PHYSICAL REVIEW B 108, 035112 (2023)

Centrosymmetric-noncentrosymmetric structural phase transition in the
quasi-one-dimensional compound (TaSey);I

Arnab Bera®,!>" Samir Rom,>" Suman Kalyan Pradhan R Satyabrata Bera,!
Sk Kalimuddin,' Tanusri Saha-Dasgupta,”’ and Mintu Mondal ®!+#
1School of Physical Sciences, Indian Association for the Cultivation of Science, Jadavpur, Kolkata 700032, India
2Department of Condensed Matter and Materials Physics, SN Bose National Centre for Basic Sciences,
JD Block Sector 111, Salt Lake, Kolkata-700106, India

M (Received 8 April 2023; revised 16 June 2023; accepted 26 June 2023; published 6 July 2023; corrected 2 August 2023)

(TaSe4 )31, a compound belonging to the family of quasi-one-dimensional transition metal tetrachalcogenides,
has drawn significant attention due to a recent report on the possible coexistence of two antagonistic phenomena,
superconductivity and magnetism below 2.5 K (Bera et al., arXiv:2111.14525). Here, we report a structural phase
transition of the trimerized phase at temperature 7 ~ 145 K using Raman scattering, specific heat, and electrical
transport measurements. The temperature-dependent single-crystal x-ray diffraction experiments establish the
phase transition from a high-temperature centrosymmetric to a low-temperature noncentrosymmetric structure,

belonging to the same tetragonal crystal family. The first-principles calculations find the aforementioned inver-
sion symmetry-breaking structural transition to be driven by the hybridization energy gain due to the off-centric
movement of the Ta atoms, which wins over the elastic energy loss.
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I. INTRODUCTION

Symmetry plays a crucial role in dictating the properties
of materials [1-4]. In particular, underlying crystal symme-
try in reduced dimensions can have an important influence
on their physical properties. Phase transitions accompanied
by symmetry breaking in low-dimensional materials can
endow fascinating phenomena [5-16]; for instance, ferro-
electricity, associated with the loss of inversion symmetry
[17,18], leads to spontaneous charge polarization. Similarly,
in low-dimensional materials with broken inversion symme-
try, spin-orbit coupling can result in novel spin textures and
topological phases [19-22].

The family of transition metal tetrachalcogenides with
generic formula (MX4),Y (M =Nb, Ta; X =S, Se; ¥ =
halogens like Br, land n = 2, 3, 10/3) serve as a model quasi-
1D system for studying a wide variety of phases and phase
transitions [23-38]. These quasi-one-dimensional (quasi-1D)
materials are composed of “M” atoms, surrounded by an-
tiprisms of “X” atoms and arranged in 1D chain geometry,
with “Y” ions between the chains giving cohesion. They are
prone to Peierls instability and the filling of the metal dz2 band,
given by (n — 1)/2n, governs the nature of charge density
wave (CDW) fluctuations driven by the correlation effect [25].
One member of the above family, (TaSey4),], is a chiral quasi-
1D compound without an inversion center and has recently
been claimed to be a topological Weyl semimetal, whose Weyl
nodes are coupled with CDW modes, giving rise to an axion
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insulator [39-44]. This proposal opens up a novel avenue
for investigating the interplay of strongly correlated CDW
condensate and topology of electronic state, which may lead
to the emergence of unusual quantum phenomena [16,39].

Another member of this family, (TaSe4)s1, has drawn at-
tention in recent times due to a provocative report by some of
us on the possible coexistence of ferromagnetism and super-
conductivity below 2.5 K [45]. The first experimental report
by Roucau et al. in the 1980s [26] on (TaSe4 )31, showed that
this compound is stabilized in crystal structure with space
group P4/mnc at room temperature, and exhibits weakly
metallic behavior [26]. Despite being synthesized decades
ago, the study on (TaSe,s)s;I is found to be rather limited.
Previous studies assumed that (TaSe4);1 behaves similarly to
(NbSe4)3I due to their identical crystal structures [24-26].
However, the recent findings [45] demand separate attention
to this compound, to understand the proposed exotic behavior.
Theoretical calculations on (TaSes);I [34] using the crys-
tal structure derived from (NbSe4)sI by replacing Nb with
Ta, suggest the presence of a Van Hove singularity in the
low-energy electronic structure of the material, which may
contribute to its unique electronic properties. However, the
origin of ferromagnetism coexisting with superconductivity
remains elusive. The previous work [45] focused more on the
properties of the low-temperature phase of (TaSe, )31, while
the details of the low-temperature phase as well as the possible
structural phase transition were not comprehensively studied.
On the other hand, to understand the exotic behavior found
in our previous work [45], it is important to first understand
the associated structural phase transition and details of the
low-temperature crystal structure.

The present study aims to investigate the inversion
symmetry-breaking structural phase transition observed in a
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quasi-1D compound, (TaSe4);I, through a combination of
experimental and theoretical approaches. The electronic trans-
port, specific heat, and Raman-scattering experiments reveal a
clear phase transition at around 75 ~ 145 K. The temperature-
dependent single-crystal x-ray diffraction (SXRD) studies
suggest that the phase transition is caused by a temperature-
induced distortion of Ta chains that breaks the inversion
symmetry at low temperatures, leading to a structural phase
transition from a high-temperature (HT) centrosymmetric
(P4/mnc) structure to a low-temperature (LT) noncen-
trosymmetric structure (P42,c). We employ first-principles
calculations together with ab intio derived tight-binding for-
mulation to elucidate the microscopic origin of this inversion
symmetry-breaking transition. The transition is found to arise
from the gain in hybridization energy by the off-centric
movement of Ta atoms, in the chainlike crystal structure,
overpowering the elastic energy loss, akin to the mechanism
of lattice-driven ferroelectricity. Our findings provide valu-
able insight into the unique symmetry-breaking structural
transition in a quasi-1D system and will motivate further in-
vestigation of the impact of this symmetry-breaking structural
transition on its physical properties.

II. EXPERIMENTAL AND CALCULATION DETAILS

(TaSey)sI single crystals were grown using the chem-
ical vapor transport method with iodine as the transport
agent, following the procedure described in detail in earlier
work [45]. Temperature-dependent SXRD experiments were
carried out on a Bruker D§ VENTURE microfocus diffrac-
tometer equipped with a PHOTON II detector, using Mo K«
radiation (A = 0.71073°). The raw SXRD data were inte-
grated and corrected for Lorentz and polarization effects using
the Bruker APEX Il program suite. Absorption corrections
were performed using SADABS. The space groups were as-
signed by considering the systematic absences determined by
XPREP and analyzing the metric symmetry. The space groups
were further verified for additional symmetry using PLATON
[46,47]. The crystal structure was solved by direct methods
and refined against all data in the reported 26 ranges by full-
matrix least-squares refinement on F, using the SHELXL [48]
program suite and the OLEX2 [49] interface.

Electronic transport measurements were carried out us-
ing a standard four-probe technique on a few ribbonlike
oriented single crystals using a “Keithley 2450 source me-
ter” in a Cryogenics 16 T measurement system. For the
heat capacity measurement, a pallet was prepared by lightly
pressing a bunch of single crystals in a palletizer. Specific
heat measurements of an as-prepared pallet were done in a
physical properties measurement system by Quantum Design.
To uncover the nature of phase transition, Raman-scattering
experiments were carried out on a single-crystal sample of
(TaSeq4)sI across the phase transition temperature, 7s ~ 145 K
using a 532-nm laser excitation in a Horiba T64000 Raman
spectrometer (with spot size ~1 um).

The first-principles calculations were carried out with three
different choices of basis sets: (a) plane-wave basis as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[50,51], (b) full potential linearized augmented plane wave
(LAPW) as implemented in the WIEN2K code [52,53], and

(c) linear and Nth-order muffin-tin orbital basis [54,55]. The
consistency of the results in three different basis sets has been
confirmed in terms of band structures and density of states
plots. The exchange-correlation functional was chosen as a
Perdew-Burke-Ernzerhof implementation of generalized gra-
dient approximation. An 8 x 8 x 4 Monkhorst-Pack k-point
mesh was found to give good convergence of the computed
ground-state properties. A plane-wave cutoff of 600 eV was
used in plane-wave calculations with projected augmented
wave potentials. For LAPW calculations, the criterion used
was muffin-tin radius multiplied by K,,x for the plane wave
yielding a value of 7.0. The muffin-tin radii for the linear
muffin-tin orbital (LMTO) calculations were chosen to be
3.06, 3.05, 3.32, and 2.50-2.60 A for Ta (1), Ta (2), I, and
Se, respectively in the case of a HT (300 K) structure, and
3.06, 3.06, 3.05, 3.30, and 2.55-2.70 A for Ta (1), Ta (2), Ta
(3), I, and Se, respectively, for the LT (100 K) structure. The
plane-wave, LAPW, and LMTO calculations have been used
to calculate the electronic structure both at HT and LT phases,
to check the robustness of the semimetallic solution at HT and
LT phases.

The construction of a low-energy Hamiltonian in first-
principles derived Wannier function basis, for the purpose
of evaluation of kinetic energy gain in the LT phase, was
achieved through an Nth-order muffin-tin orbital (NMTO)
downfolding technique starting from a full density func-
tional theory (DFT) band structure. The NMTO calculations
have been carried out with the potential obtained from
self-consistent LMTO calculation. The real-space repre-
sentation of the NMTO downfolded Hamiltonian, Hrp =
> j tl-’}”"' (CZ 2Cjm +H.c.), in the Wannier function basis
gives the estimates of various hopping integrals (t) where m
and m’ are the non-downfolded orbitals at sites i and j, and
CZ m (Cj ) are electron creation (annihilation) operators.

III. RESULTS AND DISCUSSION
A. Phase transition at 7g ~ 145 K

Figure 1(a) shows the measured temperature dependence
of resistance [R(T)], and it decreases almost linearly with
decreasing temperature (7). The obtained residual resistance
ratio, R,;‘;—"; = 30, suggests that the sample is semimetallic.
Additionally, the R(T') curve shows a clear slope change at
around 145 K (denoted by T;), which is also evident in the
dR/dT vs T plot (see upper inset) implying a phase transition.
To get further insight into transport properties, we analyzed
the temperature dependence of longitudinal resistance data
using Matthiessen’s rule [56,57].

Rxx(T) = RO + Re-p(T) + Re—e(T)a (1)

where Ry is the residual resistivity arising from temperature-
independent elastic scattering from static defects, R,., rep-
resents the electron-phonon scattering contribution, which is
proportional to 7', while R,_, is the electron-electron scattering
contribution proportional to 72. The temperature dependence
of R(T) shows linear behavior in the temperature range
70-200 K, below and above the transition Ty ~ 145 K,
suggestive of the dominance of the strong electron-phonon
scattering mechanism in this temperature range. Below 15 K,
R is found to vary quadratically with T [see lower inset
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FIG. 1. Signature of phase transition in (TaSe4);1: (a) Temperature-dependent resistance measurement of wirelike samples of (TaSey);1
downto T ~ 2 K. The upper inset (dR/dT versus T plot) shows the phase transition at around 145 K. Bottom inset: R vs T2 plot in the 2.5-30 K
range. The red solid line is a linear fit to the experimental data. (b) The specific heat data shows a sharp jump (zoom in, upper inset) which
is a clear sign of a phase transition (the region presented in light yellow), at around 75 ~ 145 K. Lower inset: C,/T vs T?, exhibiting linear
behavior at the low-temperature region. (c) Raman spectra of the powder as well as the single-crystalline sample at temperature 7 = 300 K
(for both powder and single-crystal samples), T = 100 K (for the powder sample), and 7 = 110 K (for the single-crystalline sample). Arrows
indicate the Raman-active modes P, Ps, and Py, that appear in the low-temperature sample below the transition.

in Fig. 1(a)], indicating a strong electron-electron scattering
mechanism that dominates the transport properties in low-7
regime [58]. No thermal hysteresis and significant change in
Ty was observed during repeated cooling and heating cycles
under a high magnetic field (H), implying the absence of any
magnetic contribution.

To get further insight into this transition, we carried out
temperature-dependent specific heat, C,,(T') measurements of
a pallet prepared using multiple (ribbonlike) single crystals in
the temperature range 2.8-250 K. The aforementioned phase
transition is manifested as a sharp change or steplike anomaly
in C, at T ~ 140 K [see Fig. 1(b)] [59]. It is to be noted,
there is a slight difference in transition temperatures obtained
from transport and specific heat measurements arising due to
the use of samples with different geometry. To estimate the
electronic contribution of specific heat (Sommerfeld coeffi-
cient) the C,(T') was analyzed using the equation yT + BT
in the temperature range 2.5-6 K. inset of Fig. 1(b) shows
the C, versus T? plot for better clarity. yT represents the
electronic contribution and 872 is the lattice contribution to
the specific heat. The obtained Sommerfeld coefficients are
y = 11.80 mJ/K? mol and B = 6.25 mJ/K* mol. The large
value of y suggests the presence of a significant electronic
correlation in the sample [60].

The probable structural phase is further studied through
Raman spectroscopy. In order to cross-check the robustness
of our findings we carried out measurements both in the
single-crystal and in the powder sample. Figure 1(c) depicts
the typical unpolarized Raman spectra of the powder sample
of (TaSe4);1 with prominent vibration modes in a spectral
range of 100 cm™! < w <350 cm™! at temperature T >~
300 K (RT) and 100 K (LT), respectively. For comparison, the

Raman spectra for the single-crystal sample are also pre-
sented. We find very similar spectra for both the samples,
apart from the fact that powder data allows us to resolve
another Raman mode marked as P, which is present in both
low-temperature and high-temperature spectra.

It is interesting to note that both powder and single-crystal
data show the presence of three additional peaks, marked as
the Raman-active modes P, Pg, and Pjg. As the polarization
factor can be ignored in the case of a powder sample, this
clearly suggests the origin of additional peaks is different
from polarization resolved peaks (see Fig. 7 in Appendix A2).
Additionally, due to the low-temperature conditions, the Ra-
man modes experience blueshifts, indicating an increase in
mode frequency with decreasing temperature. Therefore, the
appearance of three new peaks at an intermediate frequency
at low temperatures cannot be attributed to the temperature
effect alone, making the claim stronger that the structural
phase transition may be responsible for the appearance of
three additional peaks within the domain of scanned wave
numbers [33,36,61-63]. The suggested phase transition as in-
dicated in resistivity and specific heat data corroborated with
Raman data, as well as its detailed nature, further confirm
using temperature-dependent single-crystal x-ray diffraction
(XRD), as presented below.

B. Confirmation of “structural phase transition”: Broken
inversion symmetry

The temperature-dependent single-crystal XRD studies
were carried out to understand the structural changes across
the phase transition.
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TABLE I. SXRD refinement results for (TaSe4);I at T = 100 and 300 K.

Crystallographic information

Temperature (T) 100 K 300 K
Crystal system Tetragonal Tetragonal
Space group P42c P4/mnc
a(A) 9.4358(5) 9.4696(5)
b(A) 9.4358(5) 9.4696(5)
c(A) 19.046(11) 19.049(11)
a =B =y (deg) 90 90
Cell volume (A?) 1695.78 1708.19
R factor (%) 2.27 2.75
Atomic coordinates
Atom Site X y Z Biso Site X y z B,
Ta(l) 4d 0.50 1 0.913 0.009 8f 0 0.50 0.58 0.021
Ta(2) 4d 0.50 1 0.573 0.009 4d 0 0.50 0.75 0.023
Ta(3) 4d 0.50 1 0.739 0.009 - - - -
Se(1) 8e 0.547 0.785 0.820 0.011 16i 0.186 0.375 0.66 0.024
Se(2) 8e 0.313 0.876 0.832 0.011 16§ —0.048 0.28 0.672 0.025
Se(3) 8e 0.283 1.049 0.663 0.011 8h 0.021 0.275 0.50 0.026
Se(4) 8e 0.372 0.814 0.653 0.011 8h —0.199 0.391 0.50 0.027
Se(5) 8e 0.610 0.800 0.493 0.012 - - - - -
Se(6) 8e 0.725 1.022 0.492 0.011 - - - - -
1 4c 0.50 0.50 0.626 0.022 4e 0.50 0.50 0.627 0.056

Crystal structure at T =300 K. At room temperature
(TaSey)sI crystallizes in tetragonal crystal structure (space
group P4/mnc, No. 128). The lattice parameters of the
P4 /mnc structure are found to be a = b = 9.4696(5) A, ¢ =
19.049(11)A; 0 = B = y = 90°. The complete details of the
lattice constants, structural parameters, and R factors are listed
in Table I. The RT crystal structure is shown in Fig. 2(a).

Key features of the RT crystal structure can be summarized
as follows: (i) a unit cell of (TaSes)s;I consists of parallel
TaSe, chains, which are well separated from each other by
I atoms as shown in Fig. 2(a). The iodine atoms provide
cohesion to the structure, without active involvement in the
bonding. (ii) There are 12 Ta atoms of two inequivalent
classes, Ta(l) and Ta(2), in a unit cell. Each Ta atom is
sandwiched between two nearly rectangular Se4 units. The
shorter Se-Se side of each Ses has a bond length of about
2.35-2.36 A, a distance typical of a Se%’ dimer [25], while
the longer Se-Se side is about 3.58-3.59 A. Any two adjacent
Se4 units make an angle around 45°-50°. (iii) The Ta-Ta
bonding along the chain exhibits the sequence of ...-Short-
Long-Long. .. (...S-L-L...) bonds. (iv) The distance between
nearest TaSe4 chains, diyer = 6.677 A, and the diameter of
each TaSe4 chain, dju, = 4.271 A. The distance between
two opposite-faced TaSe, chains is 9.4 A. This confirms the
quasi-one-dimensional nature of the crystal structure with
strong covalent bonds along the 1D chain direction, and weak
interactions between the chains [25,64,65].

Crystal structure at T = 100 K. The SXRD experiment
performed at 7 = 100 K reveals that low-temperature crys-
tal structure also belongs to the tetragonal symmetry but
with a different space group, P42;c (No. 114). Interest-
ingly, the space group of the low-temperature crystal structure
is noncentrosymmetric, in contrast to the centrosymmetric

nature of the room-temperature P4/mnc space group. Al-
though, the refined lattice parameters of the LT phase: a =
b =9.4358(5) A, c = 19.0464(11) A; o = B = y = 90°, are
found to be similar to the lattice parameters of the crystal
structure at RT. The complete crystallographic information is
given in Table I. The obtained crystal structure corresponding
to T = 100 K is presented in Fig. 2(b).

The essential features that capture the changes be-
tween the RT and LT crystal structures are summarized
below.

(i) As mentioned above, the Ta-Ta bonding sequence along
a TaSe4 chain at RT structure is found to be a sequence of
...-S(3.059 A)-L (3.251 A)-L (3.251 A)-... bonds. The “L”
bonds are formed between the Ta(1) and Ta(2) atoms and the
“S” bonds are between both Ta(1) and Ta(1), and Ta(2) and
Ta(2) atoms. On the other hand, the low-temperature structure
[see Fig. 2(b)] exhibits a Ta-Ta bonding sequence of ...-L
(3.306 A)-M (3.116 A)-S (3.051 A)-... bonds (M, medium).
Compared to the HT structure, instead of two inequivalent Ta
atoms, Ta(1) and Ta(2), three inequivalent Ta classes, Ta(1),
Ta(2), and Ta(3) are formed in LT. The S, M, and L bonds
are formed between the Ta(1) and Ta(2), Ta(2) and Ta(3), and
Ta(1) and Ta(3) atoms, respectively. The Ta(3) atom is thus
pulled closer to the Ta(2) atom so that the bond length between
the Ta(2) and Ta(3) atoms is changed from L to M and the
Ta(3)-Ta(1) bond length is increased slightly, compared to the
HT structure (see Fig. 6).

(i1) As discussed, the individual chain is built by stacking
of TaSe, antiprisms in a screwlike arrangement. The planes
formed by both sides of the Se atoms are twisted with respect
to each other at a certain “dihedral angle.” Figures 2(c) and
2(d) show the sequence of dihedral angle at the HT structure
and the LT structure. As is seen and as expected, the changes
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FIG. 2. Single-crystal XRDs: Structures and symmetries of (TaSe4);I single crystal. Schematic of the crystal structure of (TaSe,)sl, at
(a) T =300 K (RT) and (b) T = 100 K (LT). The “inversion center (IC)” points are highlighted with star symbols. The ICs only exist in the
RT crystal structure. Similarly, mirror planes (shown in light blue) are visible in the crystal structure at RT, whereas they are absent in the LT
crystal structure. For the simplification, different inequivalent Ta sites [Ta(1) and Ta(2) in HT and Ta(1), Ta(2), and Ta(3) in LT] are shown in
the same color. (c),(d) The distribution of the dihedral angles in HT and LT (see text for details)

in the Ta-Ta bond sequence at the structural transition gets also
reflected in dihedral angles.

(iii)) Symmetry consideration yields the following major
differences between the two structures:

(a) The RT structure hosts five inversion centers (ICs).
Among them, four reside in the central position of each TaSe,
chain, and the remaining one is at the center of the tetragonal
unit cell [see Fig. 2(a)]. All five inversion centers are lost in
the LT structure.

(b) The RT crystal structure also hosts mirror planes,
whereas they are absent in the LT crystal structure [see
Figs. 2(a) and 2(b)].

(c) Both RT and LT structures have one principal rota-
tional axis [n(Cy)] that has fourfold symmetry. A careful look
reveals the presence of a twofold rotational axis (C,), which is
six in RT structure and four in LT structure.

Temperature-dependent crystal structures. The
temperature-dependent SXRD study confirms that there
is an inversion symmetry breaking accompanied by a
structural transition from a HT centrosymmetric phase to a
LT noncentrosymmetric phase. Figures 3(a) and 3(b) show
the temperature variation of bond distance between different
Ta atoms and dihedral angles along the chains revealing
the structural transition at around 145 K. The primary
observations are as follows:

(a) With decreasing temperature, the bond distance be-
tween the Ta(1) and Ta(2) (S) sites remains similar throughout

the entire temperature scan, whereas the distance between
the Ta(3) and Ta(l) (L) and the Ta(2) and Ta(3) (L) sites
follows a similar path down to 160 K. Below Ty, a slight shift
of the Ta(3) atom along the chain changes the bond length
between the Ta(2) and Ta(3) atoms from L to M; as a result,
the Ta(3)-Ta(1) bond length increased slightly to keep the sum
of bond lengths constant [see Fig. 3(a)]. These rearrangements
of Ta atoms lead to the breaking of inversion symmetry in the
crystal structure.

(b) The dihedral angle of the Ta(3) centered antiprism
remains almost unchanged throughout the entire temperature
variation while the dihedral angle of the Ta(1) and Ta(2) cen-
tered antiprisms behave in a similar manner down to 160 K.
Below 160 K, the Ta(l) centered dihedral angle increases
and the Ta(2) centered dihedral angle decreases with further
lowering of the temperature [see Fig. 3(b)].

The temperature-dependent SXRD data (see Fig. 6 for
more details on the structure) thus corroborate a unique
centrosymmetric to noncentrosymmetric structural phase
transition belonging to the same tetragonal symmetry in
(TaSey4)sl, at around Tg ~ 145 K.

Identification of Raman modes and signature of structural
transition. Having the confirmation of structural phase tran-
sition by SXRD, in this section we revisit the presence of
additional Raman modes at LT, as described in Fig. 1(c),
from the context of possible structural phase transition to
a structure without inversion symmetry. Samples with no
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FIG. 3. (a) Temperature variation of bond distance among differ-

ent Ta atoms and (b) dihedral angle. The solid sphere represents the
experimental data, while thick solid lines are a guide to the eye.

inversion center have vibrational modes that are both Raman
and infrared active, whereas those with an inversion center
have zone-center lattice vibrations with even or odd parity
[66,67]. Hence no normal modes can be both infrared and
Raman active. The odd-parity vibration modes are Raman in-
active due to selection rules, resulting in fewer Raman-active
modes [61,66,67]. To determine the number of Raman-active
modes for each phase, we conducted a group theory analysis.

Since the crystal structure changes across the phase transi-
tion at around 145 K, the group theory analysis allows us to
determine the nature of each phonon mode by comparing their
mode symmetry between two crystal phases (space group) as
discussed below.

Centrosymmetric. The theoretical prediction of the vibra-
tion modes for a tetragonal crystal structure with space group
P4/mnc is described here according to lattice dynamics cal-
culations. It is noteworthy to mention that there are 64 atoms
in one unit cell (n) for both structures. The vibrational modes
in the centrosymmetric phase differentiate into 192 (3n) me-
chanical representations, and can be represented as

Upan = (Azu + Ey)
+ (1241, + 1041, + 1342, + 104y,
+12B, + 10By, + 11By, + 9By,
+ 27E, + 24E,). )

Among all these modes, three are acoustic, (I'acustic —

Ay, + E,), and the remaining 189 modes are optical, (I’ g‘:}f =

12A15 + 10Ay, + 13A2, + 1042, + 128, + 108y, + 11By,

+9B,, + 27E, + 24E,). In addition, among these optical
modes, (10A4,, + 27E,) are infrared (IR) active as well as
Raman (R) inactive, While (12A, + 12B;, + 11By, + 24E,)
shows the reverse characteristics (R active, but IR inactive).
Noncentrosymmetric. The vibrational modes correspond-
ing to the noncentrosymmetric phase decompose into 192
mechanical representations, which can be depicted as

I'prg =By + E) + (22A1 + 22A, + 22B +21B, + 51E),
(3

where the first and second groups of the representation corre-
spond to the acoustic and optical modes, respectively. Here
the IR-active and R-active modes are I'ph; = 21B; + 51E
and 22A; 4 22B; 4 21B; + 51E, respectively, among optical
modes.

Notably, one important observation is that the number of
Raman-active modes in the noncentrosymmetric phase (total
167 modes) is found to be greater than the centrosymmetric
phase (total 83 modes), although the total number of vibration
modes in both cases is identical. The three additional modes
that appear in the Raman spectra of the low-temperature non-
centrosymmetric phase, as shown in Fig. 1 due to the larger
number of Raman-active modes predicted by the group theory
analysis [61].

It is to be noted that in contrast to the above group theo-
retical analysis, we observed only a limited number of these
modes. This can be attributed to some modes having weak
photon-phonon coupling, which makes their detection chal-
lenging, or due to the laser excitation wavelength (we used
532-nm laser excitation). Similar to our data, Raman mea-
surement on a similar sample of (NbSe,4);I has also reported
fewer Raman modes compared to the expected number of
modes from group theory analysis [33]. Additionally, our
experimental range is limited from 100 to 350 cm~'. Ex-
panding the wave-number range beyond this limitation may
potentially reveal more Raman-active modes. However, due to
the constraints of our experimental setup, it was not feasible
to explore a wider range in this study.

C. Theoretical calculation

In order to uncover the origin of the structural transition,
we carried out first-principles electronic structure calculations
of (TaSe4 )31 at HT (T = 300 K) and LT (T = 100 K) crystal
structures. The left panel of Fig. 4, shows the band structure of
(TaSe4)sI at 300 K, plotted along the high-symmetry k points
of the tetragonal BZ and projected to Ta d and Se p states. As
mentioned above, each Se, rectangle is made up of two Se%’
dimers. Each Ta atom in the TaSe4 chain in the rectangular
antiprism Se environment of Se atoms is thus in nominal 44
or d! charge state. The electron withdrawal effect of iodine,
present in between the chains, reduces the nominal valence
of Ta from 4+, and makes it fractional to 4.333+ or d%/3.
As a linear chain with fractional occupancy, f < 1, leads to
Peierls distortion, the 7 = 300 K structure shows trimeriza-
tion with two inequivalent Ta atoms [Ta(1) and Ta(2)] and two
L and one S Ta-Ta bond of sequence L-L-S..., as found in
the experimentally measured structure. The Peierls distortion
opens up a gap at the Fermi level, the magnitude of which
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FIG. 4. (a) The band structure of (TaSe,);I at HT (T = 300 K) crystal structure, plotted along the high-symmetry k points, I' = (0, 0, 0)-
X(m/a,0,0)-M(z /a, 7 /a,0)-I'-Z(0, 0, w /c)-R(x /a, 0, w /c)-A(zw /a, w /a, w /c)-M (7t /a, w [a,0). The zero of the energy is set at the Fermi
energy. The fatness of the bands indicates the orbital characters (red for Ta d, cyan for Se p). The inset shows the TaSe, chain running
along the crystallographic ¢ axis. (b) Comparison of the band structure for LT (100 K) crystal structure with that at RT (300 K). The change
in the band gap between the two band structures is shown in the zoomed-in plot. The inset shows the TaSe, chains, separated by I atoms, in

the(TaSe, )51 structure, projected in the ab plane.

depends on the strength of the trimerization. Our calculated
electronic structure shows a tiny gap of 0.02 eV, making the
calculated electronic structure almost semimetal. From the
projected orbital characters of the bands, it is seen that the
low-energy band structure is dominated by Ta d, with some
admixture from Se p. The rectangular antiprism coordination
of Se atoms surrounding Ta, puts Ta 3z2-r2 as the lowest
energy state, which is about half-filled for Ta(l) and about
empty for Ta(2). There are 12 Ta atoms in the unit cells,
with 8 Ta(l) and 4 Ta(2), giving rise to eight Ta(1)-3z2-r?
dominated bands and four Ta(2)-3z2-r*> bands. The overlap
between Ta(1)-3z%-r> and Ta(1) /Ta(2)-3zz—r2 splits the eight
Ta(1)-3z>-r* dominated bands into a group of four occupied
and four unoccupied bands, while the four Ta(2)-3z>-r% bands
remain more or less unoccupied. We find the bands are al-
most flat along X-M, i.e., going along the b direction, where
two chains are separated by a distance of about 9.5 A with
intervening I~' ions, which remain isolated (cf. insets). The
occupied bands along M-I" i.e., moving along the diagonal
in the ab plane further splits due to Ta-Ta interaction via the
intervening Se atoms of two neighboring chains (cf. insets).
The trimerization along the chain direction, ¢, causes further
band folding, as observed in the band structure along the
I'-Z direction. The basic features of the electronic structure
of the 100-K crystal structure remain essential, the same as
that of the high-temperature crystal structure (cf. right panel
of Fig. 4 for comparison). Twelve Ta atoms in the unit cell
are now split into three classes: four Ta(l), four Ta(2), and
four Ta(3). The occupancies of Ta(l) and Ta(2) are found
to be similar, being close to half-filled, while that of Ta(3)
is found to be different, being more empty. We find that
the band gap shows a tiny increase in the low-temperature
phase from 0.02 to 0.03 eV, ensuring increased stability of
the LT phase over the HT phase. It is worth mentioning
here that the existence of the tiny but nonzero gap in the
electronic structure of both HT and LT phases, as well as
the enhancement of band gap value in the LT phase over the
the HT phase have been confirmed by calculations in three
different methods: plane wave, full potential LAPW, as well

as LMTO. This makes the compound semimetal, as seen in
the experiment.

In order to understand the origin of the HT-LT phase
transition, we note that the low-temperature crystal structure,
instead of the ...L-L-S-L-L... sequence of Ta-Ta bonds
in the chain of the HT phase adopt the ...L-M-S-L-M...
sequence (see the schematic diagram in Fig. 5). Thus the in-
version symmetry at the center of the S bond at the HT phase,
breaks down at the LT phase, making the transition akin to off-
centric movement in ferroelectrics, with centrosymmetric HT
and noncentrosymmetric LT crystal structures. The off-centric
movement in ferroelectrics has been argued to arise from the
gain in hybridization energy due to the distortion, balanced by
the loss in elastic energy. In order to estimate the hybridization
energy gain, we considered a Ta-3z%-r>—only model. We note

(a) HT Phase
~3.0 A0 ~3.2 A0 ~3.2 A0 ~3.0A0 ~3.2A° ~3.2A0 ~3.0A°
D0
s L L s L L S
LT Phase
~3.0A° ~3.3A0 ~3.1A0 ~3.0 A° ~3.3A0 ~3.1A° ~3.0A°
Ta Ta 3 Ta Ta Ta 2 Ta
s L+d 3 LD s L "5 LD s
(b) (c),

08 T T T 0\1\\| T T
S* 0.6 T €-2 4
2 S

20.4 1=
LIJmo 2 . N 1
0 6 . . 2
0 0.1 0.2 03 0 0.1 0.2 0.3
5 (A) 5 (A)

FIG. 5. (a) The schematic diagram of the distribution of Ta-Ta
bond lengths in the TaSes chain in HT and LT crystal structures.
The center of inversion (marked as a dotted line) in the HT structure
gets broken in the LT structure due to the distortion 8. Elastic energy
(b) and force acting on Ta ions (c) plotted as a function of off-centric
displacement (§), obtained from DFT calculations.
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@ Ta(1) @ Ta(2) O Ta(3)
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FIG. 6. Ta metal bonding sequence in n-TSI: Metal bonding sequence, obtained from SXRD data, along each TaSe, chain at 7 = 100,

110, 140, 160, 205, 250, and 300 K

that between the HT and LT structures, the S bond length
remains more or less unchanged while the L bond at HT
splits into ~L+§ and ~L-§. We used the NMTO-downfolding
method [55] to construct the Ta-3z2-r2—on1y model of the HT
electronic structure, by integrating all the degrees of free-
dom, except Ta-3z>-r? starting from the DFT band structure
of the HT phase. The tight-binding Hamiltonian, constructed
in the basis of the downfolded Ta-3z%-r> Wannier function,
provided the estimate of hopping, #;,, corresponding to the
L bond. The estimate of hopping, corresponding to the LT
phase, was obtained by distance (/) -dependent scaling rela-
tion 54 ~ 1/1% where B = dlntyy/dInl. From the estimates
of ¢4, corresponding to the L and S bonds of the HT phase,
turned out to be ~2. The kinetic energy gain due to additional
off-centric distortion of the chain at LT over that in HT is thus
given by

AEgp = =2t3,(L+8) — 2t3,(L — 8) + 417,

The elastic energy cost due to two L bonds to L+6 and L-§ is
given by

AEqu = k X 82,

where « is the stiffness constant. We estimated the stiffness
constant from total energy calculations carried out on plane-
wave basis upon varying values of §. This is shown in Fig. 5.
The stiffness constant can then be extracted by fitting the
evolution of the energy as a function of § with the function
f(8) = k(8%/2). We also adopted an alternative procedure of
extracting the stiffness constant from the force acting on the
Ta ions and fitting the data points with the function f'(8). The
two procedures gave rise to a similar value of k16.8 eV /A2
from total energy and 17.0 eV /A? from force estimate. Plug-
ging in the values of ¢;4, 8, and k led to AEkxg of ~— 0.03 eV,
and AE.,s ~ 0.01 eV, making the distorted LT structure more
stable due to net hybridization energy gain. It is to be noted
that the above simplistic analysis does not take into account
the additional source of distortion, namely, the change in the
dihedral angle between the Se rectangles. We also add that
the above theoretical analysis is restricted to only one chain
and the loss of the inversion center in the chain. Following the
above analysis, one would expect (TaSe4)sI to exhibit finite
polarization. However, the experimentally determined P42,c
(114) space group though noncentrosymmetric, is nonpolar

as the corresponding point group 42m is nonpolar. This is
caused by the additional loss of inversion in the center of the
tetragonal cell in LT. The Ta-Ta bonding sequence in a given
chain in the LT structure is . . .-L-M-S-. . ., while it changes to
...-M-L-S-... in the neighboring chain. As checked explic-
itly, for identical bonding sequences between the chains, as in
the HT structure, the LT space group would have been P4nc,
with a polar point group, 4mm, supporting the theoretical
conjecture.

It is to be noted that although our calculation does
not explicitly take into account the temperature effect, it
makes an estimate of the hybridization energy gain and
loss of the elastic energy, the interplay of which drives the
temperature-driven structural phase transition. At low tem-
perature, the gain overpowers the loss, thereby stabilizing
the off-centric displaced structure. The temperature effect al-
lows one to overcome the energy difference between elastic
energy and hybridization energy, driving a phase transition,
from a low-temperature off-centric displaced structure to a
high-temperature undisplaced structure, very much like a fer-
roelectric to paraelectric transition. The difference between
the hybridization energy gain and loss of the elastic energy
is estimated to be 0.02 eV, which converted to temperature
scale would be 232 K. Considering the simplistic approach of
our calculation, which deals with only the single chain and
the Ta-only model, neglecting interchain interaction and the
effect of distortion of Se rectangles, and also does not take into
account the entropic contribution, it is encouraging that the
estimated temperature scale is in the same ballpark figure as
the experimentally estimated structural transition temperature
of ~145 K.

IV. CONCLUSION

In summary, by employing a detailed analysis of the
single-crystal XRD data, we have characterized the structural
transition at around 7; ~ 145 K in (TaSe4)s3l, evidenced in
resistivity, specific heat, and Raman-scattering experiments.
The structural transition turned out to be a symmetry-lowering
transition of the trimerized Ta chains from the L-L-S sequence
of Ta-Ta bonds to L-M-S Ta-Ta bonds, thereby breaking the
center of inversion at the short Ta-Ta bond. This causes a tran-
sition between a high-temperature (T > T;) centrosymmetric
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FIG. 7. Evaluation of the peak P; at low temperature: Raman
spectra of single-crystal and powder samples clearly show that Pg
appears in the low temperature.

structure and a low-temperature (7' < 7;) noncentrosymmet-
ric structure belonging to the same tetragonal symmetry.
The origin of this structural phase transition is examined in
terms of first-principles DFT calculations and tight-binding
modeling. We find the high- and low-temperature structures
to both be semimetallic, consistent with the recent report. In
terms of physical explanation of the experimental findings,
our theoretical calculations find the following: (a) The mi-
croscopic origin of the centrosymmetric-noncentrosymmetric
structural phase transition is the interplay of the hybridiza-
tion energy gain and loss of the elastic energy, very much
like that of the ferroelectric-paraelectric transition. First-
principles derived estimates of the hybridization energy gain
and elastic energy loss suggest that the hybridization energy
gain wins over the elastic energy loss, thereby stabilizing
the off-centric structure at low temperature and the undis-
torted, uniform structure at high temperature. The estimated
temperature for the phase transition is in the same ball-
park figure as the experimentally estimated temperature.
(b) In spite of the above, the low-temperature structure re-
mains nonpolar, although noncentrosymmetric, due to the
additional loss of inversion in the center between different
Ta-Ta chains. Our work opens up opportunities for explor-
ing novel quantum phenomena in quasi-1D materials with
broken inversion symmetry and could lead to the develop-
ment of new quasi-1D materials with unique properties for
potential applications. Our report of the centrosymmetric-
noncentrosymmetric structural phase transition goes beyond

well-studied charge-density-wave transition, opening up an
entirely unexplored structural phase transition in this class of
chain compounds.
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APPENDIX A: EVOLUTION OF STRUCTURE
ACROSS TRANSITION

Figure 6 represents the thermal evolution of the Ta metal
bonding sequence of a TaSes chain obtained from SXRD
data at various temperatures ranging from 100 to 300 K. At
each temperature, the sequence of metal-metal bonds along
the TaSe,4 chain was determined from SXRD data. The results
reveal the temperature-dependent nature of the TaSe, chain
structure as the temperature increases across the transition
temperature, T.

APPENDIX B: EVOLUTION OF THE ADDITIONAL
PEAK P; IN RAMAN SPECTRA

Figure 7 plots the evolution of peak Ps as described in
the main text. The plot clearly shows the appearance of P in
the low-temperature spectra. This is observed consistently in
the powder and single-crystal samples. Note that the Raman
modes experience blueshifts i.e., an increase in mode fre-
quency with decreasing temperature, so the peak Py is slightly
shifted towards a higher wave number at low temperature.
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