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Observation of an amplitudelike mode in the excitonic insulator Ta,Pd;Tes
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The excitonic insulator candidate Ta,Pd;Tes has emerged as a promising platform to explore macroscopic
quantum condensation and its collective excitations. Using polarization-resolved Raman spectroscopy, we
identify a symmetry-selective electronic mode that softens and undergoes linewidth renormalization across the
characteristic temperature 7* ~ 100 K. This mode, most prominent in the B3, channel, is assigned to vestigial
collective excitations associated with excitonic correlations, as evidenced by its order-parameter-like temperature
evolution and symmetry dependence. In parallel, a damped Drude-like response exhibits a suppressed scattering
rate and maximum intensity at 7*, while phonon intensities display symmetry-dependent anomalies, signaling
anisotropic band reconstructions and the spontaneous opening of a collective condensation gap. These observa-
tions provide compelling spectroscopic evidence for collective amplitude excitations in Ta,Pd;Tes, establishing

this material as a bulk excitonic insulator.
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I. INTRODUCTION

Since its theoretical inception in the 1960s, the quest for
excitonic insulators (Els) in bulk crystals has constituted a
major challenge in quantum materials research [1]. In the EI
phase, electrons and holes spontaneously bind into excitons,
forming a macroscopic condensate below a critical tempera-
ture. This symmetry-broken insulating phase is stabilized by
strong Coulomb interactions, manifests itself as a spontaneous
hybridization gap at the Fermi level, and entails collective
amplitude excitations of the excitonic order parameter [2-9].

In bulk materials, however, the unambiguous identification
of this elusive state is complicated by the intricate interplay
of electronic, lattice, spin, and orbital degrees of freedom. In
many candidate systems, excitonic correlations are intimately
intertwined with competing instabilities such as charge den-
sity wave (CDW) and phonon-driven structural distortions.
For instance, in 1T-TiSe,, the putative excitonic instability
is strongly linked to CDW order [10-15]. Similarly, in the
most widely studied EI candidate Ta;NiSes, a semimetal-
to-semiconductor transition occurs at 7¢c = 328 K, initially
ascribed to exciton condensation [16-28]. Subsequent ex-
periments, however, established that this electronic transition
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is accompanied by an orthorhombic-to-monoclinic structure
transition, complicating clear disentanglement of electronic
and lattice contributions.

Amid the long-standing search for bulk EIs, the layered van
der Waals compound Ta,Pd;Tes (Pnma space group), struc-
turally analogous to the high-symmetry phase of Ta,NiSes,
has emerged as a promising contender [29—41]. In its crystal
structure, Ta,Pd;Tes monolayers are stacked along the a axis,
within which quasi-one-dimensional Ta-Te and Pd-Te chains
extend along the b axis [see Fig. 1(a)]. First-principles calcu-
lations predict that its monolayer hosts an EI state, driven by
strong electron-hole attraction in a nearly zero-gap semimetal-
lic band structure [31]. Experimentally, resistivity and angle-
resolved photoemission spectroscopy (ARPES) attest to a
metal-insulator transition (MIT) from Dirac semimetal-like
to semiconducting behavior near Tyt &~ 365K [37,38]. At
lower temperatures, scanning tunneling microscopy (STM)
reveals the emergence of a temperature-dependent gap and
in-gap topological edge states below 7* = 100 K [39]. Unlike
1T-TiSe, and Ta,NiSes, this insulating gap in Ta,Pd;Tes
appears to originate primarily from electron-hole Coulomb
interactions rather than single-particle band reconstructions
or lattice distortions. As such, this compound offers an ex-
cellent setting to investigate the fundamental mechanisms
underpinning excitonic condensation through the detection of
collective charge excitations.

In this paper, we employ polarization-resolved Raman
spectroscopy to probe the intriguing landscape of excitonic
condensation in Ta,Pd;Tes. Our spectroscopic measurements
resolve an amplitudelike mode arising from the formation of
a coherent excitonic condensate below T* = 100 K, preceded
by a broad fluctuation regime extending between Tyt and 7*.
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https://orcid.org/0009-0009-4656-7604
https://orcid.org/0000-0003-4279-2109
https://orcid.org/0000-0001-8886-6332
https://orcid.org/0000-0003-4702-2517
https://orcid.org/0000-0001-8213-5395
https://ror.org/04q78tk20
https://ror.org/00aft1q37
https://ror.org/05bxb3784
https://ror.org/00582g326
https://crossmark.crossref.org/dialog/?doi=10.1103/2swg-p1pn&domain=pdf&date_stamp=2026-06-26
https://doi.org/10.1103/2swg-p1pn
https://creativecommons.org/licenses/by/4.0/

Y.-S. CHOlI et al.

PHYSICAL REVIEW RESEARCH 8, 023273 (2026)

A

o

N
5
S

Intensity
(arb. units)

—~~
o
~

T
Ay(18) (be)

Intensity
(arb. units)

0 50 100 150

(be)

Raman shift (cm™)

400 ,
=
300 g
< =3
X 200 [ B
~ =3
100 =
iz
1 0 1 1 1
200 250 0 50 100 150 200 250

Raman shift (cm™)

B3g(5)

FIG. 1. (a) Crystal structure of Ta,Pd;Tes comprising chains running along the b axis. The arrows represent the polarization configurations.
(b), (c) As-measured Raman spectra of Ta,Pd;Tes at 7 = 30K and 300 in the (bb) and (bc) polarization configurations, respectively, with
phonon modes labeled according to their symmetries. Corresponding color maps of Raman intensity vs Raman shift as a function of temperature
(T = 30-390K) for the (bb) and (bc) configurations, corresponding to the A, and B3, symmetry channels. (d)—(f) Polar plots of the normalized
Raman intensity for selected A,(3), A,(18), and B3,(5) modes. Colored square (black circles) symbols correspond to the 30 K (300 K) data.
Red solid lines are theoretical fits based on the Raman tensors for the D, point group.

These results underscore the potential implications for collec-
tive excitations in excitonic insulator candidate materials.

II. EXPERIMENTAL DETAILS

High-quality single crystals of Ta,Pd;Tes were grown via
a slow cooling process. Initially, stoichiometric amounts of
high-purity Ta slug (99.999%), Pd powder (99.999%), and
Te slug (99.999%) were mixed and sealed in a carbon-coated
silica ampoule under high vacuum. The mixture was heated at
400 and 700 °C for 24 h each, with intermediate grinding in an
argon-filled glove box. The resulting polycrystalline powders
were sealed in a conical quartz ampoule (~10~2 Torr), heated
at 750°C for 24 h, and then cooled to 550°C at a rate of
1°C/min.

Polarization- and temperature-dependent low-frequency
(8—500cm™!) Raman spectra were recorded using 660 nm
laser (Cobolt) focused through a 40x microscope objective
onto the sample surface with a spot diameter of less than
2 um and a laser power below P = 0.5 mW. The sample was
mounted into a He-flow microscope-type cryostat (Oxford
MicroStat). Raman-scattered signals were dispersed through
a Princeton Instruments TriVista777 spectrometer onto a Py-
LoN eXcelon charge-coupled device detector.

III. RESULTS

A. Temperature and angle dependence
of phonon Raman spectra

To assess the role of electron-phonon coupling in excitonic
gap formation, we first examine possible lattice anomalies.
Figures 1(b) and 1(c) present Raman spectra of Ta,Pd;Tes
measured at 7 = 300 and 30 K in the (bb) and (bc) po-
larizations, respectively, with the corresponding scattering
geometries depicted in the bottom of Fig. 1(a).

According to factor-group analysis for the orthorhom-
bic space group Pnma, 60 Raman-active phonon modes
are expected: 20A,(aa, bb, cc) + 10Bi,(ab)+ 20B.(ac)
+ 10B3,(bc). Under the present scattering geometries, all
symmetry-allowed 204, and 10B3, modes are observed. For
clarity, only prominent modes are labeled by their sym-
metries in Figs. 1(b) and 1(c), while the complete mode
assignment is provided in the Supplemental Material [42].
Notably, temperature-dependent Raman intensity maps re-
veal that several phonon modes become more distinctly
resolved upon cooling to 30 K. These phonon anomalies
arise from enhanced Raman susceptibility due to weak lattice
distortions that deviate from the orthorhombic symmetry. No-
tably, Ta,Pd;Tes exhibits no soft-mode-like behavior, such as
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FIG. 2. (a) Sketch of Al and A2 excitation processes. (b), (c) Raman susceptibility x”(w) measured in the (bb) and (bc) polarization
channels at selected temperatures from 300 to 30 K. The electronic response is decomposed into multiple components: a collision-dominated
continuum and two amplitudelike modes (A1: purple; A2: gray). The solid lines are fits to the sum of the damped Drude response and two
Gaussian components as detailed in the main text. In the (bb) channel, an additional low-energy background feature (wine colored) emerges. (d),
(e) Color maps of the differential Raman response, A x"(w, T) = x"(w, T) — x"(w, T = 260 K), for the (bb) and (bc) polarization geometries,
respectively. A marked enhancement of spectral weight associated with the A1 and A2 modes appears below approximately 7* = 100 K.

substantial phonon softening or linewidth anomalies, across
Twir- Rather, the dominant feature is a change in phonon
intensity, which often stems from electronic band structure
modifications. Lattice distortion is therefore unlikely to be the
primary driver of the insulating transition.

We next turn to angle-resolved Raman spectra at 300
and 30 K. Figures 1(d)-1(f) display polar plots of the
normalized Raman intensities for selected Ag(3), Ag(18),
and Bszg(5) modes (see the Supplemental Material for
more phonon modes [42]). For the Dy, point group,
the angular dependencies follow the characteristic twofold
or fourfold periodicities: I, = (|b] cos? @ cos(¢pe — ¢p) +
|c| sin® 8)? + |b]* cos* 0 sin*(¢. — ¢3) and Iy, = | f]* sin® 26,
where 6 denotes the angle relative to the b axis and ¢, — ¢
is the phase difference between the b and ¢ components of
the Raman tensor. Remarkably, no signatures of rotational
symmetry breaking are detected down to 30 K. As detailed
in the Supplemental Material [42], no thermal anomalies
are observed either. These results are consistent with earlier
reports that identified only subtle lattice distortions in elec-
tron diffraction, but none in x-ray or thermodynamic probes
[37,38].

B. Electronic Raman responses

We inspect the electronic Raman response and associated
low-energy excitations, measured up to the spectral range of
2000 cm ™. In general, the electronic Raman intensity is given
by Ip(w) o< ), ly (k)|?8(w — E (k)), where the Raman vertex

y (k) weights electronic transitions according to the specific
polarization geometry [43].

In semimetals, the electronic Raman spectrum involves
intraband scattering featuring a Drude-like response. This
collision-dominated response originates from the scattering
of itinerant charge carriers off impurities, phonons, or other
degrees of freedom and is effectively modeled using a damped
Drude-like susceptibility, x(p(w) = Bw/ (w? 4+ T'?), with the
symmetry-dependent amplitude B and carrier scattering rate
I" [44]. In addition to this Drude component, interband scat-
tering transitions between the valence and conduction bands,
particularly when a finite single-particle gap is present, can
contribute, as schematically illustrated in Fig. 2(a).

Figures 2(b) and 2(c) present the representative Raman
response x”(w,T), obtained from the raw Raman data
Ir(w, T) via the relation Iz(w, T) = [1 + n(w, T)]x" (0, T),
where n(w, T') is the Bose factor. We note that the (bb) and
(bc) polarization configurations probe excitations in the A,
(fully symmetric) and Bj, (d,.-like quadrupolar) channels,
respectively. Phonon modes were removed by Lorentzian
fitting. At high temperatures, x”(w, T) is dominated by a
damped Drude-like component (labeled “E”) at low frequen-
cies, along with a weakly increasing background at higher
frequencies. As the temperature is lowered, additional dis-
tinct electronic features become progressively discernible. In
the (bb) polarization, two broad peaks appear at approxi-
mately a)/ghlb) ~ 1086 and a)X’Zb) > 2000 cm~'. Accordingly,
the electronic Raman response x”(w,T) is modeled as
the sum of a collision-dominated contribution and two

023273-3



Y.-S. CHOlI et al.

PHYSICAL REVIEW RESEARCH 8, 023273 (2026)

Gaussian profiles x/(w) (labeled “A1” and “A2”), as indi-
cated by the color-shaded areas. The solid lines represent fits
to x"(w) = xiplw) + Z?:] x¢,(@). The fitting details and
the extracted parameters are provided in the Supplemental
Material [42]. We further note that in the (bc) polarization,
these high-frequency peaks grow in intensity with decreasing
temperature relative to the E continuum, while shifting to
lower energies: " 2975 cm™" and ©{%’ ~ 1900 cm™".
The polarization dependence of the A1 and A2 energies is at-
tributed to the anisotropy of the excitonic gap combined with
the symmetry-selective Raman vertex. In the A, (bb) config-
uration, y (k) predominantly couples to regions with maximal
band curvature, thereby sampling the largest excitonic gap.
In contrast, the B3, (bc) channel involves an antisymmetric
form factor that probes different momentum regions, where
the effective gap is smaller.

To isolate the emergent spectral features from the broad
continuum, we subtract the Raman response x”(w,T) by
the T = 260K spectrum. The resulting differential spectra,
Ax"(w,T)= x"(w,T) — x"(w, T =260 K), are plotted in
Figs. 2(d) and 2(e). In the (bb) channel, a quasielastic scatter-
ing develops, reaching maximum intensity near 7* ~ 100K,
below which the spectral weight of the Al and A2 excita-
tions is noticeably enhanced. In sharp contrast, in the (bc)
channel, the Al excitation is already visible at 260 K and
gradually intensifies upon cooling through 7*. Concurrently,
the A2 feature steadily grows in intensity and broadens with
decreasing temperature. The symmetry-selective enhance-
ment and distinct temperature evolution of these features
are incompatible with trivial interband transitions. In partic-
ular, the rapid suppression of the Al and A2 peaks above
T*, despite their characteristic energies on the order of
1000 K, attests to the thermal decoherence of these collective
excitations and the strong renormalization of the electronic
band structure.

C. Amplitudelike modes

On this basis, we infer that the Al and A2 peaks involve
gapped excitations between hybridized bands created or re-
constructed via exciton condensation. Several observations
support the interpretation of collective excitonic order.

First, theoretical calculations show that the excitonic order
parameter transforms according to the Bs, irreducible rep-
resentation of the D,; space group [23]. Accordingly, the
Al excitation, pronounced in the (bc) channel, is associated
with amplitude (Higgs-like) modes corresponding to coherent
electron-hole pair hopping between Ta and Pd chains [see
the schematic in Fig. 2(a)]. Regarding the A2 excitation,
its character as an amplitude mode is less obvious owing
to its broader spectral profile and hybridization with other
bands. Second, optical conductivity measurements reveal
several sharp features at low temperatures: o« = 620 cm™',
B =1100 cm™!, and y = 1950 cm~! along the b axis and
a =900 cm~! and y = 2100 cm~! along the c axis [45].
These emergent peaks are interpreted in terms of signatures
of flat bands induced by exciton condensation. Their close
energetic correspondence with the Raman features signifies
the condensation of the A1’s spectral weight into a collective
excitonic mode, distinct from the interband continuum.

Shown in Figs. 3(a) and 3(b) is the temperature evolution
of Raman intensities for selected A, and B3, phonons. Since
the phonon Raman intensity is proportional to the derivative
of the electronic susceptibility with respect to normal-mode
displacements, it reflects band renormalization across exci-
tonic instabilities. Overall, the A, modes exhibit a monotonic
intensity enhancement upon cooling through ~150 K. In con-
trast, the B3, phonons exhibit more intriguing behavior: The
Bs3g(1) mode grows in intensity down to 240 K before leveling
off and eventually fading away below T*, while the B3,(2)
mode steadily weakens on cooling below 240 K and almost
disappears around 7*. This symmetry-dependent evolution
points to symmetry-selective electron-phonon coupling, with
the strongest effects observed in the B3, channel (see below
for further discussion).

We now analyze the damped Drude-like response. In
Figs. 3(c) and 3(d), we plot the temperature dependence of the
amplitude B and scattering rate I'. With lowering temperature,
B(T) increases gradually with a slight slope change around
Twir, reaches a maximum near 7%, and then drops sharply.
Remarkably, this trend mirrors the thermal evolution of the
B3,(1) mode [pink triangles in Fig. 3(b)]. This coincidence
indicates that the Bsg(1) lattice vibration is closely tied to the
underlying excitonic instability, which transforms according
to the Bs, irreducible representation [23]. On the other hand,
I'(T') decreases continuously with cooling and saturates below
T*. The subtle anomaly at Tyt and the pronounced anomaly
at T* suggest that competing interactions and multiband hy-
bridizations hinder the full development of coherent collective
modes even though the insulating gap has already opened
below TMIT-

We next examine the high-energy excitation. Figures 3(e)
and 3(f) present the temperature evolution of the Al peak
energy and linewidth in the (bc) channel. Reliable analysis in
the (bb) channel is precluded by the weak A1 intensity, while
the A2 feature is too broad. As the temperature is lowered
from 240 K toward T*, the A1 mode undergoes pronounced
softening, followed by slight hardening for T < T*. As shown
in the inset of Fig. 3(e), the A1 mode energy follows an order-
parameter-like increase below 7*. Nonetheless, the observed
hardening of approximately 40cm~! below T* is roughly
an order of magnitude smaller than the softening starting at
260 K. Given that the Al excitation overlaps with both the
A2 mode and the Drude-like response, as shown in Figs. 2(b)
and 2(c), the anticipated amplitude mode appears substantially
damped and renormalized, despite the opening of the insu-
lating gap. Similarly, its linewidth decreases modestly with
decreasing temperature to 240 K and then narrows substan-
tially on approaching 7* and finally shows a slight upturn
below T*. The observed hardening and broadening cannot
be readily explained within the behavior based on a simple
band structure reconfiguration, where the energy gap would
evolve monotonically below Tyyr. Rather, the 7* anomaly is
reminiscent of the coherent gap evolution observed by STM
measurements [39].

IV. DISCUSSION AND SUMMARY

Our temperature- and polarization-dependent Raman spec-
troscopic study of Ta,Pd;Tes enables mapping out a

023273-4



OBSERVATION OF AN AMPLITUDELIKE MODE IN THE ...

PHYSICAL REVIEW RESEARCH 8, 023273 (2026)

(@) T*~100K (c) T*~100K Tyrr ~ 330K (e) T*~100K
i . 1300 F i
OF i bc 1
1.0 ! © Al 600 SPamas aal|l {250 O
> ! O A6~ . - .
=~ 1 ) Al @A é;a vy} n 1
0 % = &5 T g A & E1150} !
c = @ S550fF & @ 12008 © |
L s ol > S =] c ! o010
£ 505} ol o & oo c > : %‘gggo g 3
C g B S 500f ; {150 3. © 1000 | : = Pz
(SIS 3 Og i r - | Ssr0t
p s g, m I O (bb) a RO y 2@ %
HEE 3 a : A (be a pue| 1 850 5550 70 w0
0.0 L %35 aaxd 0 : 0 179 850-@%:'3 . )
"o 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Temperature (K) Temperature (K) Temperature (K)
T* ~100K T°~100K T°~100K
(b) - (d) 175 . (f) 1000 -
of ; i i bc)
10 ﬂ‘tll § %% ' (bo) 1
> ! % i ! z = ! z
2~ ! , 800 .
@ 0 A % 504 ~1s0} . 52 £ - %
A 1 ' 1 [$) 1
o S X = | AN - |
-E 5 05 'Y i Il o \ Z_; P E '
2 :UOoF f ~ 1 pa 600 - !
58 |* %% A By(1) ] S L = !
z~ | & B2 g O (bb) o & %
: 39( ) %%: =} A (bc) 400 Qj@@
00 : 1 1 " 100 C " : 1 1 : " 1 1 "
"o 100 200 300 400 0 100 200 300 400 0 100 200 300 400

Temperature (K)

Temperature (K)

Temperature (K)

FIG. 3. Thermal evolution of Raman intensities for (a) A, phonons and (b) B3, phonons. (c) Amplitude of the collision-dominated scattering
continuum for the (bb) (blue circles) and (bc) (pink triangles) polarization geometries. (d) Scattering rate I' of the Drude-like continuum as
a function of temperature for both polarization channels. The vertical dashed lines mark the characteristic temperature (7* ~ 100 K) below
which the amplitudelike modes emerge. (e) Energy and (f) FWHM of the amplitudelike excitation Al in the (bc) channel, extracted from

Gaussian fits.

comprehensive landscape of low-energy phononic and elec-
tronic excitations, providing fresh insights into the nature of
excitonic condensation.

Unlike lattice-driven transitions in related EI systems such
as TapNiSes and 1T-TiSe, [25,46], only a subtle structural
transition accompanies the insulator-metal transition. The ab-
sence of characteristic soft-phonon behavior is inconsistent
with a lattice-driven scenario. Furthermore, the prominent
anomalies in the B;, phonons underscore their symmetry-
selective coupling to band reconstructions driven by excitonic
hybridization. The Drude-like continuum provides comple-
mentary information about this electronic reorganization. Its
amplitude B(T ) exhibits a pronounced maximum at 7*, while
the scattering rate I'(7) forms a minimum at the similar
temperature. This is contrasted by only weak anomalies at
Tvit. These results indicate that the exciton condensation
becomes coherent only upon further cooling to 7*, well below
Twvir- Noteworthy is that while resistivity and ARPES data
reveal the onset of a partial gap opening across the Brillouin
zone below Tyir, STM measurements resolve a fully coherent
energy gap only below T* =~ 100 K [37-39]. These distinct
responses allude to a crossover regime in the temperature
range T* < T < Tyur, where excitonic correlations manifest
as incoherent excitons. Raman spectroscopy, as a two-particle
probe of charge fluctuations at the Brillouin zone center
(g = 0), is sensitive to the long-wavelength collective mode
that develops below T* [43].

In this crossover regime, the amplitudelike Al excita-
tion exhibits characteristic softening and linewidth narrowing
upon cooling toward 7*, while retaining substantial residual

energy even as T — T*. The subsequent partial hardening
and narrowing are interpreted as vestigial signatures of an am-
plitude (Higgs) mode associated with a exciton condensation.
Strikingly, this mode is enhanced in the B3, channel, con-
sistent with theoretical predictions [23,47,48]. The presence
of weak signatures in the symmetry-forbidden A, channel
is ascribed to the multiband character of the condensate
or hybridization of the amplitude mode with the interband
continuum.

In Ta,Pd;Tes, we identify several deviations from the
ideal excitonic insulator scenario. In particular, the order-
parameter-like increase of the Al excitation below T* is
small compared to the large softening and linewidth nar-
rowing observed above T* and the Al excitation retains a
quite broad spectral profile. This suggests that a genuine
U(1) symmetry breaking is impeded by coupling of the ex-
citonic order to the lattice and interband transitions. This
coupling induces Landau damping, causing the amplitude
mode to decay into electron-hole pairs and shortening the
excitation lifetime [49]. Additionally, the mode’s coherence
is further destroyed by scattering from impurities, phonons,
and electron-electron interactions. This collision-dominated
mechanism is evidenced by the prominent low-frequency
Drude-like response. Notwithstanding these dampings, the
spectral features characteristic of an amplitude mode survive
in a vestigial form.

In summary, our comprehensive Raman scattering study
of Ta,Pd;Tes reveals correlation-driven excitonic condensa-
tion in the presence of subtle lattice symmetry breaking. The
detection of collective amplitudelike modes, their symmetry
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selectivity, and their anisotropic coupling to the electronic
background provide compelling spectroscopic evidence of
excitonic order. These findings underscore the complex,
multiband nature of excitonic insulators in real materials.
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