional step for the precise calcula-
tion of structure energy. We used PAW potentials with 3s23p%3d?4s®
valence electrons for Ti and with 3s?3p? valence electrons for Si.
The calculation parameters with these PAW potentials such as energy
cutoff (ENCUT) and density of k-points (KSPACING) were tested in our
previous work [72]. In this study, we use slightly increased energy
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Table 1

Compositions (Comp.), symmetries (Spg. and No.), Pearson symbols, prototypes, for-
mation energies (E f), and distances to the ground-state line (Stability) of the binary
seed structures in comparison with experimental data at high temperatures [75,76],
DFT data at 0 K [58], and CALPHAD data at 298 K [13,77].

Comp.  Spg. No. Pearson  Prot. Eg, Stability,
symbol eV/atom eV/atom
Ti;Si P4,/n 86 P32 Ti,P —0.499 (this work)  0.014
—0.488 [58] 0.013
—-0.518 [13,77,78]
Ti,Si P62m 189 hP9 Fe,P —0.682 (this work) 0.002
—0.670 [58] 0.000
TisSiy P6;/mem 193 hP16 MnsSi;  —0.770 (this work) 0.000
—0.752 [58] 0.000
—0.809 + 0.052 [75]
—0.765 +0.021 [76]
—-0.756 [13,77,78]
TisSi, P4,2,2 92 tP36 ZrsSi, —0.791 (this work) 0.000
—0.773 [58] 0.000
—0.786 + 0.052 [75]
—0.814 +0.022 [76]
—-0.819 [13,77,78]
TiSi Pnma 62 oP8 FeB —0.770 (this work) 0.000
—0.749 [58] 0.000
—0.741 £ 0.052 [75]
—0.752 +0.020 [76]
—0.804 [13,77,78]
TiSi, Cmem 63 oCl12 ZrSi, —0.562 (this work) 0.000
—0.532 [58] 0.000
TiSi, Fddd 70 oF24 TiSi, —0.555 (this work) 0.007
—0.517 [58] 0.015

—0.554 +0.052 [75]
—0.591 £ 0.029 [76]
—-0.605 [13,77,78]

cutoff (500 eV) on the two final steps. The density of k-points increased
from step to step. At the first step (crude relaxation), the maximum
distance between two k-points in reciprocal space was equal to 0.25
ZIr/A, while at the last step (precise energy calculation) it was equal
to 0.05 2z/A. For all relaxation steps we used the 0.2 eV Methfessel—
Paxton [81] smearing of the Fermi level while for the step of precise
calculation the smearing width was reduced to 0.06 eV.

As it is seen from Table 1 the calculation setup allows to reproduce
the formation energies of known structures used as seeds in a fair
agreement with experimental [75,76], CALPHAD [13,77] and DFT
values of other authors [58]. The maximum deviation of calculated
formation enthalpies from experimental values is within 9% for TiSi,
(Fddd 70) structure.

After the search, a number of selected structures were additionally
analyzed with the help of SIMAN high-throughput software for DFT
calculations [82].

Firstly, the repeating structures were removed from the results of
different searches. The repeatability of structures was assessed on the
basis of their topological similarity. As a measure of structure similarity,
we used an Euclidean distance between 61-dimensional structure fin-
gerprint vectors proposed by Zimmermann et al. [83] and implemented
in the matminer python package:

Naim
d=lv;=vjll = | X @k —vkp2, 2
k=1

where v; and v; are the fingerprint vectors of structures i and j, Uf,‘ and
vjf are the components of these vectors in the N, = 61 dimensional
space. Each component of the structure fingerprint vector contains
information about the mean value, its standard deviation, minimum,
and maximum values of the likelihood of the structure sites to be one
of the 61 coordination motifs, described in the original article [83].
This technique is used in the Materials project database for finding
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similar structures for a given structure in other systems, where the
structures are considered similar if the Euclidean distance between their
fingerprint vectors is less than 0.75. In our work, the structures were
considered similar and marked as repeating if the Euclidean distance
between their fingerprint vectors was less than 0.7, and if they had the
same stoichiometry.

To ensure that selected unique structures have equilibrium volumes
and relaxed positions of atoms, a series of constant volume calculations
and atomic relaxations were additionally performed in VASP [67]. The
phonon properties of additionally relaxed structures were calculated
using supercell approach with the help of the Phonopy code [84]. The
forces in the relaxed unit cells before constructing supercells for phonon
calculations were less than 0.001 eV/A. To calculate the forces in super-
cells, we used the displacement distance of 0.05 A. The elastic constants,
electronic band structures and densities of states of dynamically stable
structures, were calculated in VASP [67]. For calculations of the elastic
constants we used the conventional unit cells of structures in which
positions of atoms were relaxed until forces acting on them become
less than 0.001 eV/A. To ensure that we can rely on the calculated
elastic constants for predicted structures, we have tested the calculation
parameters on structures of a-Ti (P6;/mmc 194), diamond Si (Fd3m
227), and TisSi; (P6;/mcm 193) for which the experimental data is
known; see Refs. [85,86], and [87], respectively.

The agreement with experimental values is satisfactory. The maxi-
mum deviations from experimental data in absolute values of elastic
constants are 12.1 GPa for diamond Si (ngm 227), 15.5 GPa for a-
Ti (P6;/mmc 194), and 12.7 GPa for TisSi; (P63;/mecm 193), which
correspond to relative deviations of 14%, 12%, and 24%, respectively;
see Table 2.

3. Results and discussion
3.1. The results of the global structure search

During the evolutionary variable composition searches for com-
pounds in the Ti-Si system at 0 K and 0 GPa, 869, 1929, 1761, and 915
structures were found in the subsystems with 2-4, 4-8, 8-16, and 16-32
atoms per unit cell, respectively. After filtering repeating structures on
the basis of their fingerprints, this has resulted in 1601 unique binary
structures and 161 unique unary structures. In the searches within the
subsystems containing 2-4, 4-8 and 8-16 atoms per unit cell, where
no seed structures were used, the evolutionary algorithm successfully
found unary structures of a-Ti (P6;/mmc 194), »-Ti (P6/mmm 191), and
diamond Si (Fd3m 227), as well as binary structures of TiSi (Pnma 62),
TiSi, (Cmcm 63), and TiSi, (Fddd 70) silicides known from equilibrium
phase diagrams [11-16]. The structures of other equilibrium silicides,
TisSi; (P6;/mem 193), Ti;Si (P4,/n 86), and TisSiy (P4,2,2 92) were not
found by the evolutionary algorithm within these subsystems, because
unit cells of these structures consist of larger numbers of atoms. When
searching in a subsystem containing 16-32 atoms per unit cell, the
structures of known silicides were used as seeds, and we cannot say
whether they would have been found by the evolutionary algorithm
without preliminary information about them.

In Fig. 1, a convex hull diagram of the Ti-Si system containing
formation energies of the predicted structures with respect to the
hexagonal close-packed (hcp) «-Ti and cubic diamond Si at 0 K and
0 GPa is shown. The structures of binary silicides that were used as
seeds during the evolutionary search in the subsystem with 16-32 atoms
per unit cell are annotated. It is seen, that the evolutionary algorithm
did not found any new stable structures of silicides at 0 K and 0 GPa. On
the other hand, many low-energy metastable (or unstable) structures
were predicted. However, because the number of predicted binary
structures is too large, we selected the most interesting ones for more
detailed analysis.

In this study, firstly, we considered all binary structures with the
formation energies not higher than 50 meV above the ground-state
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Fig. 1. The convex hull diagram of the Ti-Si system with respect to hexagonal
close-packed «-Ti and cubic diamond Si at 0 K and 0 GPa. The structures of binary
silicides that were used as seeds in the evolutionary search are annotated. Blue circles
denote the structures that have the same stoichiometry and topologically close to the
structures stored in the Materialsproject [59], Open Quantum Materials [60,61], and
AFLOWIib [62,90] databases. Orange circles denote the hcp superstructures (“solid
solution” structures), red circles denote the dynamically unstable structures, while
the green circles denote the dynamically stable structures that were selected for
more detailed analysis. Gray circles denote other predicted structures that were not
considered in this work. Crosses denote the low-energy structures from the article
of Colinet et al. [58] and structures stored in Materialsproject [59], Open Quantum
Materials [60,61], and AFLOWIib [62,90] databases that were considered in this work
in addition to the predicted low-energy structures: pink crosses denote the dynamically
unstable structures, while olive crosses denote the dynamically stable structures.

line on the convex hull diagram because they are the primary can-
didates that could be thermodynamically stabilized at temperatures
not higher than the melting temperature (50 meV corresponds to =
600 K) and become the part of the equilibrium phase diagrams. These
structures also can be very useful in the fitting and validation of the
semiempirical or machine-learning interatomic potentials for the Ti-
Si system. Detailed sampling of the potential energy surface near the
global minima improves the transferability of the potentials preventing
situations when some local minimum structure is incorrectly predicted
as the global minimum structure.

There are 23 metastable or unstable structures of silicides with
formation energies not higher than 50 meV above the convex hull, and
all of them are in the Ti-rich region. Among them, there are ten triclinic
structures, namely, TiygSi (P1 1), two Ti;5Si (P1 1), Tiy4Si (P1 1), Ti;;Si
(P1 1), TigSi (P1 1), Ti,Si (P1 2), TisSi (P1 2), Ti,Si (P1 2), and Ti,Si (P1
1); six monoclinic structures, namely, two Ti;oSi (Pm 6), Ti;3Si (C2 5),
Ti;1Si (C2 5), TigSi (P2,/m 11), and Ti,Si (P2,/m 11); five orthorhombic
structures, namely, Ti;5Si (Fmm2 42), Ti;3Si (Amm2 38), Ti,Si (Pmmn
59), Ti3Si (Cmem 63) and Ti3Si (Cmem 63) of Cd;Y-prototype; one
tetragonal structure, namely, Ti,Si (I4/mcm 140) of Al,Cu-prototype,
and one trigonal structure, namely, TisSi (R32 155).

Secondly, to cover the equiatomic and Si-rich compositions, we
considered high-symmetry binary structures with formation energies
higher than 50 meV above the convex hull but minimal with respect
to the ground-state line at a given stoichiometric ratio. Among them,
there are three tetragonal structures, TiSi (P4m2 115), Ti;3Si; (P4/mmm
123) and Ti;Si;q (P4/mmm 123); two orthorhombic structures, Ti,Sis
(Immm 71) and Ti;Si, (Fmmm 69); three trigonal structures, Ti,Si,
(P312 149), TisSi, (R3m 166) and TiSi, (R3m 166); and one hexagonal
structure, TiSig (P6/mmm 191).

In Table 3 the compositions, space groups, Pearson symbols, pro-
totypes, formation energies, and stabilities (energies above the convex
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Table 2
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Calculated elastic constants (C;; in GPa) and their averaged quantities (bulk modulus B, Young’s modulus E, shear modulus G, and Poisson’s ratio v) for a-Ti (P6;/mmc 194),

diamond Si (Fd3m 227), and Ti;Si; (P6;/mem 193) in comparison with the experimental data for Ti [85], Si [86], and TisSi; [87]. Bulk modulus, Young’s modulus, shear modulus,
Poisson’s ratio were obtained by averaging of elastic constants using Voigt-Reuss-Hill [88] scheme as implemented in the ELATE web-application [89].

a-Ti (P6;/mmc 194)

diamond Si (Fd3m 227)

Ti;Si; (P6;/mem 193)

Our Exp. 4, GPa A, % Our Exp. 4, GPa 4, % Our Exp. 4, GPa 4, %
Cy, 174.8 176.1 -1.3 -1% 152.0 167.5 -15.5 -9% 282.4 285.0 -2.6 -1%
Cy, 174.8 176.1 -1.3 -1% 152.0 167.5 -15.5 -9% 282.4 285.0 -2.6 -1%
Cy3 195.1 190.5 4.6 2% 152.0 167.5 -15.5 -9% 258.5 268.0 -9.5 —4%
Cy 50.0 50.8 -0.8 —-2% 73.9 80.2 -6.4 —8% 92.7 93.0 -0.3 -0.3%
Css 49.2 50.8 -1.6 -3% 73.9 80.2 -6.4 —-8% 91.0 93.0 -2.0 —-2%
Ces 49.2 44.6 4.6 10% 73.9 80.2 -6.4 —8% 91.0 89.3 1.7 2%
C), 74.8 86.9 -121 -14% 56.9 64.9 -8.0 -12% 96.9 106.0 -9.1 —-9%
Cj3 71.7 68.3 3.4 5% 56.9 64.9 -8.0 -12% 40.7 53.4 -12.7 —24%
Cy3 71.7 68.3 3.4 5% 56.9 64.9 -8.0 -12% 40.7 53.4 -12.7 —24%
B 108.9 110.0 -1.1 -1% 88.6 99.1 -10.5 -11% 130.1 139.6 -9.5 -7%
E 133.1 130.6 2.5 2% 150.7 166.3 -15.6 -9% 233.4 234.5 -1.1 -0.5%
G 51.3 50.2 1.1 2% 61.9 67.1 -5.2 —8% 97.2 96.1 1.1 1%
v 0.296 0.302 —0.006 —2% 0.217 0.224 —-0.007 -3% 0.201 0.220 -0.019 —-9%
G/B 0.471 0.457 0.015 3% 0.699 0.677 0.022 3% 0.747 0.688 0.058 8%
B/G 2.122 2.191 —0.069 -3% 1.431 1.477 —0.047 -3% 1.339 1.453 -0.113 —8%

hull) of the selected 32 structures are presented in the ascending order
of the Si fraction. These structures are highlighted by orange, red, and
green circles on the convex hull diagram (the meaning of the colors
will be explained further).

The information about translation vectors and atomic coordinates
of these structures in the POSCAR format and detailed text descriptions
of structures prepared by robocrystallographer [91] are provided in the
Supplementary Materials.

From Table 3, it can be seen that eight Ti-rich structures have the P1
or P1 space group. Other eight structures have the C2, Pms6, or P2,/m
space group. One of the ways to obtain low symmetry structures is to
introduce point defects in high symmetry structures. Since the USPEX
used the operations of soft mutation and transmutation of atoms during
the global search, the part of the predicted structures should contain
point defects.

Because these low-energy predicted structures are found in the Ti-
rich region, it is natural to suppose that part of them can be ordered
superstructures representing substitutional solid solutions of Si in Ti
with one of the two experimentally known lattices having the lowest
enthalpies at 0 K: hexagonal close-packed (hcp), named «-Ti and w-Ti.
In substitutional solid solutions the local environments of each atom
should be the same as in the pure structures of the host element. Given
this, the criterion that we can use to classify structures as ordered
superstructures representing substitutional solid solutions of Si in a-
Ti or -Ti is their topological similarity to the structures of pure a-Ti
and -Ti. As a measure of topological similarity it is convenient to
use the already adopted in this work Euclidean distance between 61-
dimensional fingerprint vectors, Eq. (2), of predicted Ti-rich structures,
and structures of «-Ti and -Ti disregarding the differences in their
chemical compositions.

It was found that the condition of structure similarity assumed in
our work (Euclidean distance between structure fingerprint vectors
less than 0.7) is valid for the hcp structure of «-Ti, and eight low-
energy Ti-rich structures with Si fraction from 0.03 to 0.125, namely
TineSi (P1 1), TijeSi (Pm 6), TiygSi (P1 1), TijsSi (Fmm2 42), Tip,Si
(P1 1), Ti;3Si (Amm?2 38), Ti;;Si (P1 1), and Ti,Si (Pmmn 59). These
structures are listed in the orange rows in Table 3. Note, that among
these eight structures, there are four triclinic, one monoclinic, and
three orthorhombic structures, i.e. not only low-symmetry triclinic and
monoclinic structures as it was supposed before. None of the predicted
structures were found to be topologically similar to the structure of w-Ti
as the Euclidean distances between their fingerprint vectors are more
than 1.2.

Due to the local nature of the fingerprint method [83], these eight
structures with fingerprint vector close to «-Ti should have similar

local atomic environments with the «-Ti. In pure «-Ti, each Ti atom
is surrounded by 12 Ti atoms forming a mixture of the corner, face,
and edge-sharing Ti-Ti;, cuboctahedra. There are six shorter (2.88 A)
and six longer (2.94 A) Ti-Ti bonds between central Ti atom and 12 sur-
rounding Ti atoms in each cuboctahedron. In solid solution of Si in a-Ti,
Si atoms substitute Ti atoms, and, therefore, the local environment of
each atom is also a cuboctahedron with slightly changed bond lengths.
Indeed, the topology analysis confirms that in all eight structures each
atom form cuboctahedron with one Ti or Si atom in its center and
12 surrounding atoms. The differences between these structures are
in bond lengths and in the fraction of Si atoms; see descriptions of
structures in Supplementary materials. We do not further consider these
eight structures because the solubility limit of Si in «-Ti is much lower
than the fraction of Si in them, and, therefore, such structures should
be unstable.

For the remaining 24 structures we calculated phonon dispersion
curves to check their dynamical stability, and found that 10 structures
are dynamically stable, while 14 structures are dynamically unstable.
The dynamically stable structures are provided in the green rows, while
the dynamically unstable structures are provided in the red rows in
Table 3.

3.2. Comparison of the predicted structures with known structures

To estimate the scientific novelty and completeness of the convex
hull diagram for the Ti-Si system obtained in this study using USPEX,
we checked how many binary structures predicted with the evolution-
ary algorithm are already known and stored in the existing databases or
mentioned in the literature, and how many low-energy structures were
not predicted before. To do this, firstly, we calculated the fingerprint
distances between our predicted structures and binary Ti-Si structures
from the Materials project [59], Open Quantum Materials [60,61], and
AFLOWIib [62,90] databases. These databases were chosen because
they are open, actively developing, contain information both about
experimental and theoretically predicted structures, and have a conve-
nient API interface for high-throughput extraction of data. Secondly, we
calculated the fingerprint distances between our predicted structures
and Ti-Si structures from the work of Colinet et al. [58] that are not
included in these databases but have low formation energies and known
to be stable in systems of early transition metals or rare earths with
p-elements.

In the Materials project database there are only 12 binary Ti-Si
structures including stable ones, while in the Open Quantum Mate-
rials, and AFLOWIib databases the Ti-Si system is represented with
63 and 187 binary structures, respectively. We found that many Ti—
Si structures in Open Quantum Materials, and AFLOWIib databases
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Table 3

Compositions (Comp.), symmetries (Spg. and No.), Pearson symbols, prototypes (if exist), formation energies (E,),
and distances to the ground-state line (Stability) of the selected 32 low-energy metastable and unstable structures.
The 8 of 32 structures that are assigned to the solid solutions of Si in «-Ti are in the orange rows. The 10 of
32 structures that are dynamically stable are in the green rows, while the remaining 14 of 32 structures that are
dynamically unstable are in the red rows. For the Al,Cu-prototype Ti,Si (I4/mcm 140) structure, the comparison
of its formation energy with those from literature [58] is shown.

Comp. Spg. No. Pearson Prot. E;, Stability,
symbol eV/atom eV/atom

Ti;5Si; P4/mmm 123 P16 —0.303 0.082
TiySi i3] 2 aP10 —0.381 0.030
Ti,Si, Fmmm 69 oF36 -0.395 0.061
TiySi Cmem 63 0816 —0.472 0.041
TiySi Cmem 63 0S16 cd,Y ~0.466 0.047
(TS ¢ 5 ms24 0466 0047
TisSi, R3m 166 hR7 —0.481 0.106
Ti,Si 14/mem 140 1112 Al,Cu -0.679 0.005

—0.660 [58] 0.010

TiSi P4m2 115 tP6 —0.656 0.114

TiSi, R3m 166 hR3 -0.412 0.150

TiSiq P6/mmm 191 hp7 -0.016 0.225
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are repeated, that is seen from their close formation energies, same
stoichiometries, and same space groups. The part of the metastable or
unstable Ti-Si structures from the Materials project, Open Quantum
Materials, and AFLOWIib databases are known to be stable in other
systems. Among them, there are Cr;Si-prototype Ti;Si (Pm3 n 223)
structure from OQMD that is stable in V-Si, Cr-Si, and Mo-Si systems,
Ni;Sn-prototype Ti3Si (P63/mmc 194) structure from OQMD and its
counterpart from Materialsproject database that is stable in Ni-Sn, Ti-
Sn, Ti-Ga, Ti-Al, Re-Pd, Re-Pt, and Ti-Pb systems, Al,Cu-prototype
Ti,Si (I4/mcm 140) structure from AFLOWIib database, that is stable
in Zr-Si, Hf-Si, Ta-Ni, Th-Ga, Pb-Au, Al-Hf, Al-Th, Zr-In, Zr-Ga, and
Ta-Si systems, TisGa,-prototype Ti5Siy (P63/mem 193) structure from
AFLOWIib database that is stable Ti-Ga, Zr—Al, Zr-Sn, Hf-Sn, and Th-
Sn systems, Fe,P-prototype Ti,Si (P62m 189) structure from OQMD that
is stable in Ni-P system, and CrB-prototype TiSi (Cmcm 63) structure
from AFLOWIib database that is stable in Al-Zr, Al-Hf, Re-Ga, Re-
Si, and Sn-La systems. The AFLOWIlib and Open Quantum Materials
databases also contain several low-energy structures that were not men-
tioned in the work of Colinet et al. [58]. Among them, there are Ti;Si
(Cmem 63) structure from AFLOWIib database, Ti5Si (P2;/m 11), and
TisSi (Pmmn 59) structures from Open Quantum Materials database.
Other low-energy Ti-Si structures from [58] that are not included in the
Materialsproject, Open Quantum Materials, and AFLOWIib databases

represented by Ni;P-prototype Ti;Si (14 82) structure that is stable in
Zr-Bi, Hf-Sb, and Ta-Ge systems, Ni,In-prototype Ti,Si (P6;/mmc 194)
structure that appears in Ce-In system, WSi;-prototype TisSi; (I4/mcm
140) structure that is stable in W-Si, V-Si, Mo-Si, and Nb-Ge systems,
Nb;Si;-prototype TisSi; (I4/mem 140) structure that is stable in Nb-Ge
system, U;Si,-prototype Ti;Si, (P4/mbm 127) structure that is stable in
U-Si, Zr-Si, Th-Si, PU-Si, La-Si, Ce-Si, Hf~Ge, Th-Ge, Nb-Ga, Ta-Ga,
Th-Ga, and Zr-Ga systems, SmsGe,-prototype TisSi, (Pnma 62) that is
stable in Nd-Ge, Tb-Ge, La-Sn, Y-Ge, and other systems of rare-earth
elements with Si, Ge, Sn, or Pb, and CrSi,-prototype TiSi, (P6,22 180)
structure that appears in V-Si, Nb-Si, Ta-Si, and Cr-Si systems [58].
We found that 70 of 1601 predicted binary structures excluding
structures used as seeds have the same stoichiometric ratios and are
topologically close to the one or several structures stored in the
databases, as the Euclidean distances between their fingerprint vectors
are less than 0.7. These structures are drawn as blue circles on the
convex hull diagram; see Fig. 1. Among these 70 structures, there are
three low-energy dynamically stable structures from Table 3, Al,Cu-
prototype Ti,Si (I4/mcm 140), Ti3Si (Cmcm 63), and Cd;Y-prototype
Ti3Si (Cmem 63). The predicted Al,Cu-prototype Ti,Si (I4/mcm 140)
structure is totally coincide with Ti,Si (I4/mcm 140) structure from
AFLOWIib database, as the Euclidean distance between fingerprint
vectors of these structures is equal to 0.03, while their distances
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to the ground-state line on our (Fig. 1) and AFLOW convex hull
diagrams are differ by 1 meV/atom. The predicted Ti3Si (Cmcm 63)
structure is topologically close to the low-energy Ti;Si (Cmcm 63)
structure from AFLOWIib database and to the low-energy Ti;Si (Pmmn
59) structure from Open Quantum Materials database. The Euclidean
distances between fingerprint vectors of these structures are 0.57 and
0.13, while their stabilities on our (Fig. 1), AFLOW, and OQMD convex
hull diagrams are differ by 6 and 27 meV/atom, respectively. The Cd;Y-
prototype Ti;Si (Cmcm 63) structure is topologically close to the Ti;Si
(P2,/m 11) structure from Open Quantum Materials database. The
Euclidean distance between fingerprint vectors of these structures is
0.27, while their stabilities on our (Fig. 1) and OQMD convex hull
diagrams are differ by 28 meV/atom, respectively.

In the AFLOWIib database there are other four Ti;Si structures,
namely TiySi (C2/m 12), Ti5Si (Pmm2 25), TisSi (Imm2 44), and Ti,Si
(Pmmm 47), that are topologically close to the predicted Ti3Si (Cmcm
63) structure but have lower symmetries while their distances to the
ground-state line on the AFLOW convex hull diagram are much higher
than that of the predicted Ti;Si (Cmcm 63) structure on our convex
hull diagram (Fig. 1). Because symmetries of these four structures are
lower, they are, probably, represent undo relaxed structures of Ti3Si
(Cmcem 63), that were stuck in different local minima of the potential
energy. The fact that these structures have not slipped into one energy
minimum during the relaxations indicates that the potential energy
surface of the Ti-Si system is full of local minima at least at Ti3Si
stoichiometry.

A comparison of the predicted by USPEX [63-66] structures with
those from Colinet et al. [58], namely Ni;Sn-prototype Ti;Si (P6;/mmc
194), Cr,Si-prototype Ti;Si (Pm3n 223), TisGa,-prototype TisSi,
(P6;/mem 193), NiyP-prototype Ti;Si (14 82), NiyIn-prototype Ti,Si
(P6;/mmc 194), WsSis-prototype TisSi; (I4/mcm  140), NbsSis-
prototype TisSi; (I4/mcm 140), U;Si,-prototype Ti;Si, (P4/mbm 127),
Sm;Ge,-prototype TisSiy, (Pnma 62), CrB-prototype TiSi (Cmcm 63),
and CrSi,-prototype TiSi, (P6,22 180), showed us that one of our
predicted metastable structures is coinciding with Ni,In-prototype Ti,Si
(P6;/mmc 194) structure, as the Euclidean distance between their
fingerprint vectors is equal to 0.02. This structure was not initially
included in the list of structures that were selected for more detailed
analysis (see Table 3) because it has formation energy higher than 50
meV above the ground-state line on the convex hull diagram in Fig. 1
and is not the most energetically favorable metastable structure at the
Ti,Si composition. Other low-energy structures from Colinet et al. [58]
do not coincide with predicted by USPEX [63-66] structures.

For further comparison of known from literature [58] and databases
[59-62,90] low-energy structures with those from Table 3, we addition-
ally relaxed these structures, calculated their formation energies with
respect to the hexagonal close-packed (hcp) a-Ti and cubic diamond
Si at 0 K and 0 GPa, as well as phonon dispersion curves to check
their dynamical stability. The information about compositions, space
groups, Pearson symbols, prototypes, formation energies, and stabilities
of these structures is presented in Table 4. It was found that seven
structures are dynamically stable while four structures are dynamically
unstable. Dynamically stable structures are in the green rows, while
dynamically unstable structures are in the red rows of Table 4.

It is interesting that among the dynamically unstable structures
there are Sm;Ge,-prototype TisSi, (Pnma 62) and Ni;P-prototype Ti;Si
(I4 82) structures that are very close to the ground-state line on the
convex-hull diagram.

Further in this work, we will discuss calculated thermodynamic
stabilities, elastic and electronic properties of ten dynamically stable
predicted structures from Table 3, and compare them with those of
seven dynamically stable low-energy structures from the work Colinet
et al. [58] and databases [59-62,90].
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3.3. Thermodynamic stability of the low-energy structures in the Ti-Si
system

According to the convex hull diagram in Fig. 1, the eight dynam-
ically stable structures, Ti;3Si; (P4/mmm 123), Ti,Si (P1 2), Ti,Si,
(Fmmm 69), Ti;Si (Cmem 63), Cd;Y-prototype Ti;Si (Cmem 63), TisSi,
(R3m 166), Ni,In-prototype Ti,Si (P6;/mmc 194), and Al,Cu-prototype
Ti,Si (I4/mcm 140), should decompose on TisSi; (P6;/mcm 193) and
a-Ti (P6;/mmc 194), at 0 K and 0 GPa. The U;Si,-prototype Ti;Si,
(P4/mbm 127) structure should decompose on TisSi; (P6;/mcm 193)
and TisSi, (P4,2,2 92), at 0 K and 0 GPa. The TiSig (P6/mmm 191)
structure should decompose on TiSi, (Cmcm 63) and diamond Si (ngm
227) at 0 K and 0 GPa, while the W;Si;-prototype TisSi; (I4/mcm
140), NbsSis-prototype TisSi; (I4/mem 140), TisGay-prototype TisSiy
(P6,/mem 193), TiSi (P4m2 115), CrB-prototype TiSi (Cmcem 63), CrSi,-
prototype TiSi, (P6,22 180), and TiSi, (R3m 166) structures should
undergo the phase transformations on TisSi; (P6;/mcm 193), TisSiy
(P4,2,2 92), TiSi (Pnma 62) or TiSi, (Cmcm 63) that are stablest states
at 0 K and 0 GPa at given compositions, respectively.

The decomposition reactions are following:

Ti;5Si3 — TisSiz(st.) + 8Ti + 4,635, 3
3TiySi — TisSis(st.) + 7Ti + 4,645, )]
3Ti;Si, — 2TisSiz(st.) + 11Ti + 4,675, (5)
3Ti;Si — TisSiz(st.) +4Ti + 4,655, (6)
3TisSi, — 2TisSiz(st.) + 5Ti + 4,G 1502, @)
3TiySi — TisSis(st.) + Ti + 4,GT251, ®
5TiySiy — 2TisSiz(st.) + TisSiy + 4,GT35%2, 9
TiSig — TiSiy(st.) +4Si + 4,GTS%, (10)
TisSis(mst.) — TisSis(st.) + 4,GTsSBMS) an
TisSiy(mst.) — TisSiy(st.) + 4,GTisSiamst), 12)
TiSi(mst.) — TiSi(st.) + 4,G TSI (13)
TiSi,(mst.) — TiSiy(st.) + 4,GTiS20mst) a4

where 4,GT5 are the changes in the free energy in the reactions
of decomposition of corresponding Ti,Si, compounds, (st.) denote the
stable structures at 0 K and 0 GPa for a given composition, (mst.) denote
the metastable structures.

The changes in the free energy in decomposition reactions re-
flect the thermodynamic stability of structures. The positive change
means that structure should decompose on more stable structure(s),
while negative change means that this structure is the stablest at
given composition. At 0 K and 0 GPa, the changes in the free energy,
A,GTiXSiY, in decomposition reactions (3)—(14) normalized per atom of
(see Supplementary materials) correspond to the energies above the
ground-state line on the convex hull diagram in Fig. 1 which are given
in column “Stability” in Tables 1, 3 and 4. Knowing the temperature or
pressure dependencies of 4,G"x5y, we can estimate the thermodynamic
stability and possibility of stabilization of metastable structures with
temperature or pressure.

In this work, we calculated the temperature dependencies, 4,G xSy
(T), for dynamically stable structures in the harmonic approximation
neglecting the volume dependence and electronic contributions to the
free energy. In this way, the dependence of the change in the Gibbs free
energy, 4,G"xS(T), becomes numerically equal to the dependence of
the change in the Helmholtz free energy, 4,F xSy (T):

- o Tiy Si TiSi
4,6 (T) = A, FTS(T) = AE)Y + 4,F 7 (T), (1>

Ti, Si Ti,Si L
where A,EOlx " and A,Fvi;x (T are the ground-state and vibrational
contributions to the change of the free energy in the decomposition

reaction, respectively.
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Table 4
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Compositions (Comp.), symmetries (Spg. and No.), formation energies (E,), and distances to the ground-state
line (Stability) of the three low-energy metastable and unstable structures from Materialsproject [59], Open
Quantum Materials [60,61], and AFLOWIib [62,90] databases in comparison with available DFT data [58-
62,90]. The dynamically stable structures are in the green rows, while the dynamically unstable structures

are in the red rows.

Comp. Spg. No.

Pearson
symbol

Prot. Stability,

eV/atom

E;,
eV/atom

Ti,Si P6,/mmc 194 hP6 NiyIn ~0.624 0.061
~0.616 [58] 0.054
TisSi, 14/mem 140 1132 NbSi, ~0.720 0.051
~0.704 [58] 0.048
TisSi, 14/mem 140 1132 W;Si, ~0.745 0.025
-0.730 [58] 0.022
Ti,Si, P4/mbm 127 tP10 U,Si, -0.767 0.011
~0.746 [58] 0.010
TisSi, P6,/mem 193 hP18 TisGa, ~0.743 0.048
~0.716 [58] 0.058
—0.744 [62,90]  0.049

TiSi Cmem 63

oC8

CrB —0.765
—0.747 [58]

—-0.769 [62,90]

0.004
0.002
0.001

TiSi, P6,22 180

hP9

Crsi, -0.537

—-0.501 [58]

0.025
0.030

—e— Ti;Si, (R3m 166)
—a— Ti;Si, (Fmmm 69)
—— Ti,Si (PT2)

—*— TisSis (P4/mmm 123)

0.10f

0.08;.

A, F™5 (T), eV/atom

.

0.00

0.0 7000 1500 2000 2500

Temperature, K

500 3000

Fig. 2. The temperature dependencies of the free energy change, 4,F":5(T), in the
decomposition reactions (3)-(5) and (7) for Ti;3Si; (P4/mmm 123), Ti,Si (P1 2), Ti;Si,
(Fmmm 69), and TisSi, (R3m 166) structures.

The temperature dependencies of 4, F"=S¥(T) in the reactions (3)-
(5) and (7) for Ti;3Si; (P4/mmm 123), Ti,Si (P1 2), Ti;Si, (Fmmm 69),
and TisSi, (R3m 166) structures are shown in Fig. 2.

As it is seen from Fig. 2, two Ti-rich structures, TisSi, (R§m 166)
and Ti;3Si; (P4/mmm 123), tend to be thermodynamically stabilized
with temperature with respect to the Ti;Si; (P6;/mcm 193) and «-Ti
(P6;/mmc 194). However, the large positive A,FTixSiy at 0 K prevent

their stabilization up to melting temperature which vary from 1840 to
2400 K in composition range of possible existence of these structures
according to the experimentally-based phase diagram of the Ti-Si
system [13]. Other two Ti-rich structures, Ti,Si (P1 2) and Ti,Si,
(Fmmm 69), tend to be further thermodynamically destabilized with
temperature.

The temperature dependencies of A,FTiXSiY(T) in the reaction (6)
for TizSi (Cmem 63) and Cd;Y-prototype Ti3Si (Cmem 63) structures
are shown in Fig. 3, where, for comparison, the same dependence
of A, F™S(T) for the experimental Ti,P-prototype Ti;Si (P4,/n 86)
structure calculated in our previous work [72] is also plotted.

It is seen, that more energetically favorable at 0 K Ti3Si (Cmem 63)
structure becomes by ~ 5 meV/atom less favorable with temperature,
while the energetically less favorable at 0 K Cd;Y-prototype TisSi
(Cmcm 63) structure becomes by ~ 10 meV/atom more favorable
with temperature due to the lattice vibrations. However, with strong
concurrency of the Ti;P-prototype Ti;Si (P4,/n 86) structure, it is highly
unlikely that Cd;Y-prototype Ti3Si (Cmcm 63) could be formed in the
Ti-Si system.

The temperature dependencies of A,FTiXSiY(T) in the reaction (8)
for Ni,In-prototype Ti,Si (P6;/mmc 194) and Al,Cu-prototype Ti,Si
(I4/mcm 140) are shown in Fig. 4, where, for comparison, the same de-
pendence of A, FT'xSiy(T) for Fe,P-prototype Ti,Si (P62m 189) structure
calculated in our previous work [72] is also plotted.

From literature, it is known that Fe,P-prototype Ti,Si (P62m 189)
structure was never observed in the binary Ti-Si system but many
times was observed in the Ti-Si-Zr system and higher-order systems
containing it as a subsystem [29,42,43,48]. DFT calculations revealed
that Ti,Si (P62m 189) is thermodynamically destabilizes with respect
to TisSi; (P6;/mem 193) and a-Ti (P6;/mmc 194) due to the lattice
vibrations [72] but stabilizes with partial substitution of Ti atoms with
Zr atoms [92].
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Fig. 3. The temperature dependencies of the free energy change, 4,F'S:(T), in the
decomposition reaction (6) for TizSi (Cmem 63), Cd;Y-prototype Ti;Si (Cmem 63), and
Ti;P-prototype Ti;Si (P4,/n 86) structures.
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Fig. 4. The temperature dependencies of the free energy change, 4,F"S\(T), in the
decomposition reaction (8) for Ni,In-prototype Ti,Si (P6;/mmc 194), Al,Cu-prototype
Ti,Si (I4/mem 140), and Fe,P-prototype Ti,Si (P62m 189) structures.

In contrast to Ti,Si (P62m 189), the information about the Al,Cu-
prototype Ti,Si (I4/mcm 140) and Ni,In-prototype Ti,Si (P6;/mmc
194) structures is scarce. From the literature data [58] and databases
[62] only their formation energies at 0 K can be derived. From Fig. 4,
it is seen that Al,Cu-prototype Ti,Si (I4/mcm 140) and Ni,In-prototype
Ti,Si (P6;/mmc 194) are thermodynamically destabilized by vibrational
contributions to the free energy as well as Fe,P-prototype Ti,Si (P62m
189). This is, most likely, the main reason why these structures were
never observed in the binary Ti-Si system.

The temperature dependencies of A,FTixSiy(T) in the reactions (9),
(11), and (12), for U;Si,-prototype Ti3Si, (P4/mbm 127),
W Si;-prototype TisSi; (I4/mem 140), NbsSis-prototype TisSi; (I4/mem
140), and TisGa,-prototype TisSi, (P63/mem 193) are shown in Fig. 5.

It is seen, that WsSis-prototype TisSi; (I4/mcm 140) and NbsSi;-
prototype TisSi; (I4/mcm 140) structures become slightly more stable
with temperature, gaining not more than 5 meV/atom in their forma-
tion energies, while Ti;Ga,-prototype TisSi, (P6;/mecm 193) gains up
to 30 meV/atom in its formation energy at high temperatures due to
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Fig. 5. The temperature dependencies of the free energy change, 4,F™S\(T), in
the decomposition reactions (9), (11), and (12), for U;Si,-prototype Ti;Si, (P4/mbm
127), WsSiz-prototype TisSi; (I4/mcm 140), NbsSis-prototype TisSi; (I4/mem 140), and
Ti;Ga,-prototype TisSi, (P6;/mem 193) structures.
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Fig. 6. The temperature dependencies of the free energy change, 4, F"Si(T), in the
decomposition reactions (10), (13), and (14) for TiSi; (P6/mmm 191), TiSi (P4m2 115),
CrB-prototype TiSi (Cmem 63), CrSi,-prototype TiSi, (P6,22 180), TiSi, (R3m), and TiSi,
(Fddd 70) structures.

the lattice vibrations. However, such energy gains are not sufficient for
the thermodynamical stabilization of these structures even at 3000 K.
U;Si,-prototype Ti;Si, (P4/mbm 127) structure, on the contrary, lose
up to 15 meV/atom in its thermodynamic stability due to the lattice
vibrations.

The temperature dependencies of 4, F "xS(T") in the reactions (10),
(13), and (14) for TiSig (P6/mmm 191), TiSi (PZmZ 115), CrB-prototype
TiSi (Cmem 63), CrSi,-prototype TiSi, (P6,22 180) and TiSi, (R3m 166)
are shown on Fig. 6, where for, for comparison, the same dependence
of A,FTiXSiy (T) for the experimental TiSi, (Fddd 70) structure calculated
in our previous work [72] is also plotted.

The steepest negative slope of the 4, FTxS(T) has the predicted
Si-rich TiSig (P6/mmm 191) structure. It gains up to 170 meV/atom
in its formation energy with temperature. Another predicted struc-
ture with equiatomic composition, TiSi (P4m2 115), gains up to 100
meV/atom due to the lattice vibrations. However, because of large
initial distance to the ground-state line on the convex hull diagram at
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0 K, these structures do not become the stablest states. The predicted
TiSi, (Rgm) structure becomes more stable up to 10 meV/atom, while
the CrB-prototype TiSi (Cmcm 63) structure becomes less stable by 10
meV/atom with temperature.

The CrSi,-prototype TiSi, (P6,22 180) is the only structure that
have a chance to be stabilized with respect to TiSi, (Cmcm 63) and
diamond Si (Fd3m 227) due to the vibrational free energy. However,
there are two reasons why this structure does not become the sta-
blest state at given composition. First, the temperature of stabilization
of CrSi,-prototype TiSi, (P6,22 180) structure is higher than melting
temperature of a Ti-Si alloy at given composition according to the
experimentally-based phase diagram [13]. Second, it has a strong con-
currency with the experimentally observed TiSi, (Fddd 70) structure
that is metastable at 0 K and becomes the stablest state at temperatures
higher than 450 K.

Concluding this subsection, we can say that none of the predicted
metastable structures is thermodynamically stabilized with temperature
due to the lattice vibrations. Meanwhile, the question of their stabi-
lization with pressure or with the addition of other elements is still
open.

3.4. Mechanical properties of the low-energy metastable structures in the
Ti-Si system

The elastic constants, C;;, of dynamically stable Ti-Si structures
and their averaged polycrystalline quantities, bulk moduli B, Young’s
moduli E, shear moduli G, and Poisson’s ratios v, are summarized
in Table 5, where the structures are ordered by increasing of the Si
fraction in them.

As it is seen from Table 5, all structures are mechanically stable.
There are trends in decreasing of Poisson’s ratio v and B/G ratio with
fraction of Si in structures. The B/G ratio is a measure of brittle—
ductile behavior. Its value less than 1.75 indicates the brittle mechanical
behavior of a structure, while the B/G value more than 2 indicates that
the structure should be ductile [93].

In Table 5 there are three obviously ductile structures having B/G >
2 with Ti;3Si; and Ti;Si compositions, and four rather ductile than
brittle structures having 1.75 < B/G < 2 with Ti,Si, TisSi,, TisSi;, and
TiSi compositions. Other ten structures should exhibit a brittle behavior
as their B/G ratios are less than 1.75.

3.5. Electronic band structures and densities of states of the low-energy
metastable structures in the Ti-Si system

The electronic band structures and densities of states (elDOS) of the
dynamically stable low-energy metastable structures in the Ti-Si system
are provided in the Supplementary materials. All studied structures
are metallic since there are no energy gaps between occupied and
unoccupied states at the Fermi level. The main contributions to the
elDOS on the Fermi level are from the d-states of Ti atoms for all
structures.

Among the considered structures, two structures, TisSi, (R3m 166)
and Ni,In-prototype Ti,Si (P6;/mmc 194), can be emphasized. The
TisSi, (R3m 166) structure, that was predicted by the evolutionary
algorithm in this work for the first time, has three direct energy gaps
in its electronic band structure at energies ~ 250 meV higher than the
Fermi level; see Fig. 7. If it would be possible to raise the Fermi level
of this structure by 200 —300 meV and stabilize it with respect to Ti;Si,
(P6;/mem 193) and a-Ti (P6;/mmc 194) without changing the direct
bandgaps, e.g. by doping with additional elements, this structure would
be useful in photovoltaic or thermoelectric applications.

The Ni,In-prototype Ti,Si (P6;/mmc 194) structure has one direct
bandgap near the Fermi level, while its occupied and unoccupied bands
intersect only between L — M points of the first Brillouin zone; see
Fig. 8. The doping of this structure may also be useful in making a
direct gap semiconductor on its base.
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Fig. 8. Electronic band structure and density of states (eIDOS) for Ni,In-prototype Ti,Si
(P6;/mmc 194) structure.

4. Conclusions

For the first time using the evolutionary algorithm within PAW
GGA calculations at zero temperatures and pressures, four variable
composition searches for stable and metastable compounds in the Ti-Si
system were performed. The searches predicted 1601 and 161 unique
binary and unary structures, respectively. Despite the evolutionary
algorithm did not found any new stable structures of silicides at 0 K
and 0 GPa, many low-energy metastable or unstable structures were
predicted.

Using the novel structure fingerprinting method, the predicted
binary structures were compared with known Ti-Si structures from
databases and literature. It was found that 70 predicted binary struc-
tures excluding structures used as seeds are topologically close to
one or several known structures. On the other hand, 10 low-energy
structures that are known to be stable in systems of early transitional
metals or rare-earth elements with p-elements were not predicted by
the evolutionary algorithm. The later may indicate the limitations of
efficiency of the evolutionary algorithms in searches for compounds in
intermetallic systems with d-elements.

The 33 of 1601 predicted metastable and unstable binary structures
with low formation energies above the convex hull and other 10 low-
energy structures from literature and databases that were not predicted
by the evolutionary algorithm were additionally studied. Among the
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Table 5
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Elastic constants (C;;) and their averaged quantities (bulk moduli B, Young’s moduli E, shear moduli G, and Poisson’s ratios v) of the dynamically stable structures of predicted
by USPEX [63-66] and known from literature [58] silicides (in GPa). Averaged quantities were obtained using Voigt-Reuss-Hill scheme [88] as implemented in the ELATE
web-application [89]. Full stiffness matrices can be found in the Supplementary materials. Cells are colored for better guidance for an eye. The dark-green cells contain the
maximal values, while the white cells contain the minimal values of the corresponding quantities between the different structures.

Comp. Spg. Prot. C C,, Cy3 Cyy Css Ces C, Ci3 Cys B E G v B/G

Tiy3Si; 123 163.0 135.0 148.6 91.6 89.3 90.4 101.6 108.1 111.1 120.4 130.9 49.6 0.319 2.426
Ti,Si 2 201.3 213.1 209.6 59.5 61.9 55.4 70.5 65.3 67.1 113.7 154.0 60.4 0.274 1.881
Ti; Si, 69 248.9 222.1 238.7 97.4 46.0 68.0 73.1 57.5 62.1 121.5 184.5 74.0 0.247 1.641
TiSi 63 224.1 206.6 242.9 37.9 79.1 66.4 93.2 78.8 91.8 133.4 160.5 61.8 0.299 2.159
Ti,Si 63 Cd;Y 164.9 205.9 244.9 37.2 63.4 94.2 95.0 96.9 84.4 128.5 151.4 58.1 0.304 2.214
TisSi, 166 231.0 228.9 205.3 56.9 61.8 61.7 117.5 57.8 56.8 124.0 163.6 63.9 0.280 1.940
Ti,Si 140 AL Cu 244.2 244.2 283.5 95.2 122.2 122.2 105.1 80.8 80.8 145.0 242.8 99.4 0.221 1.458
Ti,Si 194  NjIn 284.1 284.1 296.4 82.1 82.4 82.4 119.9 64.9 64.9 151.3 223.7 89.2 0.254 1.696
TisSi, 140  NbsSi, 293.3 293.3 174.7 101.3 87.8 87.8 58.7 93.7 93.7 136.9 214.1 86.4 0.239 1.585
TisSiy 140  W;Sis 291.6 291.6 250.6 116.8 52.6 52.6 101.0 71.8 71.8 146.1 201.1 79.1 0.271 1.846
TisSiy 193 TisGa, 280.6 280.6 273.6 101.1 93.0 93.0 78.3 72.2 72.2 142.2 239.3 98.1 0.220 1.450
Ti;Si, 127 UsSi, 308.9 308.9 197.3 103.7 125.5 125.5 62.1 94.6 94.6 144.6 253.0 104.7 0.208 1.381
TiSi 115 220.5 212.8 206.2 164.1 58.5 57.5 104.7 90.7 91.6 134.7 185.9 73.2 0.270 1.840
TiSi 63 CrB 217.0 354.2 286.7 68.3 73.8 168.1 69.1 128.9 64.8 152.4 233.3 93.7 0.245 1.626
TiSi, 166 181.8 181.8 279.1 44.3 124.6 124.6 93.2 69.6 69.6 122.0 188.7 75.9 0.242 1.606
TiSi, 180  CrSi, 341.1 341.1 423.3 140.1 90.5 90.5 60.9 49.2 49.2 157.7 292.9 123.0 0.190 1.282
TiSiq 191 224.0 224.0 217.9 74.7 73.3 73.3 74.7 42.4 42.4 109.2 188.2 77.6 0.213 1.407

predicted low-energy structures, eight structures were found to be
topologically close to the a-Ti and were assigned to the ordered hcp
superstructures representing substitutional solid solution of Si in a-Ti.
For the remaining 35 low-energy structures, their phonon dispersion
curves were calculated. The 17 low-energy structures were found to be
dynamically stable, while the remaining 18 structures were found to be
dynamically unstable.

For dynamically stable structures, their mechanical properties, elec-
tronic band structures, and densities of states were calculated. It was
found that all 17 dynamically stable structures are metallic and mechan-
ically stable. The temperature dependencies of their thermodynamic
stability with respect to the ground state structures on which they
should decompose at 0 K were also assessed. The thermodynamic
stability of nine structures increases with temperature, while the ther-
modynamic stability of eight structures decreases with temperature
due to the lattice vibrations. None of the dynamically stable structures
becomes thermodynamically stable at increased temperatures. Mean-
while, the question of their stabilization with pressure or the addition
of other elements is still open.

The information about the predicted binary structures can be used
in the development of the thermodynamic models of phases for multi-
component systems containing Ti-Si as a subsystem, as well as for the
construction and validation of the semi-empirical or machine-learning
interatomic potentials for the Ti-Si system.
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