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Trigonal-to-monoclinic structural transition in TiSe, due to a combined condensation of
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I present first principles calculations of the phonon dispersions of TiSe, in the P3cl phase, which is the
currently accepted low-temperature structure of this material. They show weak instabilities in the acoustic
branches in the out-of-plane direction, suggesting that this phase may not be the true ground state. To find the
lowest energy structure, I study the energetics of all possible distorted structures corresponding to the isotropy
subgroups of P3m1 for the M; and L; phonon instabilities present in this high-temperature phase at ¢ = (%, 0,0)
and (%, 0, 1), respectively. I am able to stabilize ten different structures that are lower in energy relative to

27

the parent P3m1 phase, including two monoclinic structures more energetically stable than the P3c1 phase.
The lowest energy structure has the space group C2 with the order parameter M| (a, 0, 0) + L, (0, b, b). This
structure lacks inversion symmetry, and its primitive unit cell has 12 atoms.
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I. INTRODUCTION

The structural transition near 200 K in 17-TiSe, has been
frequently studied since its three-directional superlattice was
reported by Di Salvo et al. in 1976 [1]. A phonon softening at
the wave vector (%, 0, %) in the parent phase of this material
has been unambiguously identified [2,3], but the microscopic
mechanism underlying this charge density wave (CDW) tran-
sition is still being debated. The parent phase of TiSe, is
either a semimetal or a semiconductor with a low carrier
concentration [1,4-16], which precludes an explanation based
on Fermi surface nesting. Hence, other mechanisms such as
excitonic condensation [17-21], Jahn-Teller effect [22-24],
incipient antiferroelectricity [25,26], electron-phonon cou-
pling [27-30], or some combination thereof [31-35] has been
invoked to explain this transition.

The high-temperature phase of TiSe, occurs in a trigonal
structure with the space group P3m1 [36,37]. This structure
is composed of hexagonal layers of Ti sandwiched between
two hexagonal layers of Se such that the Ti ions are situated
inside Se octahedra. Each layer has three twofold rotational
axes and three mirror planes along and perpendicular, respec-
tively, to the three chains forming the hexagonal lattice. The
low-temperature phase has been reported to forma?2 x 2 x 2
superlattice with the space group P3c1 [38]. In this structure,
all the three twofold rotational symmetries present in each
layer are broken. However, the presence of a glide plane
restores the twofold rotational symmetries in the full lattice.

There are experimental indications that further rotational,
mirror, and inversion symmetries are broken in the low-
temperature phase. Ishioka et al. have claimed that the CDW
phase in this material is chiral based on their scanning tun-
neling microscopy (STM) experiments [39,40]. Such a chiral
phase has been theoretically understood as a form of or-
bital ordering [41-43], and there are experimental evidences
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supporting this claim [44—46]. However, more recent STM ex-
periments have questioned this interpretation and suggest that
the CDW phase is achiral [47,48]. In the midst of this debate
[49-51], Xu et al. have reported the measurements of circular
photogalvanic effect current that suggests the presence of a
low-symmetry structure without inversion symmetry below
174 K [52]. But this gyrotropic phase has been argued to occur
only in the photoexcited state [53].

The electronic properties of TiSe, and the structural in-
stability of its high-temperature phase has been extensively
studied using density functional theory (DFT) based first prin-
ciples calculations [15,54—63]. However, neither the structural
stability of the P3¢l CDW phase nor a detailed study of
all possible structures arising out of the phonon instabilities
present in the parent phase has been investigated using DFT
calculations. In particular, the energetics of the low-symmetry
structures resulting from a combined condensation of the
phonon instabilities at M (%, 0,0) and L(%, 0, %) has not been
explored. A theoretical study examining these aspects would
be helpful in answering whether a structure with broken in-
version symmetry is the true ground state of pure TiSe, or it
is induced by external stimuli such as defects and photoexci-
tations.

In this paper, I present the calculated phonon dispersions of
the2 x 2 x 2 P3cl phase, which show acoustic branches with
weak instabilities in the out-of-plane direction. This suggests
that the P3c1 structure may not be the true ground state of this
material. To find the lowest energy structure, I generated all
possible distortions corresponding to the isotropy subgroups
that can arise due to the phonon instabilities at the M and
L points present in the parent P3m1 phase of the material.
After full structural relaxations minimizing both the forces
and stresses, I was able to stabilize ten different structures that
are lower in energy than the parent P3m1 phase. These include
two monoclinic structures that are more energetically stable
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than the P3c1 phase. The lowest energy structure has the space
group C2 with the order parameter M| (a, 0,0) + L; (0, b, b).
This structure has no inversion symmetry, and its primitive
unit cell has 12 atoms.

II. COMPUTATIONAL APPROACH

The phonon dispersions and structural relaxation
calculations presented here were performed using the
pseudopotential-based QUANTUM ESPRESSO package [64].
I used the pseudopotentials generated by Dal Corso [65]
and energy cutoffs of 60 and 600 Ry for the basis-set and
charge density expansions, respectively. The calculations
were performed using the optB88-vdW exchange-correlation
functional that accurately treats the van der Waals interaction
[66]. In the phonon calculations, 24 x 24 x 12 and
12 x 12 x 6 k-point grids were used for the Brillouin
zone integration in the P3m1 and P3cl phases, respectively.
Dynamical matrices were calculated on a 8 x 8 x 4 grid for
the P3m1 phase and a 4 x 4 x 4 grid for the P3cl phase
using density functional perturbation theory [67], and Fourier
interpolation was used to obtain the phonon dispersions.
I used the ISOTROPY package to enumerate all the order
parameters that are possible due to the unstable phonon
modes M, and L; of the parent phase [68]. Structural
relaxation calculations of the structures corresponding to
different isotropy subgroups were performed on 2 x 2 x 2
supercells using a 20 x 20 x 10 k-point grid. I checked the
relative energy orderings of the two lowest energy structures
using a 24 x 24 x 12 k-point grid and 85 Ry basis-set cutoff.
A 0.01 Ry Marzari-Vanderbilt smearing was used in all the
calculations.

A recent study has shown that hybrid functionals accu-
rately describe the insulating electronic structure of TiSe,
[62]. Furthermore, they also lead to an enhanced energy
gain for the distorted P3c1 phase relative to the undistorted
P3ml phase. Using the HSE06+D2 functional [69,70], I
fully relaxed and calculated the total energy of the lowest-
energy optB88-vdW structure and compared it with that of
the P3m1 and P3cl phases. Hybrid functional calculations
on 2 x 2 x 2 supercells of TiSe, are computationally heavy.
So only the main result of the paper was checked using the
HSEO06+D2 functional. These calculations were performed
using the pseudopotential-based VASP code [71]. A basis-set
cutoff of 320 eV and 6x6x3 k point were used in these
calculations.

I made extensive use of the FINDSYM [72], AMPLIMODES
[73], SPGLIB [74], and PHONOPY [75] packages in the sym-
metry analysis of the relaxed structures. A previous study
has shown that the spin-orbit interaction does not modify the
structural instability of this material [62], so it was neglected
in all the calculations presented in this paper.

III. RESULTS AND DISCUSSION

The calculated optB88-vdW phonon dispersions of the
fully relaxed TiSe, in the parent P3m1 structure is shown
in Fig. 1. They agree well with the previous calculations
when either the experimental lattice parameters or the theo-
retical ones close to the experimental values are used [57,62].
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_ FIG. 1. Calculated phonon dispersions of TiSe, in the parent
P3m1 phase calculated using the optB88-vdW functional. The high-
symmetry points are I' (0,0, 0), M (3,0,0), K (5, 3,0),A (0,0, 1),

L (%, 0, %), and H (_%, _%, %) in terms of the reciprocal lattice vectors.

The calculated values of the A, 196 cm~' and highest-
frequency E, 135 cm™! modes also compare well with
the experimental values of A, 200 cm~! [76] and E, 137
cm~! [77]. There is a phonon branch that is unstable along
the path M-L. Both M {(0, 1,0),(3,0,0), (3, 1,0)} and
L {(0, %, %), (%, 0, %), (%, %, %)} have three elements in their
star. Hence, even though the unstable branch is nondegenerate,
several low-symmetry structures are possible due to these
instabilities. The instability at L is slightly stronger than at M,
and the low-temperature CDW phase of this material has been
understood to form due to the simultaneous condensation at
the three wave vectors belonging to L [1]. Indeed, Bianco et al.
have performed a detailed DFT-based theoretical study and
found that the energy gain due to the triple-g condensation at L
is larger than the triple-g condensation at M as well as single-g
condensations at L and M [61]. I also note that calculations
using the fully relaxed lattice parameters obtained within the
local density approximation (LDA) do not show any structural
instability because LDA underestimates the volume of the unit
cell [78].

Although the structural instability of the high-temperature
phase of TiSe, has been extensively studied using DFT-based
calculations [3,57,61,62], the relative energetic stability of all
possible structures arising due to the instabilities at M and L
has yet to be investigated. In fact, the structural stability of
the currently accepted low-temperature triple-g P3c1 phase
has not been confirmed theoretically despite there being ex-
perimental evidences that the low-temperature structure has a
symmetry lower than trigonal [39,52]. I calculated the phonon
dispersions of the fully relaxed P3c1 phase, which is shown
in Fig. 2. I find that all the optical phonon branches are stable.
However, the acoustic branches show weak instabilities in the
out-of-plane (0, 0, g,) direction. The instabilities occur for
q, < %, which is not in the 4 x 4 x 4 grid used to calculate
the dynamical matrices. To confirm the presence of the insta-
bilities, I calculated the dynamical matrices at g, = % and A

24>
which yielded three modes with imaginary frequencies. This
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FIG. 2. Calculated phonon dispersions of TiSe, in the
L (a, a, a) P3cl phase calculated using the optB88-vdW functional.
The acoustic branches are unstable in the out-of-plane direction I'-A.

suggests that the currently accepted low-temperature P3cl
structure may not be the true ground state of this material.

The unstable phonon branch in the parent P3ml phase
has the representations M;” and L; at M and L, respectively.
I used the ISOTROPY package to determine all the isotropy
subgroups and order parameters that are possible due to these
two unstable phonons, which are listed in Table I. I then used
the calculated phonon displacement vectors of the unstable
modes to generate all 26 possible distortions corresponding to
the isotropy subgroups on 2 x 2 x 2 supercells of the high-
temperature parent phase and fully relaxed these structures by
minimizing both the atomic forces and lattice stresses.

I was able to stabilize ten different structures characterized
by distinct order parameters that have their calculated energies
lower than that of the high-temperature P3m1 phase. These
include the single- and triple-g structures due to the M| and
Ly instabilities discussed previously by Bianco et al. [61].
Interestingly, there are three distinct structures belonging to
the same isotropy subgroup C2/c and two structures with
the subgroup C2/m. The calculated total energies of all these
structures are given in Table I. The energy gains due to struc-
tural distortions are small, consistent with previous results
[61]. The P3¢l structure is only —1.184 meV per formula unit
(meV /f.u.) lower than the parent P3m1 phase. I find two more
structures lower in energy than the P3¢l structure. They have
space groups C2/c and C2 with energies —1.188 and —1.192
meV /f.u. relative to the parent phase, respectively.

Recent calculations using hybrid functionals show that
the gain in energy due to the P3cl distortions are enhanced
relative to the undistorted P3m1 phase when the nonlocal
exchange interaction is taken into account [62]. I checked the
main finding of this paper by performing full relaxations of
the P3m1, P3cl, and C2 phases using the HSE06 functional
in combination with Grimme’s semiempirical treatment of the
van der Waals interaction. I find that the energy gain of the
P3cl phase relative to the P3ml phase increases to 4.7475
meV /f.u., which is almost a fourfold increase compared to
the optB88-vdW value. The gain of the C2 phase relative
to the P3ml phase increases to 4.7563 meV/f.u. The C2

TABLET. Tsotropy subgroups of P3m1 for the representations L;
and M|, and the corresponding six-dimensional order parameters in
the subspace spanned by the stars of M{(0, %, 0), (%, 0,0), (%, %, 0)}
and L{(0, 1, 1), (3.0, 1), (3, 3. D)}. Total energies of the structures
corresponding to these order parameters after full structural relax-
ations minimizing the atomic forces and lattice stresses are given in
the units of meV per formula unit relative to the parent P3m1 phase.

Not all distortions could be stabilized.

Space group (No.) M Ly Energy (meV/f.u.)
P3m1 (164) (0,0,0) (0,0,0) 0.000
P2/c (13) (a,0,0) (0,0,0) —0.726
C2/c (15) (0,0,0) (a,0,0) —0.755
C2/m (12) (a,a,0) (0,0,0) —1.004
P1(2) (a,0,0) 0,0,0) —1.031
C2/m (12) (0,0,0) (a,a,0) —1.046
P321 (150) (a,a,a) (0,0,0) —1.136
C2/c (15) (a,a,0) (0,0, b) —-1.170
P3cl (165) (0,0,0) (a,a,a) —1.184
C2/c (15) (0,0,0) (a,a,b) —1.188
C2(5) (a,0,0) 0, b, b) —1.192
P1(2) (a, b,0) (0,0,0)

C2(5) (a,a,b) (0,0,0)

P1(1) (a,b,c) (0,0,0)

P1(Q2) (0,0,0) (a,b,0)

P1(2) (0,0,0) (a,b,¢)

P2/c (13) (a,0,0) (b,0,0)

P1(2) (a, b,0) 0,0,¢)

C2/m (12) (a,a,0) (b,b,0)

C2/c (15) (a,a,0) (b, —b,0)

C2(5) (a,a,b) (c,—c,0)

P1(1) (a,0,0) 0,b,¢)

P1(2) (a, b,0) (c,d,0)

P321 (150) (a,a,a) (b, b, b)

Cc(9) (a,a,0) (b,—b,—c)

C2(5) (a,a,b) (c,c,d)

P1(1) (a,b,c) d,e f)

phase is still the energetically most favored phase, and its
energy gain relative to the P3c1 phase is now increased to
0.0088 meV /f.u. compared to 0.004 meV /f.u. obtained using
the optB88-vdW functional. The increase in calculated en-
ergy gain due to structural distortions using the HSE06+D2
functional suggests that electronic interactions beyond those
described by the optB88-vdW functional play an important
role in the structural transition of this material, as suggested
by Hellgren et al. [62].

Figure 3 shows the z = 0 and % hexagonal Ti layers in the
parent P3m1 and the three lowest energy structures with space
groups P3cl, C2/c, and C2. Their full structural parameters
are given in Tables II, III, IV, and V, respectively. In the P3m1
phase, all the Ti-Ti distances in the Ti triangles are equal, and
the calculated value of 3.5548 A is in good agreement with the
experimentally determined one of 3.540 A [37]. Each element
of the unstable mode at both M and L causes nearest-neighbor
antiparallel slidings within one set of the three intersecting
Ti chains that form the hexagonal lattice [1,61]. This breaks
the twofold rotational symmetries the lie along the two other
sets of Ti chains. The P3c1 phase has the order parameter
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(1) C2

FIG. 3. Ti hexagonal layers present in the (a) parent P3ml,
() L (a,a,a) P3cl, (c) L] (a,a, b) C2/c, and (d) M; (a,0,0) +
L7 (0, b, b) C2 phases of TiSe,. There are one, three, five, and seven
nonequivalent Ti-Ti distances in the four phases, respectively, which
are indicated by different colors. For each phase, the left and right
columns show the z = 0 and % layers, respectively, of the 2 x 2 x 2
supercell used in the full structural relaxations.

Li (a,a,a) and involves simultaneous condensation of the
unstable mode at all three wave vectors in the star of L
with equal magnitudes. There are three nonequivalent Ti-Ti
distances in this phase. The smallest calculated Ti-Ti distance
is 0.068 A shorter than the one in the parent phase, which
is in reasonable agreement with the experimental value of
0.08 A [1]. Although all the twofold rotational symmetries are
broken within the hexagonal layers in this phase, the presence
of a ¢ glide plane restores the broken symmetries in the full

TABLE II. Calculated atomic coordinates of TiSe, in the parent
P3m1 phase obtained using the optb88-vdw functional. Calculated
lattice parameters are a = b = 3.55475, ¢ = 6.080271 A o= B =
90°, and y = 120°.

Atom Site X y z
Ti la 0 0 0
Se 2d 1/3 2/3 0.25438

TABLE III. Calculated atomic coordinates of TiSe, in the
L7 (a,a,a) P3cl phase obtained using the optb88-vdw functional.
Calculated lattice parameters are a = b = 7.11167, ¢ = 12.17568
A o =B =90°and y = 120°.

Atom Site X y z
Til 2a 0 0 1/4
Ti2 6f 0.50943 0 1/4
Sel 4d 1/3 2/3 0.62316
Se2 12¢ 0.66700 0.83055 0.87735

three-dimensional lattice. This glide plane relates the z = 0
and % Ti layers, which is demonstrated in Fig. 3(b).

The C2/c phase that is lower in energy than the P3cl
phase has the order parameter L, (a, a, b). Since a component
of the order parameter is different along one direction, two
additional Ti-Ti distances become nonequivalent, for a total
of five different bond lengths in the hexagonal layer. This
additionally breaks the threefold rotational axis perpendicular
to the hexagonal plane. However, changes in the Ti-Ti dis-
tances due to this monoclinic distortion is less than 2.0 x 10~*
A relative to the P3cl phase, and the monoclinic angle
deviates from 90° by only 0.0016°. The z = 0 and % layers
in this phase are again related by the ¢ glide plane, as can be
seen in Fig. 3(c).

The lowest-energy C2 phase involves condensation of
both M, and L; instabilities and has the order parameter
M (a,0,0) + L (0, b, b). Two more Ti-Ti distances become
nonequivalent, and this phase lacks the mirror as well as
inversion symmetries present in the C2/c phase. However, this
phase possesses a twofold rotation axis that passes through
the pink and green bonds along the b direction in Fig. 3(d).
Additionally, the z =0 and % layers are related by a shift
along the b axis. The changes in the Ti-Ti distances in this
structure are up to 1.1 x 1073 A relative to the P3c¢1 phase,
which is larger than that calculated for the C2/c structure.
Unlike the P3¢l and C2/m structures, the C2 structure has
12 atoms in its primitive unit cell.

The calculated differences in the Ti-Ti bond distances be-
tween the three distorted phases P3cl,C2 /c, and C2 are tiny,
which may be one of the reasons that the monoclinic phase is
not fully resolved in diffraction experiments. Figure 4 shows
the calculated phonon frequencies of the P3ml, P3cl, C2 /c,

TABLE 1V. Calculated atomic coordinates of TiSe, in the
Ly (a, a, b) C2/m phase obtained using the optb88-vdw functional.
Calculated lattice parameters are a = 12.31768, b = 7.11156, ¢ =
12.176 13 A, o = 90°, B = 90.001 56°, and y = 90°.

Atom Site X y z
Til 4e 0 0.00943 1/4
Ti2 4e 0 0.50001 1/4
Ti3 8f 0.25471 0.24528 0.25000
Sel 8f —0.08177 0.24877 0.37735
Se2 8f 0.66650 0.00296 0.37735
Se3 8f 0.16667 0.00000 0.37684
Se4 8f 0.41528 0.24827 0.37735
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TABLE V. Calculated atomic coordinates of TiSe, in the
M; (a,0,0)+ L (0, b, b) C2 phase obtained using the optb88-vdw
functional. Calculated lattice parameters are a = 12.17894, b =
7.11183, ¢ = 8.66017 A, « = 90°, 8 = 134.67258°, and y = 90°.

Atom Site by y z

Til 2b 0 0.49045 1/2
Ti2 2b 0 0.00005 1/2
Ti3 4c 0.74521 0.25469 —0.00960
Sel 4c 0.79384 0.49698 0.83295
Se2 4c 0.54259 0.25178 0.33048
Se3 4c 0.79347 0.00000 0.83333
Se4 4c 0.04560 0.25121 0.33650

and C2 phases of TiSe, at the Brillouin zone center obtained
using the optB88-vdW functional for the fully relaxed prim-
itive unit cell of the respective phases. The phonon spectra
at the zone center are both quantitatively and qualitatively
different depending upon the number of atoms present in
the primitive unit cell. In particular, the lowest-lying opti-
cal phonon mode of the currently accepted low-temperature
P3cl phase has a frequency of 33 cm™!, whereas that of
the proposed lowest-energy C2 phase has a frequency of 56
cm~!. Therefore, the measurement of the lowest-lying optical
phonon mode below the structural transition temperature may
help in verifying whether the proposed C2 phase is the ground
state structure of this material.

IV. SUMMARY AND CONCLUSIONS

In summary, I have presented the phonon dispersions of
the 2 x 2 x 2 P3c1 phase of TiSe,, which is the currently ac-
cepted low-temperature structure of this material. They show
weak instabilities in the acoustic branches, suggesting that this
phase might not be the ground state. To find the lowest energy
structure, I studied the energetics of all possible structures
corresponding to the isotropy subgroups due to the M, and
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FIG. 4. Calculated phonon frequencies of the P3m1, P3c1,C2/c,
and C2 phases of TiSe, at the Brillouin zone center obtained using

the optB88-vdW functional. The phonons are calculated for the prim-
itive unit cells of the respective phases.

L} phonon instabilities present in the parent P3m1 phase.
The structure with the lowest energy has the space group C2
and order parameter M; (a, 0, 0) 4+ L{ (0, b, b). The primitive
unit cell of this phase has 12 atoms, and it lacks inversion
symmetry. The calculated frequencies of the lowest-lying op-
tical phonon modes at the Brillouin zone center are 33 and
56 cm~!, respectively, for the P3¢l and C2 phases. Hence,
the measurement of the zone center phonon spectra may be
useful in discriminating between the two distorted phases.
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