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TaSes; has garnered significant research interests due to its unique quasi-one-dimensional crystal structure, which gives
rise to distinctive properties. Using crystal structure search and first-principles calculations, we systematically investigated
the pressure-induced structural and electronic phase transitions of quasi-one-dimensional TaSe3 up to 100 GPa. In addition
to the ambient pressure phase (P2 /m-I), we identified three high-pressure phases: P2 /m-II, Pnma, and Pmma. For the
P21 /m-I phase, the inclusion of spin—orbit coupling (SOC) results in significant SOC splitting and changes in the band
inversion characteristics. Furthermore, band structure calculations for the three high-pressure phases indicate metallic
natures, and the electron localization function suggests ionic bonding between Ta and Se atoms. Our electron—phonon
coupling calculations reveal a superconducting critical temperature of approximately 6.4 K for the Pmma phase at 100 GPa.
This study provides valuable insights into the high-pressure electronic behavior of quasi-one-dimensional TaSes.

Keywords: high pressure, transition metal trichalcogenides, phase transition, superconductivity

PACS: 61.50.Ks, 61.50.Ah, 71.20.-b, 74.25.—q

1. Introduction

The transition metal trichalcogenides (TMTCs) consti-
tute a distinctive class of van der Waals (vdW) materi-
als characterized by quasi-one-dimensional (quasi-1D) crystal
structures. These materials are denoted by the general for-
mula MX3, where M represents a transition metal atom be-
longing to either group IVB (Ti, Zr, Hf) or VB (Nb, Ta),
and X is a chalcogen atom from group VIA (S, Se, Te).
Due to their unique quasi-1D structural characteristics, these
compounds exhibit several novel electronic properties, such
as variable band gaps, charge density waves (CDWs), and
superconductivity.!'="1 For instance, ZrTes is a well-known
charge density wave material with a transition temperature of
approximately 63 K.[®10-12]' Additionally, TaSe3 exhibits su-
perconducting transitions at temperatures around 2 K.[13-15]
Moreover, TMTCs exhibit highly anisotropic optical, thermo-

[10.16-211 thys eliciting con-

electric, and magnetic properties,
siderable interest among researchers in recent years. For ex-
ample, with the incremental concentration of doped oxygen
atoms, the thermal conductivity of quasi-1D van der Waals
TiS3 nanoribbons increases by 7.4 times. ??)

TaSes crystallizes in a monoclinic structure under ambi-
ent pressure, with the space group P2;/m. The fundamen-
tal structural unit comprises trigonal-prismatic chains aligned

parallel to the b-axis, wherein each chain is composed of
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linearly stacked irregular prismatic cages formed by six Se
atoms and a central Ta atom. Due to its unique crystal struc-
ture and diverse physical properties, including a distinctive
one-dimensional chain structure, superconductivity, nontriv-
ial topological properties, and excitonic states, TaSes has gar-
nered significant attention.?’->27] Under ambient pressure,
TaSe; exhibits metallic conductivity until it reaches low tem-
peratures, transitioning to a superconducting state at around
2 K.I"* Theoretical calculations suggest that quasi-1D TaSe;3
can realize multiple topological nontrivial phases under strains
and is a candidate for topological superconductors. >8] More-
over, Lin et al. experimentally observed that TaSes under-
goes reversible strain-induced topological phase transitions
from a strong topological insulator state to topologically triv-
ial semimetal and band insulating phases, which will promote
further fundamental and technical research.?! These investi-
gations aim to leverage topological phase transitions and its
interplay with superconductivity, potentially leading to the re-
alization of topological superconducting states.

Pressure serves as a relatively clean tuning method with-
out introduction of additional impurity elements, offering
unique advantages in exploring the correlation between struc-
tures and properties of series of TMTC materials. For exam-
ple, the electronic characteristics of the highly insulating HfS3
undergo a transition under pressure, resulting in the emergence
of superconducting phases and consequent effects on the su-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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perconducting transition temperature.*° Additionally, theo-
retical calculations suggest that the semiconductor TiS3 enters

31 How-

a superconducting state at approximately 80 GPa.
ever, aside from a recent study where replacing the O atom
in TaO3 with Se atom at 300 GPa resulted in TaSe; with a T
of 0.26 K, the investigation of the physical properties of TaSe;
under high pressure has been scarcely explored. 3!

In this work, we report the discovery of high-pressure
phases in TaSes using crystal structure prediction techniques
and first-principles calculations up to 100 GPa. Our re-
sults reveal that TaSes undergoes three structural phase tran-
sitions:  P2y/m-1 — P2y/m-Il — Pnma — Pmma. Among
them, the difference between the high-pressure phase (labeled
as P2 /m-II) and ambient pressure phase (labeled as P2;/m-
I) is the arrangement of chains. Band-structure calculation
of P2;/m-I phase reveals a topological phase transition un-
der pressure. We find that all three high pressure phases are
metals, and the Pmma phase has a relatively strong electron—
phonon coupling with an estimated 7; of approximately 6.4 K

at 100 GPa.

2. Computational methods

We employed a machine-learning accelerated crystal
structure prediction method MAGUS for the high-pressure

[33.34] The simulation unit

crystal structure searches of TaSes.
contained a maximum of 48 atoms. For structure optimiza-
tion and electronic structure calculations, first-principles cal-
culations were performed using the Vienna Ab initio Simu-
lation Package (VASP) with the projector augmented-wave
(PAW) 3331 method. The chosen exchange—correlation func-
tional was the generalized gradient approximation (GGA) with
the Perdew—Burke-Ernzerhof (PBE) formalism.”! Pseu-
dopotentials for valence electrons were set to 4s24p* for Se
and 5d36s? for Ta.
The Brillouin zone (BZ) sampling was meshed using the
Monkhorst-Pack method with a spacing of 27 x 0.025 A~!
(with the equivalent grid sizes of 4 x 11 x 4 for P2;/m-],
4 x 12 x 3 for P2y /m-11, 6 x 14 x 5 for Pnma, and 7 x 14 x 7 for

Pmma). Additional calculations incorporating van der Waals
38]

The energy cutoff was set to 400 eV.

interactions were performed using the DFT-D2 method.!
Atomic optimization was conducted with a force tolerance of
0.01 eV/A. Phonon dispersions for the P2{/m-II, Pnma, and
Pmma structures were computed using the finite displacement
method with the PHONOPY 3% program with a 2 x 2 x 2 su-
percell. Electron—phonon coupling (EPC) calculations were
carried out using density functional perturbation theory, as im-
plemented in the Quantum-ESPRESSO code.*’! The pseu-
dopotentials for Se and Ta were used with a kinetic energy
cut-off of 150 Ry. Electron—phonon coupling was calculated
by employing 2 x 4 x 2 g-mesh for Pmma phase.

3. Results and discussion
3.1. Crystal structure search

Most TMTCs exhibit a monoclinic structure with P2;/m
symmetry. However, there are some differences in their
primitive unit cells, mainly in the stacking of their building
blocks.
crystal structure prediction methods, we explored TaSes up to

Using machine-learning accelerated first-principles

100 GPa and found three stable candidates for high-pressure
phases. The first high pressure structure is identified as a new
phase (SG: P2, /m, Z = 6, labeled as P2 /m-1I), which has the
same space group as TaSes; at ambient pressure (SG: P2;/m,
Z = 4, labeled as P2;/m-I). The second structure is an or-
thorhombic phase (SG: Pnma, Z = 4), and the third is also
an orthorhombic phase (SG: Pmma, Z = 2). As illustrated in
Fig. 1(a), the calculated enthalpy and volume curves for the
predicted stable phases are presented as functions of pressure,
where the relative enthalpy differences AH are referenced to
the P2 /m-II phase. The enthalpy calculations suggest that the
first phase transition occurs around 18.0 GPa, followed by a
transition to the Pnma structure at approximately 42.9 GPa and
finally a transition to the Pmma structure at around 86.1 GPa.
As depicted in Fig. 1(a), the volume collapse in the transition
from P2;/m-I to P2;/m-1I is minimal, approximately 0.2%.
The transition from P2 /m-II to Pnma involves a volume col-
lapse of approximately 2.5%, and the transition from Pnma to
Pmma entails a volume collapse of about 3.9%, indicating a
first-order phase transition.

The crystal structures of the P2;/m-1, P2, /m-1l, Pnma,
and Pmma are shown in Figs. 1(b)-1(e). The P2;/m-1I com-
prises three types of chains, generating the TaSes layers ori-
ented along the a + c¢ direction. In the subsequent high-
pressure phase, characterized by the Pnma structure, two types
of chains are present within the cell, each pair of which ex-
hibits inversion symmetry. The third high-pressure phase, de-
noted as Pmma, exhibits a layered structure parallel to the
a-b plane, with the TaSes layer sandwiched between the Se
layers. As shown in Fig. 2, phonon calculations confirmed
that there are no imaginary frequencies in the entire Brillouin
zone, demonstrating the dynamic stabilities of these high-
pressure phases. Acknowledging the quasi-1D structural na-
ture of TaSes; under ambient pressure, we considered the van
der Waals interactions, and a set of calculations with different
exchange—correlation functionals were performed. The DFT-
D2 method exhibited the most favorable agreement with ex-
perimental data at ambient pressure.[*!l Table 1 summarizes
the optimized lattice constants at 0 GPa. Compared with the
experimental values, the DFT-D2 method yielded errors of
—1.03% for lattice constant a, 0.33% for b, 0.34% for ¢, and
0.16% for B, which are much lower than those of other func-
tionals. The detailed structure parameters and Wyckoff posi-
tions of the three high-pressure structures are listed in Table 2.
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Table 1. Calculated lattice parameters of TaSes at 0 GPa with different exchange—correlation functionals. The values in brackets are errors
compared with the experimental values. Normal GGA-PBE functional gives quite large error while the DFT-D2 method gives better results.

ad) b (A) c(d) B

Expt. 10.405 3.499 9.826 106.250
DFT-D2 10.440 (0.34%) 3.511 (0.33%) 9.725 (—1.03%) 106.416 (0.16%)
DFT-D3 10.522 (1.12%) 3.485 (—0.40%) 9.882 (0.57%) 106.713 (0.44%)

DFT-D3-BJ 10.362 (—0.41%) 3.461 (—1.08%) 9.766 (—0.61%) 105.830 (—0.40%)

PBE 10.806 (3.85%) 3.530 (0.88%) 10.044 (2.22%) 107.185 (0.88%)
optB86b-vdW 10.566 (1.55%) 3.486 (—0.37%) 9.869 (0.43%) 106.444 (0.18%)
optB88-vdW 10.665 (2.50%) 3.516 (0.50%) 9.942 (1.18%) 106.531 (0.26%)
Tkatchenko—Scheffler 10.603 (1.91%) 3.486 (—0.38%) 9.937 (1.13%) 107.801 (1.46%)
DFT-ulg 10.715 (2.98%) 3.494 (—0.15%) 10.034 (2.12%) 107.853 (1.51%)

DDsC dispersion correction

10.586 (1.74%)

3.479 (—0.58%)

9.939 (1.15%)

107.180 (0.88%)

Table 2. Calculated lattice parameters, atomic coordinates and equivalent isotropic displacement parameters of the P2 /m-II, Pnma and Pmma

phases of TaSes under high pressures.

Phase (pressure) Lattice parameters A) Wyckoff positions
X y z
Tal 2e 0.08908 0.75000 0.79557
Ta2 2e 0.18175 0.75000 0.46341
Ta3 2e 0.46137 0.75000 0.12010
Sel 2e 0.04177 0.75000 0.60127
a = 8.78300, Se2 2e 0.14142 0.75000 0.27035
P2, /m-11 (40 GPa) b=3.17658, Se3 2e 0.05382 0.25000 0.92744
¢ =13.96185, Se4 2e 0.23137 0.25000 0.09320
B = 106.1030° Se5 2e 0.27414 0.25000 0.74946
Se6 2e 0.34806 0.25000 0.59045
Se7 2e 0.37592 0.25000 0.42522
Se8 2e 0.35617 0.75000 0.93432
Se9 2e 0.43988 0.25000 0.25447
Tal 4c 0.03529 0.25000 0.31182
Ta2 4c 0.46470 0.25000 0.81182
a = 8.04898, Sel 4c 0.06012 0.75000 0.10381
Prma (50 GPa) b=3.06814, Se2 4c 0.15207 0.25000 0.55928
¢ =9.50369 Se3 4c 0.22226 0.75000 0.83305
Se4 4c 0.27774 0.75000 0.33305
Se5 4c 0.43988 0.75000 0.60381
Se6 4c 0.34793 0.25000 0.05928
0= 58023, Ta 2f 0.25000 0.50000 0.98569
Pmma (100 GPa) b= 2.89891. Sel 4i 0.25000 0.50000 0.52613
¢ — 584362 Se2 4i 0.01418 0.00000 0.24099
Se3 4i 0.48582 0.00000 0.24099
(a) T T —
~ 200 \"\o\‘ | |
3 NN [ L
; OF 18.0'GPa 42.9 GPa [
e S e
5 74;)((:_— ;: : ; : 86.1 G:Pa: :llii;/lzkll
—~ Pmma
&
P
~3
S
0 20 40 60 80 100

Pressure (GPa)

Fig. 1. Calculated enthalpy—pressure relations and volume—pressure relations of the four phases of TaSes. (a) The enthalpy differences relative to
the P2; /m-1I and formula-unit volumes as functions of pressure. The crystal structures of the (b) monoclinic P2;/m-I at 0 GPa; (c) monoclinic
P2, /m-11 at 40 GPa; (d) orthorhombic Pnma at 70 GPa; and (e) orthorhombic Pmma phase at 100 GPa.
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Fig. 2. The phonon spectra of (a) P2 /m-1I at 40 GPa, (b) Pnma at 70 GPa, and (c) Pmma at 100 GPa.

3.2. Electronic structures

We calculated the bond lengths and angle parameters of
the P2; /m-I phase under varying pressure conditions. As pre-
sented in Fig. 3(a), the parameters d;—dy represent interchain
bond lengths, while ds—djo represent intrachain bond lengths.
Figures 3(b) and 3(c) illustrate that with increasing pressure,
both intrachain and interchain bond lengths decrease. This
phenomenon aligns with the established tendency of materi-
als to undergo densification and tighter packing under com-
pression. Notably, the interchain bond length d4 demonstrates
a relatively sluggish rate of decrease with increasing pressure
compared to other interchain bond lengths. Conversely, the
bond length dg within the chain exhibits a more pronounced

decrease with increasing pressure compared to other intra-

(c) 2.70
—o—d;
dg
A d,
< 265 D
= &—d,
go v le
8
T 260}
(e}
@
255 5 10 15

Pressure (GPa)

chain bond lengths. Additionally, the changes in angle pa-
rameters with increasing pressure are depicted in Fig. 3(d).
Moreover, it is intriguing to observe how the electronic
structure of the P2 /m-I changes under pressure. As shown in
Fig. 4, we calculated the electronic band structures and pro-
jected density of states (PDOS) for the P2 /m-I structure. In
the absence of spin—orbit coupling (SOC) at 0 GPa, the re-
sults of the electronic structure calculations are consistent with

5.142] There are two significant band inversions

previous studie:
along the high-symmetry paths AB and DE. Correspondingly,
the band inversions near points B and D retain their intrinsic
attributes and topological properties as the pressure increases.
Notably, along the DE line, as the pressure increases to 5 GPa,
the band inversion caused by Ta-d_> and Se-p orbitals changes

to Ta-d_> and Se-p, orbitals.

b) 2.85
(b) —e 4,
—A—d,
2.80 0
— d
< 2.75¢ 4
=
&0 2.70F
<
T 2.65F
Q
M
2.60
2:55, 5 10 15
Pressure (GPa)
(d) 140
v v
130} =0,
00,
120} —A—0,
C _v_04
o Hop N " 0
z I |
[ P
E
Q
2 70
60§ E— R —
505 5 10 15

Pressure (GPa)

Fig. 3. (a) The illustrations of P2;/m-I at 0 GPa, (b) the interchain bond lengths dj—dy4, (c) the intrachain bond lengths ds—d;9, (d) angle

parameters as functions of pressure.
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Fig. 4. Calculated electronic band structures and PDOS of the P2 /m-I without SOC at (a) 0 GPa, (b) 5 GPa, (c) 10 GPa, and (d) 15 GPa.
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Fig. 5. Calculated electronic band structures and PDOS of the P2 /m-I with SOC at (a) 0 GPa, (b) 5 GPa, (c) 10 GPa, and (d) 15 GPa.

The influence of SOC is usually significant for elements  line, the energy band inversion induced by the Ta-d_> and Se-
with high atomic numbers. As shown in Fig. 5, the inclusion ~ p, orbitals disappears with increasing pressure, resulting in a

of SOC causes a clear and prominent splitting along the AB  transition from topologically nontrivial state to a trivial one.

and DE directions in the BZ. Under ambient pressure, the con- Considering SOC, the electronic band structures and cor-
duction and valence bands get inverted along the AB and DE responding PDOS for the P2 /m-II, Pnma, and Pmma struc-
directions near the Fermi energy. Moreover, as pressure in-  tures are shown in the Figs. 6(a)-6(c). Their metallic prop-
creases, our orbital character analysis along the DE line indi-  erties are readily discernible, primarily originating from Ta-d
cates that the change in topological properties remains consis-  and Se-p states near the Fermi level. Additionally, we em-

tent with the scenario without SOC. Conversely, along the AB  ployed the electron localization function (ELF) method to in-
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vestigate the chemical bonding patterns, offering a visual rep-
resentation of the bond characteristics between Ta and Se
atoms. In the ELF, values of 0.5 and 1 represent free elec-
tron gas and localized electron lone pairs, respectively.[*3] As
illustrated in Figs. 6(d)-6(f), there is almost no electron lo-
calization between Ta and Se atoms in the P2;/m-II, Pnma,
and Pmma structures, indicating an ionic bonding character
between Ta and Se atoms.

(a) 1.0
g
— 05} N k\r
L
N N
g
% 05\‘ A B A W N
g
&-0.51, d
) /1

" rx SY I'zZU RT Z PDO

Fig. 6. Calculated electronic band structures and PDOS of the (a) P2, /m-
II at 40 GPa, (b) Pnma at 50 GPa and (c) Pmma at 100 GPa with SOC.
ELF plots for the (d) P2; /m-II at 40 GPa at the (010) plane, (e) Pnma at
50 GPa at the (010) plane and (f) Pmma at 100 GPa at the (210) plane.

3.3. Superconductivity

Since TaSes exhibits superconductivity under ambient
pressure, we investigated the potential superconductivity of
the high-pressure phase Pmma. We utilized density functional
perturbation theory to calculate the electron—phonon (e-ph)
coupling, phonon spectrum, partial phonon density of states
(PHDOS), Eliashberg spectral function a*F (®), and e-ph in-
tegral A (@) at 100 GPa, as shown in the Fig. 7(a). From Fig. 7,
the low-frequency phonon modes below 200 cm™! are related
to the hybridization of the vibrations of Ta and Se atoms, con-
tributing 63% to the e-ph coupling parameter A. The high-
frequency modes originate from the vibrations of Se atoms.

It is worth noting that the transverse acoustic modes at
the X point and the optical mode Ay (~ 100 cm ') at the I”
point soften under pressure. In these modes (see Fig. 7(b)),
the vibrations of Ta atoms occur along the direction approxi-
mating the ¢ axis with similar strength. The compressing and
stretching vibrations of Se atoms at the X point are in the bc
plane, while the vibrations of Se atoms at the I" point are in
the ac plane. The large phonon linewidths of these modes im-
ply strong coupling to the electrons, playing a crucial role in

contributing to the e-ph coupling parameters.

(a) 400

w
o
(=

Frequency (cm™!)
[
o
S

[
o
=1

OF /
(b) '

Fig. 7. (a) Phonon dispersion curves, Eliashberg spectral functions
a’F (o) together with the electron-phonon integral A(®) and phonon
density of states (PHDOS) for Pmma of TaSe3 at 100 GPa. (b) The vibra-
tional modes of the softening modes at the X and I" points.

Since the critical temperature (7¢) is a crucial quantity in
superconductivity, we estimated 7, based on the Allen—Dynes
modified McMillan equation
1.04(1+A)

= 8 exp | - 0

L= &P | " (140.620] )

the Coulomb pseudopotential (t* was set to a typical value of
0.1. The calculated critical T; for the Pmma phase at 100 GPa
is approximately 6.4 K, and the e-ph coupling constant A is
around 0.63.

4. Conclusion

In summary, we systematically explored the high-
pressure phases of TaSez up to 100 GPa using crystal structure
prediction method MAGUS, which combines machine learn-
ing and graph theory to accelerate crystal structure searches.
Employing first-principles calculations, our analysis reveals a
series of structural phase transitions for TaSes. Starting from
the P2, /m-I phase under ambient pressure, it transforms into
P2, /m-II at around 18.0 GPa, then transitions to Pnma at ap-
proximately 42.3 GPa, and finally shifts to Pmma at around
86.1 GPa. For P2;/m-I phase, in the absence of SOC effects,
the band inversions near the B and D points persist as pres-
sure increases. When considering SOC effects, the Brillouin
zone exhibits significant SOC splitting, and at the B point, the
band inversion disappears with increasing pressure, indicat-
ing a topological phase transition in P2} /m-1. Band structure
calculations indicate metallic natures for all three high pres-
sure structures. ELF analysis reveals minimal electron local-
ization between Ta and Se atoms, indicating the ionic bonding
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properties. Furthermore, we performed superconducting cal-
culations for the Pmma phase of TaSes, estimating a critical
temperature of approximately 6.4 K at 100 GPa. These re-
search findings represent a crucial step in understanding the
structural and electronic behavior of TaSe; under high pres-
sure, encouraging future experimental investigations into the
superconductivity of TaSes.
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