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The emergence of a charge density wave (CDW) in a Weyl semimetal—a correlated topological phase—is
exceptionally rare in condensed matter systems. In this context, the quasi-one-dimensional type-III Weyl
semimetal (TaSe,),] undergoes a CDW transition at Tcpw = 263 K, providing an exceptional platform to
investigate correlated topological CDW states. Here, we uncover an additional hidden-order phase transition at
T* ~ 100K, well below the CDW onset, using low-frequency resistance noise spectroscopy, electrical transport,
and thermoelectric measurements. This transition is characterized by a sharp enhancement in the noise exponent
(o) and variance of resistance fluctuations. Analysis of higher-order statistics of resistance fluctuations reveals
the correlated dynamics underlying the transition. A pronounced anomaly in the Seebeck coefficient near 7
further suggests a Fermi surface reconstruction. First-principles calculations reveal a structural distortion from
the high-symmetry /422 phase to a low-symmetry C2 phase, via an intermediate /4 symmetry. This leads to
renormalization of the electronic structure near the Fermi level and opening of a bandgap in the hidden-order
phase. These findings demonstrate a previously unidentified correlated phase transition in the topological
CDW-Weyl semimetal (TaSey4),l, enriching the phase diagram of this material and establishing it as an ideal

platform for studying intertwined electronic and structural orders.

DOI: 10.1103/cds9-pnfr

I. INTRODUCTION

The emergence and coexistence of distinct ordered states
constitute a hallmark of strongly correlated systems, and de-
ciphering their microscopic mechanisms lies at the forefront
of condensed matter research. Symmetry breaking in such
systems often drives the formation of new ordered states,
manifested by the opening of an energy gap near the Fermi
level (Er) [1-3]. This gap is typically proportional to the
magnitude of the corresponding order parameter. One well-
known example is the charge density wave (CDW) phases in
low-dimensional materials, characterized by periodic modula-
tion of conduction electrons accompanied by a corresponding
lattice distortion [1,4,5]. CDW states often coexist with other
emergent quantum phases, including superconductivity [6,7],
and ferromagnetism [8]. Furthermore, CDW systems serve
as a versatile ground for realizing intriguing correlated phe-
nomena such as the quantum anomalous Hall effect [9,10],
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axionic electrodynamics [11], valley-selective transport [12],
and critical slowing down near phase transitions [13].

The fundamental collective excitations of the CDW state,
amplitudon and phason, are manifestations of spontaneous
symmetry breaking in the ordered phase [1,14]. Recently,
the dynamics of these collective modes have been exten-
sively investigated using a variety of experimental techniques
[13,15,16]. Owing to the finite gap in its dispersion, the ampli-
tude mode contributes negligibly at low temperatures, except
in the vicinity of the transition temperatures. By contrast, the
phason is expected to be a gapless Goldstone mode; however,
in real materials, impurities and defects lift this degeneracy,
opening a finite gap and endowing the phason with mass [15].
The resulting low-energy excitations, particularly those asso-
ciated with mass-acquired phasons and hidden CDW orders,
are of fundamental interest [14,16,17].

The broad family of transition metal tetrachalcogenides
that have the generic formula (MX4),Y (where M = Nb, Ta;
X =S, Se; Y = halogens such as Br, I; and n = 2, 3, 10/3)
serves as quasi-one-dimensional model systems (quasi-1D) to
study the role of filling the metal band d,> [18-24] giving rise
to unconventional ground states, such as 1D band insulator

©2026 American Physical Society
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[25], type III Weyl phase [26], which hosts giant dielectric
response [27], CDW state with boundary modes [28] and so
on. The highly correlated response of the ordered collective
CDW modes in these materials can also give rise to complex
low-energy dynamics.

Among them, (TaSe4),I (TSI2 in short) is the only type
IIT CDW Weyl semimetal having a body-centered tetragonal
crystal structure (space group-/422) at room temperature and
undergoes the CDW transition near Tecpw ~ 263 K. As a rare
Weyl-CDW material, TSI2 has recently sparked interest due
to its potential to realize a so-called dynamical axion insulator
state [11], a correlated topological phase in which the CDW
phase mode becomes an analog of the predicted axial field in
high-energy physics. However, this interpretation is currently
the subject of active debate [28,29]. On the other hand, a
recent study of ultrafast x-ray scattering suggested that the
CDW amplitude mode is more than merely electronic; it also
involves lattice degrees of freedom [16]. Furthermore, TSI2
has also been observed to be an exceptional CDW candidate
for the achievement of a stable 1D atomic chain limit, am-
porphorization superconductivity, and photodetection [23,30—
32]. These investigations unequivocally show that the topol-
ogy and the electronic and lattice degrees of freedom of the
collective CDW modes are strongly correlated in this com-
pound. Despite this, all previous investigations in TSI2 have
focused mainly on the Tepw ~ 263 K regime, while the low-
temperature investigations of these correlated CDW collective
modes are still very scarce.

Despite the wealth of extensive research on the CDW
transition near Tcpw, the low-temperature regime of TSI2
remains largely unexplored, particularly concerning the nature
of its correlated excitations and potential emergent orders.
This unexplored region is especially intriguing, as subtle sym-
metry breakings or secondary instabilities—often hidden at
high temperatures—can manifest more clearly at low tem-
peratures. To probe such elusive low-energy dynamics and
identify possible hidden phases, it is essential to employ sensi-
tive techniques beyond conventional transport measurements.

In this regard, low-frequency resistance noise spectroscopy
has been demonstrated to be a sensitive tool for identifying
phase transitions [33-37]. Near the transition, one can typ-
ically expect a divergent growth of the noise exponent («),
resistance fluctuations (?RL;)), and relaxation time (), a phe-
nomenon often referred to as critical slowing down [13,38].
The appearance of critical slowing down near the phase tran-
sition is a much more general phenomenon, as observed in
first-order transitions [38], second-order transitions [35], and
also in dynamical systems [13]. Therefore, its widespread
occurrence makes it a hallmark of phase transitions in a wide
range of correlated solid-state systems.

Our experimental results suggest that there is an additional
phase transition in this compound around 7 * ~ 100 K, much
lower than Tcpw. We observe a divergent increase in the
noise exponent («) and resistance fluctuations close to 7*.
The correlated nature of resistance fluctuations in the vicinity
of T* is established by the second spectrum of resistance
noise. Furthermore, temperature-dependent resistivity and
Seebeck coefficient exhibit a substantial anomaly at 7*. Our
DFT calculations show that a structural transition from the
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FIG. 1. (a) Schematic representation of the crystal structure
from single-crystal x-ray Laue diffraction at room temperature.
(b) Schematic of a single (TaSe4) chain along the c-axis highlights
the Ta-Ta bond length and the dihedral angle among two consecutive
(Sey) planes. (c) Schematic of the phase transition from a Weyl
semimetal into a charge density wave insulator (with Weyl cones
of opposite chirality +x and — ). (d) Temperature-dependent nor-
malized log,,(R/Ry) (olive green) measured in four-probe geometry
[Ry = R(300K)], and first derivative [dlog,,(R/Ry)/d(10%/T)] (blue
in right) vs (103/7).

high-symmetry 7422 phase to a low-symmetry C2 phase
induces a small bandgap (~0.1 eV) and significant band renor-
malization near the Fermi level. Group-theoretical analysis
further reveals that this transition proceeds via an intermediate
14 phase, driven by lattice distortions, indicating a structural
origin for the hidden-order phase near 7*. Overall, our find-
ings suggest a hidden-order phase in the type III CDW Weyl
semimetal (TaSe4),I close to T *, well below Tcpw.

II. RESULTS

A. Crystal structure and electrical transport

TSI2 single crystals have been grown using the chemical
vapor transport method using Iodine (/;) as transport agent
[11,18]. The details of the growth process are also available in
our earlier report [35]. The crystal structure as inferred from
single crystal Laue diffraction at room temperature reveals
that TSI2 crystallizes in a body-centered tetragonal structure
(space group 1422, no. 97) (see Fig. S1 of the Supplemental
Material (SM) [39]). The schematic representation of the pro-
jected tetragonal crystal structure has been shown in Fig. 1(a).
The unit cell of TSI2 consists of parallel chains of TaSey4
units where Ses of TaSes forms two dimers aligned in a
plane, forming a rectangle. Each Ta atom is sandwiched at
the center between two adjacent Se4 planes, which is pre-
sented in Fig. 1(b). Consecutive rectangular planes of Se, are
skew rotated by ~45°. Infinitely long, well-separated, parallel
skew-rotated TaSe4 chains provide a quasi-1D character and
substantial anisotropy in the electronic structure.
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FIG. 2. (a) Time series of resistance fluctuations at three distinct
temperatures (normalized to absolute resistance value). (b) Plots
of the normalized power spectral density of resistance fluctuations
( S"%ﬁ”) of respective temperatures. (c) Temperature dependence of
noise exponent (), where Sg(f) ~f~“. (d) Relative noise variance
of resistance fluctuations as a function of temperature.

TSI2 is currently the only known material system in
which a CDW transition emerges from an underlying Weyl
semimetal phase, potentially leading to the realization of an
axion insulator state. In this system, the CDW—whose col-
lective sliding mode is associated with an axion—is proposed
to couple Weyl nodes of opposite chirality located at different
points in the momentum space, thus breaking chiral symmetry
and inducing an insulating gap, as illustrated in Fig. 1(c). This
partial opening of the gap in TSI2 is caused by imperfect
Fermi surface nesting [40], which may give rise to a sec-
ondary order significantly lower than Tcpw. The temperature-
dependent normalized log resistivity [log,,(R/Ro)] is plotted
in Fig. 1(d) (left). The CDW transition temperature (Tcpw) can
Zl((i%‘f/(ﬁi versus (1/T) plot in
Fig. 1(d) (right). Notably, an additional, albeit weaker, resis-
tivity anomaly is observed near 7* ~ 100 K, well below Tcpw,
suggesting the possibility of a secondary phase transition.
Although conventional transport measurements such as re-
sistivity reveal only subtle signatures near 7*, low-frequency
1/ f noise spectroscopy offers enhanced sensitivity to dynami-
cal fluctuations, providing a more discerning probe to identify
and characterize this secondary phase transition. Therefore,
in the following subsection, we will primarily focus on the
resistance noise measurement around 7'*.

be identified from the maxima of

B. Low-frequency resistance noise measurement

The low-frequency resistance fluctuations for a constant
drive current of 1 wA are measured while stabilizing the
temperature fluctuations to the best possible state of £2
milli-Kelvins to rule out and minimize the contribution of
temperature fluctuations to resistance noise. The measure-
ment at each temperature involves the acquisition of time
traces of resistance fluctuations at a sampling frequency of
1024 Hz for 4800 s. Figure 2(a) shows the time traces of the

resistance fluctuations for a few representative temperatures.
Each data point for fluctuations has been vertically shifted by
0.2% for clarity. Fluctuations increase in magnitude near the
T* ~100K. The power spectral density (PSD) of the digi-
tally filtered fluctuations within a bandwidth of 1 mHz-1 Hz
is numerically calculated using Eq. (1) employing Welch’s
periodogram method [35,41]:

2

T/2 ) i
/ R(t)e 7/ dt (D

1

e (3

The normalized PSD of the representative time series
resistance fluctuations is plotted in Fig. 2(b). The noise mag-
nitude and the spectral character show typical 1/f“ behavior
[33,42,43], where « is the noise exponent. The temperature-
dependent plot of « in Fig. 2(c) shows an increase upon
approaching 7* from o ~ 1.05at T = 85K to o ~ 1.45 near
100 K. This rapid growth in o near 7" suggests a strong
shift of spectral weight to lower frequencies with a dominance
of low-frequency/large-timescale of fluctuations [35,38]. The

relative noise variance (integrated PSD) of the fluctuations
((ﬁgj)) within the band, f,;, = 1mHz and f,.. = 1 Hz, is
estimated using the relation 2 [42,44],

(AR?) /f Sr(f)
(R?) f R

df. 2)

min

The temperature variation of <ﬁ£§> in Fig. 2(d) shows a

rapid growth in the vicinity of 7* by an order of magnitude
compared to far temperature values. We have measured the
low-frequency 1/f noise in another single crystal (sample II).
Indeed, the signatures of the aforementioned hidden-order
transition are reasonably reproduced in the second sample (see
Fig. S2 of the SM [39]). Remarkably, we noticed a similar
behavior in the temperature-dependence of Sg/R?, «, and

2
<fRI§>>'

The significant jump both in o and %ﬁ? clearly indicate
toward a phase transition near the 7* [35,38,45]. It is also
noteworthy that here, the 7* is significantly low compared to
Tepw, suggesting the order parameter is nearly fully gapped
with a long-range ordered state. Thus, the random distribution
of fluctuators is not entirely valid. This indicates a possibility
of correlation in the fluctuators.

To identify the nature of the resistance fluctuations near the
T*, we have calculated the probability density function (PDF)
of the detrended fluctuations [43]. For a Gaussian fluctuation
with zero mean, the PDF [P(§R)] is given by Eq. (3),

e—BRZ/Z(TZ. (3)
To

P(SR) =

Here, o2 represents the variance. Consequently, log,,(PDF)
versus R? is a straight line, while the experimental time traces
with correlation break such a pathway. Away from T*, the
distributions in §R are mostly linear [Figs. 3(a) and 3(c)], sug-
gesting Gaussian characteristics in §R. However, close to T,
fluctuations have strong deviations from linear distribution,
indicating a non-Gaussian distribution of resistance fluctua-
tions, as shown in Fig. 3(b). In addition, the PDF broadens
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FIG. 3. (a)—(c) log,, (P(8R)) vs 8R? for temperatures T < T*, T ~ T*, and T > T*, respectively. The solid (red) line is a guide to the
Gaussian limit of the probability distribution of resistance fluctuations. The stochastic distributions of the fluctuations show extreme deviations
from the normal distributions in the close vicinity of 7*. (d) A contour plot of PDF vs SR with temperature. (e)—(g) Plot of normalized
second spectra s®(f,) vs frequency for temperatures T < T*, T ~ T*,and T > T*, respectively. The solid (red) line represents the calculated
Gaussian background of the second spectrum. (h) Plot of excess kurtosis (k = o®’—3) vs temperature.

(growth in o), which is a direct consequence of non-Gaussian
fluctuations in the resistance noise [46] as shown in Fig. 3(d).

The frequency-domain determination of Kurtosis/
normalized “second variance” (k/ o®) allows an accurate
determination of non-Gaussianity. We, therefore, calculate
the second spectrum (X®(f,)) from the higher-order
statistics of the resistance fluctuations. ©®(f,) is a Fourier
transform of the four-point correlation function, defined as
SA(f) = [y (BR* ()8R (t + ¢)) cos(2m f5)ds [33,46,47].
The non-Gaussian component in fluctuation is identified from
the nonwhite character in X ( f,). It is a measure of “spectral
wandering” or fluctuations of the power spectrum itself [43].
The normalized second spectrum is given by Eq. (4),

SO(f)df
| [2 sw(pdf |t

Figures 3(e)-3(g) shows the plot of normalized second
spectra at three temperatures encompassing T*. S (f) is
white (frequency independent) for temperatures away from;
T* in contrast it becomes frequency dependent near 7*.
We quantitatively estimate the excess kurtosis (k = o® —
3) where (0@ = [/"~" s®(f)df) within the band [f, =
103 Hz and fy = 1Hz].

Figure 3(h) shows the temperature variation of k. Inter-
estingly, k exhibits a pronounced peak near the T*. This
unambiguously denotes correlated fluctuations close to the
T*, where the fluctuations are slow. However, away from
the transition region, (o® — 3) approaches 0. This is due
to the uncorrelated Gaussian nature of the fluctuations [47].
This is a direct signature of a phase transition accompa-
nied by spatial correlation near T*. Similar features of o®
are also evidenced near glassy freezing of electrons across
the metal-insulator transition [46], Berezinskii-Kosterlitz-

sP() = @)

Thouless transition [43], athermal phase transition [33], and
Peierls transition [35].

C. Thermopower measurement

To gain further insight into the emergence of the hidden-
order phase around 7*, we measured Seebeck (S) as a function
of temperature, since it carries information about the scat-
tering associated with soft phonons [48] and finite changes
in the density of states near the Fermi surface [49,50]. The
temperature-dependence of S(7) is described by well known

Mott’s formula [51], S = —%%w:&, where o (E)
represents energy-dependent electrical conductivity. Here, kg,
e, and Er represent the Boltzmann constant, electronic charge,
and the Fermi energy, respectively.

The temperature-dependent Seebeck in (TaSe4),I was lim-
ited down to 115 K only [52], which effectively captured the
CDW transition and anisotropy well. Here, we extend the
Seebeck coefficient measurement down to ~80 K, as shown
in Fig. 4(a) (for measurement methodology, see Fig. S3 of
the SM [39]). The first derivative of S(T') is also depicted
in Fig. 4(b). S exhibits a linear and metallic behavior above
the CDW transition and a nearly inverse 7 variation below
Tepw. The crossover from linear to inverse 7' dependence
is marked by Tcpw, as shown in the inset of Fig. 4(a).
At low temperatures, much below Tcpw, (TaSes),I exhibits
an anomalous drop in S, suggesting a new phase transition
around 7* ~ 100K. A similar anomaly is also observed in
the temperature variation of S(7') measured in another single
crystal (sample II) (see Fig. S4 of the SM [39]). Here, T* is
evidenced from dS/dT, as illustrated in the inset of Fig. 4(b).
The temperature-dependence of the Seebeck coefficient in
a complex, correlated system like TSI is expected to have
contributions from both the diffusion of charge carriers and
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FIG. 4. (a) Seebeck S(T') vs temperature along the direction of
Ta chains. The solid red (semiconductor model), pink (phonon drag
model), and green (phonon drag combined with metallic model using
Heaviside 6 function). The inset shows the suspended (TaSeq ), sin-
gle crystal between two local heat baths. (b) Plot of the first derivative
of S(T') vs temperature. The insets show the schematic representation
of the steady-state gradient mode method for Seebeck measurement
and an enlarged view of dS/dT close to T*.

phonon drag [53]. The temperature-dependent Seebeck co-
efficient S(7') in TSI2 is modeled to account for these two
primary mechanisms. This is particularly important below
the CDW transition at Tcpw, Where strong electron-phonon
coupling makes phonon drag a significant contributor.

We therefore fit S(T') over the entire range to identify
the contributions of different processes. Above Tepw, TSI2
is a Weyl semimetal; consequently, S(7) is linear in 7 and
can be described using the uncorrelated degenerate Fermi
gas model, (S(T) = — 5 7) [51,54]. Below Tepw, the Weyl
nodes become gapped due to finite lattice distortion along
the TaSe4 chains [55]. Considering the narrow band gap of
(TaSe4),1 below and band-crossing above Tcpw, we take into
account the combined conduction for both electrons and holes
(i.e., 0 = 0.4 0y,) and fit S(T) = % ~+ const., where A
represents the gap [56]. The value of the estimated gap from
Seebeck measurement is A ~ 84 meV.

The fit to Seebeck data deviates largely when T is very
close to both Tepw and 7*. The CDWs are electron-phonon
coupling-driven phenomena, therefore expected to have a
large contribution of strong phonon drag in S(7'). The com-
plete functional form of S(7') is given by [57,58]

c+mT, T > Tepw,
S(T) = )
big; + g+hT4’ T < Icpw.
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FIG. 5. Ab initio band structure for the (a) room temperature
1422 and midtemperature /4 and (b) low-temperature (C2) CDW
phase. During the structural transition /422 — [4 — C2, the renor-
malization of the electronic structure leads to a small band gap in the
low-temperature C2 phase as shown in panel (b). The contribution at
the Fermi level (set to zero) is from Ta-d orbitals.

Here, Spa.0 = 3 - dT@ and Spq,» = =3 +hT4 are the contribution
of phonon drag from o and 7 bonds, respectively. Here, a
and f are the weight factors of the phonon-drag contributions
from 7 and o orbitals of Ta and Se, respectively. These fitting
parameters (a, b, ¢, d, f, g h) collectively determine the
strength of bipolar conduction and the temperature profile of
distinct phonon drag contributions. The obtained values of the
fitting parameters: a = —42866.5; b = 144.9;c = —11.2;d =
0.007; f = 45227.1; g = 11058.6; h = 0.007. The cumulative
contributions of the diffusive and drag contributions yield a
good fit throughout the temperature range.

D. First-principles calculations

To further uncover the origin of the hidden phase transition,
we performed first-principles band structure calculations for
the three structures of TSI2 to analyze the change near the
Fermi level. The plots are summarized in Fig. 5. The band
structures for the room-temperature phase /422 and midtem-
perature (i.e., T* < T < Tcpw) structures /4 look identical, as
shown in Fig. 5(a). As one can see, DFT calculations predict
a semimetallic nature, and we could not find any noticeable
change in the band structure for these two structures. At the
Fermi level, the contribution comes mostly from Ta-d orbitals
(not shown). TSI2 consists of indefinite TaSe, chains with
each Ta ion being sandwiched between two consecutive Sej~
rectangles. The equivalent number of d electrons is 1 in each
Ta atom, and the corresponding band filling of Ta-d orbitals
here is }1 [59]. This partial filling of bands facilitates Peierls
distortion.

Nevertheless, the CDW phase in (TaSe4),I emerges below
Tepw (~263 K), the subsequent noticeable tetramerization in-
volving Ta atoms along the chain-axis could be captured much
below Tcpw [55].
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FIG. 6. (a) Evolution of crystal structure analyzed using the
CELLSUB module [60] of Bilbao crystallographic server [61].
The green arrow indicates the energetically feasible pathway among
the three possible ways for TSI2. (b), (c) Schematic representation of
TaSe, chains with different tetramerized structures of periodic LLSS
(pink octahedra) and SSLL(blue octahedra) units, respectively. The
(1,1,0) plane is marked by a dashed line. Two consecutive (1,1,0)
planes sandwich TaSe, chains with an alternate sequence of LLSS
and SSLL bonding sequence.

To observe the changes in the electronic structure of the C2
phase, we explicitly incorporate the displacement of Ta atoms
along the Ta chain (along the c axis) to depict the crystal struc-
ture change due to the CDW transition. The uniform 3.241 A
Ta-Ta bonds of the original non-CDW structure change into
intratimer 3.203 A and inter-trimer and 3.279 A bonds in the
CDW structure. Indeed, the CDW primitive cell (22 atoms) is
~71 meV lower in energy than the original non-CDW phase.
The band structure calculations for the thusly obtained CDW
structure are shown in Fig. 5(b). One can clearly see the renor-
malization of the band structure at the Fermi level, resulting in
a small indirect band gap of ~0.1 eV at the Fermi level. The
single particle activated energy gap (E,) estimated from the
resistivity is 216 meV, which is close to theoretical estimates
of 0.1 eV.

We further analyze the temperature-dependent phase tran-
sition in TSI2 by investigating the point-group symmetry of
the three crystal structures using the CELLSUB module [60]
of Bilbao crystallographic server [61]. There can be three
different pathways to 1422 — C2 transition via an interme-
diate phase, which can be F222, 1222, or I4 as shown in
Fig. 6. However, as in our experiments we obtained the 74
structure in the intermediate temperature range, this elim-
inates the possibility first two intermediate phases. During
the transition, the point group symmetry lowers from Dy in
the 7422 structure to C, in C, phase via C4 of [4 structure.
Further analysis using the AMPLIMODES module [62,63]
of the Bilbao Crystallographic Server reveals that in the case
of 1422 — I4 transition, it is ~0.007 A atomic displacements
of 8¢ Wycoff positions of Se atoms which causes the low-
ering of symmetry from D, to C4. This strongly suggests a

lattice-driven origin for the observed hidden-order transition
near 7™ and reinforces the idea that subtle structural instabil-
ities, coupled to electronic degrees of freedom, underpin the
emergence of a gapped, correlated ground state well below
Tcpw.

III. DISCUSSION

The study of CDW dynamics and collective excitations
in (TaSe4),I has garnered considerable attention due to its
complex band topology [26,28,40] and recent claims of axion-
like excitations [11]. Notably, the realization of a massive
phason mode via a Higgs-like mechanism has been proposed
to occur exclusively below the secondary transition tempera-
ture T* [15,64]. A recent synchrotron study on TSI2 argued
the possibility of Ta-tetramerization and monoclinic distor-
tion only below 120 K [55]. This was later anticipated in
another recent x-ray experiment [65], further corroborating
a symmetry-lowered ground state distinct from the primary
CDW phase.

In this context, low-frequency resistance noise provides a
powerful window for tracing the underlying fluctuations and
emergent order. In broken-symmetry systems exhibiting long-
range order, low-frequency fluctuations are often governed
by the relaxation dynamics of carriers and defects with finite
lifetimes [42,45,66]. In nonmagnetic conductors, 1/f noise
typically arises from slow fluctuations in either the carrier
density or mobility [1]. Moreover, since the resistance R of
a nonmagnetic conductor depends on both carrier mobility p
and carrier density n, the normalized variance in resistance
fluctuations can be expressed as [35,45,67,68]

(BR?) _ (8n) _ (8p?) | (dm)(Bu) _ (8n®)

(R?) (n?)  (u?) (n) (e (n?)
where the final approximation holds under the assumption that
mobility fluctuations are fast and uncorrelated, averaging out
over nanosecond-to-microsecond timescales. In contrast, the
correlated and long-timescale resistance fluctuations observed
near T* suggest that the dominant source of noise arises from
number density fluctuations.

In our recent study [35], we argued that fluctuations in
the condensed carrier density (n.) are transferred to normal
carriers (n,) using a two-fluid analogy. At high temperatures,
resistance fluctuations are primarily governed by amplitude
modes near Tcpw, whereas at lower temperatures near 7%,
the low density of thermally activated quasiparticles points
to an increasing contribution from phase fluctuations. The
emergence of strong correlations in noise statistics near 7*—
evident through non-Gaussian probability distributions and
enhanced second spectra—further indicates the possible pres-
ence of a secondary, symmetry-breaking transition distinct
from the conventional CDW order.

It is also noteworthy that our temperature-dependent
single-crystal Laue diffraction reveals subtle but distinct
anomalies in the lattice parameters (a and c), unit-cell
volume, Se—Se dimer bond length, and the dihedral angle
between consecutive Se4 planes near the 7* (see Fig. S1 of the
SM [39]). These variations indicate a symmetry-lowering dis-
tortion concurrent with the onset of enhanced low-frequency
noise and thermopower anomalies, suggesting a lattice-driven

., (©)
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hidden-order phase. This observation is consistent with
previous low-temperature x-ray diffraction studies in
(TaSeq4),1 [55,65].

Moreover, the emergence of the hidden-order phase below
T* ~ 100 K has profound implications for the axionic elec-
trodynamics proposed in (TaSe4),I. The observed structural
distortion from the /422 to C2 phase via /4 symmetry leads
to a renormalized band structure with a small indirect gap
(~0.2eV), thereby modifying the coupling between the CDW
phason and Weyl fermions. This secondary symmetry break-
ing stabilizes a massive phason mode—a key component of a
massive axion-like excitation. Hence, the hidden-order transi-
tion to the correlated ground state enhances the robustness and
anisotropic character of the axionic CDW state, illustrating
the intricate interplay between topology, lattice distortion, and
correlated collective excitations in this Weyl-CDW system.

IV. CONCLUSION

In summary, we uncover a hidden-order phase transition
in the type-III Weyl-CDW semimetal TSI2 at T* ~ 100 K—
well below the known CDW transition temperature of Tcpw
~263 K, using a multifaceted approach that includes electri-
cal resistivity, low-frequency resistance noise spectroscopy,
thermoelectric power measurements, and first-principles cal-
culations. This transition is manifested by a pronounced
enhancement in the noise exponent («), relative noise variance
((<AR—§§>), and excess kurtosis (k). Our Seebeck measure-
ment also displays a sharp anomaly at 7%, suggesting a
reconstruction of the electronic structure and possible Fermi
surface instability. The first-principles calculations reveal that
a structural distortion from the high-symmetry 7422 phase
to a low-symmetry C2 phase opens a small bandgap of
approximately 0.1 eV and lowers the total energy, supporting

the emergence of a new gapped, symmetry-broken ground
state. Group-theoretical analysis corroborates this transition
pathway, highlighting an intermediate /4 phase and identify-
ing symmetry-lowering atomic displacements as the driving
mechanism. Finally, our findings establish TSI2 as a rare
material platform where correlated topological phases and
low-dimensional electronic instabilities coexist. The observed
hidden-order transition, residing deep within the gapped
CDW regime, exemplifies the complex interplay of topol-
ogy, electron-phonon coupling, and collective excitations.
These results not only expand the complex phase diagram of
(TaSe4),1 but also open new avenues for exploring emergent
secondary order and fluctuation-driven phenomena in topo-
logical Weyl-CDW materials.
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