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Recently, we employed electronic polarization-resolved Raman spectroscopy to reveal the strongly correlated
excitonic insulator (EI) nature of Ta,NiSes [Volkov et al., npj Quant. Mater. 6, 52 (2021)], and also showed that
for Ta,Ni(Se;_,S,)s alloys the critical excitonic fluctuations diminish with sulfur concentration x, exposing a
cooperating lattice instability that takes over for large x [Volkov et al., arXiv:2104.07032]. Here we focus on the
lattice dynamics of the EI family Ta,Ni(Se;_,S,)s (x = 0...., 1). We identify all Raman-active optical phonons
of A, (fully symmetric) and B,, (ac-quadrupole-like) symmetries (D, point group) and study their evolution
with temperature and sulfur concentration. We demonstrate the change of selection rules at temperatures below
the orthorhombic-to-monoclinic transition at 7,(x) that is related to the EI phase. We find that 7,.(x) decrease
monotonically from 328 K for Ta,NiSes to 120 K for Ta,NiSs and that the magnitude of lattice distortion also de-
creases with the sulfur concentration x. For x < 0.7, the two lowest frequency B,, phonon modes show strongly
asymmetric line shapes at high temperatures due to Fano interference with the broad excitonic continuum present
in a semimetallic state. Within the framework of extended Fano model, we develop a quantitative description of
the interacting exciton-phonon excitation line shape, enabling us to derive the intrinsic phonon parameters and
determine the exciton-phonon interaction strength that affects the transition temperature 7,(x) . While at low
temperatures the intrinsic phonon parameters are in good agreement with the ab initio calculations and the
anharmonic decay model, their temperature dependencies show several anomalous behaviors: (i) Frequencies
of B,, phonons harden pronouncedly upon cooling in vicinity of T;(x) for x < 0.7 semimetals and, in contrast,
soften monotonically for Ta,NiSs semiconductor; (ii) the lifetime of certain phonons increases strongly below
T.(x) for x < 0.7, revealing the gap opening in the broken symmetry phase; and (iii) for most modes, the intensity
shows rather strong temperature dependence that we relate to the interplay between electronic and phononic
degrees of freedom. For Ta,NiSes we also observe signatures of the acoustic mode scattered assisted by the
structural domain walls formed below 7. Based on our results, we additionally present a consistent interpretation

of the origin of oscillations observed in time-resolved pump-probe experiments.

DOI: 10.1103/PhysRevB.104.045102

I. INTRODUCTION

In a narrow-gap semiconductor or semimetal, if the ex-
citon binding energy exceeds the band gap, the Coulomb
attraction between electrons and holes favors spontaneous
formation of a macroscopic number of excitons. These
bosonic quasiparticles then form a coherent state, opening
an interaction-induced gap and leading to a insulating phase
named the excitonic insulator [1-3]. If the electron and hole
states belong to bands of different symmetry, the resulting
excitonic insulator state is expected to break the crystal lattice
symmetry.

Consider the case of a semimetal. If the band gap is
indirect, i.e., the valence band maximum and the conduction
band minimum are located at different places in the k space,
condensation of excitons leads to a charge-density-wave
(CDW) state and accompanying crystal distortion which
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breaks translational symmetry [3]. The CDW wave vector is
then given by the spanning vector that connects the valence
band maximum to the conduction band minimum. One such
example is semimetal 1T-TiSe,, which has been proposed
to hold an excitonic insulating state below 190 K [4-7]. In
contrast, if the band gap is direct, excitonic condensation
only results in lattice distortion, which breaks point-group
symmetry. In this situation, the size of the unit cell does not
change but its shape changes. Ta;NiSes is a candidate for
excitonic insulator of this kind.

Ta,;NiSes shows a second-order structural phase transi-
tion at 7, = 326 K [8,9]. In the high-temperature phase, this
material has a orthorhombic structure (point group D»;); in
the low-temperature phase, the structural is monoclinic (point
group Cy;,) with the angle 8 between a and ¢ directions deviat-
ing from 90° (Fig. 1). Below T, the valence-band top flattens
as discovered by angle-resolved photoemission spectroscopy
(ARPES) studies [10—12]. Band flatness at low temperature
is viewed as a characteristic feature of the excitonic insulator
ground state. Moreover, studies of nonequilibrium dynamics
have demonstrated photoinduced enhancement of excitonic
order [13,14], photoinduced multistage phase transitions [15],
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FIG. 1. Crystal structure of Ta,NiSes. The frame in panel (a) in-
dicates the unit cell.

ultrafast reversal of excitonic order [16], and coherent order-
parameter oscillations [17].

The lattice degrees of freedom play an important role in
the physics of Ta;NiSes. In particular, the orthorhombic-to-
monoclinic structural change can be induced via electron-
phonon coupling [18] even if the origin of the transition is
excitonic [19]. Moreover, a recent study combining ultra-
fast experiments with calculations proposes that the phase
transition in Ta;NiSes is structural in its nature [20]. Thus,
understanding the underlying phsyics of excitonic insulator
candidates requires the lattice dynamics to be examined in a
detailed way. Interestingly, substitution of Se with S results
in a whole family of compounds Ta;Ni(Se|_,S,)s where the
orthorhombic-to-monoclinic transition has been suggested to
be suppressed with x [8]. While it is known, that S substitution
leads to an enhanced direct band gap [21], which is detrimen-
tal to the excitonic insulator (EI) state, its effects on the lattice
modes have not been systematically studied.

Because the inversion symmetry of Ta,Ni(Se;_,S,)s is
preserved across T, the soft mode of this zero-wave-vector
structural transition, if any, is Raman active. Polarization
resolved low-frequency Raman spectroscopy, therefore, is
particularly suitable for studying the physics of the phase
transition and for evaluating the contribution of the lattice
vibrations to the transition. This experimental method offers
both the high-energy resolution and the ability to selectively
probe bosonic excitations in different symmetry channels
[22].

In this work, we present a systematic study of the lattice dy-
namics for the family of Ta,Ni(Se;_,S;)s (x = 0, 0.25, 0.67,
and 1) pristine crystals and alloys to quantitatively explore
the spectral parameters of the phonons. We find the change
of selection rules, indicating an orthorhombic-to-monoclinic
structural transition at 7,.(x), which is finite for all x. The tran-
sition temperature 7. (x) and the magnitude of lattice distortion
both decrease with sulfur concentration x.

For Ta,;Ni(Se;_,Sy)s with x < 0.67, the two lowest-energy
symmetry-breaking B, phonon modes exhibit strong asym-
metric line shape above the transition temperature, resulting
from the coupling between these modes and an excitonic con-
tinuum of the same symmetry. We develop an extended model
to analyze the physics of this Fano-type interference effect.
Using this model, we disentangle the excitonic and phononic
contributions to the Raman response and illustrate the effect

of the coupling between them: Apart from renormalizing the
bare phononic and excitonic responses, this effect also re-
sults in an additional interference term in the total Raman
response. We find that the B, phonon modes exhibit no intrin-
sic softening on cooling toward the transition temperature. In
contrast, the excitonic response shows clear soft-mode behav-
ior [23,24]. Additionally, many modes exhibit an anomalous
increase in linewidth above T, suggesting the closing of the
EI gap. For Ta;NiSes below 7., we also observe signatures of
the acoustic excitations with finite momenta, enabled by the
formation of a quasiperiodic structure of domain walls.

For Ta,;NiSs, on the contrary, the phonon modes in the
symmetry-breaking channel maintain symmetric line shape,
but their frequency anomalously decreases upon cooling. Be-
cause the structural change for Ta,NiSs is very weak, no
anomaly of phonon frequency or width is detected around its
structural transition temperature.

For all compositions, we find that most phonons exhibit
strong dependence of their intensity on temperature, and we
present arguments in favor of this being a result of a coupling
to electronic excitations.

Additionally, we perform density functional theory (DFT)
calculations of the lattice dynamics for Ta;NiSes and
Ta,NiSs . The phonon frequencies agree well with the exper-
iment, and the obtained displacement patterns of the optical
modes allow us to explain the differences of the couplings of
the three nonsymmetric phonons to the excitonic continuum.

Finally, we demonstrate that our results are consistent with
the modes observed in time-resolved experiments. We show,
however, that the signatures of the Fano-shaped phonons and
the excitonic continuum above 7. may be hard to observe in
that type of experiments.

The rest of this paper is organized as follows. In Sec. II,
we describe the sample preparation and experimental setup.
In Sec. III, we show an overview of the phonon spectra of
Ta,Ni(Se;_,S;)s family and compare the measured phonon
frequencies at low temperatures with the calculated values.
In Sec. IV, from the temperature dependence of the phonon
intensity we obtain phase transition temperatures, which are
compared with the resistance measurements. In Sec. V, we
analyze the Fano interference feature of B,-symmetry Raman
response. In Sec. VI, we present the temperature dependence
of phonon-mode parameters: The results for B,,-symmetry
modes are given in Sec. VIA and those for A,-symmetry
modes are given in Sec. VIB. In Sec. VII, we convert Raman
response from frequency domain to time domain and discuss
relevant time-resolved studies on Ta,NiSes. In Sec. VIII, we
provide a summary of the observations and their implications.
Further discussion is provided in Appendixes: the methods
used for the estimation of laser heating rate in Appendix A;
the mathematical formalism for the generalized Fano model
in Appendix B; more illustration of this model in Appendix C;
and the fitting results of the anharmonic decay model for the
phonon modes in Appendix D.

II. EXPERIMENTAL

Single crystals of the Ta;Ni(Se;_,S,)s family were grown
by chemical vapor transport method. Elemental powders
of tantalum, nickel, selenium, and sulfur were mixed with

045102-2



LATTICE DYNAMICS OF THE EXCITONIC INSULATOR ...

PHYSICAL REVIEW B 104, 045102 (2021)

TABLE I. The Raman selection rules in the high-temperature
orthorhombic (point group D,;) and low-temperature monoclinic
(point group C,;,) phases. Upon the reduction of symmetry from D),
to Cyp, the A, and By, irreducible representations of D»;, group merge
into the A, irreducible representation of C;, group.

Scattering Symmetry channel Symmetry channel
geometry (Do, group) (Cyy, group)

aa A, A,

ac By, Ag

stoichiometric ratio and then sealed in an evacuated quartz
ampule with a small amount of iodine as the transport agent.
The mixture was placed in the hot end of the ampule (=950
°C) under a temperature gradient of about 10°C/cm. Af-
ter about a week, mm-sized needle-like single crystals were
found at the cold end of the ampule. The crystals were shiny
and cleave easily. We used x-ray diffraction and electron dis-
persive x-ray spectroscopy to verify the exact composition of
the crystals and their uniformity. The samples for resistance
and Raman measurements are from the same batch.

The resistance was measured along an axis in a four-probe
configuration using a Quantum Design PPMS system. The
TEM images of domain structures were taken on a FEI Titan
Themis G2 system using a Gatan double-tilt cryo-stage.

For Raman measurements, the samples were cleaved in
ambient conditions to expose the ac plane; the cleaved sur-
faces were then examined under a Nomarski microscope to
find a strain-free area. Raman-scattering measurements were
performed in a quasi-back-scattering geometry from the sam-
ples mounted in a continuous helium-gas-flow cryostat.

For acquisition of the low-frequency Raman response
required for this study, we used a custom fast f/4 high
resolution 500/500/660 mm focal lengths triple-grating spec-
trometer (with 1800 mm~! master holographic gratings
composed of (i) aberration-corrected subtractive stage provid-
ing a reliable 12 orders-of-magnitude stray light rejection at as
low frequency as 4 cm~! from the elastic line, (ii) a third-stage
monochromator, and (iii) a liquid-nitrogen-cooled charge-
coupled device (CCD) detector (Princeton Instruments). All
the acquired data were corrected for the spectral response of
the spectrometer. Three slit configurations were used: 100-um
slit width providing 0.19-meV spectral resolution; 50-pm slit
width rendering 0.10-meV spectral resolution; and, for high-
resolution data, 25-pm slit width rendering 0.06-meV spectral
resolution.

For polarization optics, a Glan-Taylor polarizing prism
(Melles Griot) with a better than 10~ extinction ratio to clean
the laser excitation beam and a broad-band 50-mm polarizing
cube (Karl Lambrecht Corporation) with an extinction ratio
better than 1:500 for the analyzer was used. Two polarization
configurations were employed to probe excitations in different
symmetry channels. The relationship between the scattering
geometries and the symmetry channels [22] is given in Table I.

The 647-nm line from a Kr* ion laser was used for exci-
tation. Incident light was focused to an elongated along the
slit direction 50x 100 /,LIIIZ spot. For data taken below 310 K,
laser power of 8 mW was used. To reach temperature above

310 K, we kept the environmental temperature at 295 K and
increased laser power to reach higher sample temperature in
the excitation spot. All reported data were corrected for laser
heating in two mutually consistent ways (Appendix. A): (i) by
Stokes/anti-Stokes intensity ratio analysis, based on the prin-
ciple of detailed balance, and (ii) by checking laser power that
induces the phase transition. In addition to that, we performed
a thermoconductivity model calculation that suggests a linear
scaling of the heating rate with the beam spot size.

The first-principle calculations were performed using DFT
within projector augmented-wave (PAW) formalism [25]
and Perdew-Burke-Ernzerhof (PBE) parametrized exchange-
correlation energy functional [26]. For Ta;NiSes, we used
the implementation of the QUANTUM ESPRESSO package [27],
using the pseudopotentials generated by Dal Corso [28] and
with grimme-d3 van der Waals correction [29] included. For
Ta,NiSs, the implementation of the Vienna ab initio Simula-
tion Package (VASP) code [30,31] was used. The phonon fre-
quencies for both cases were calculated by finite displacement
method as implemented in PHONOPY [32]. The initial struc-
tures subject to relaxation for Ta;NiSes and Ta,NiSs have
been taken from experiments on the high-temperature or-
thorhombic phase, Refs. [33] and [34], respectively.

III. OVERVIEW

In this section, we show an overview of the phonon spec-
tra of Ta,Ni(Se;_,Sy)s family, and compare the measured
phonon frequencies at low temperatures with the calculated
values.

The phonon spectra of Ta;Ni(Se;_,S,)s family (x =0,
0.25, 0.67, and 1) are summarized in Fig. 2. For stoichometric
compositions at high temperature, we observe eight modes in
aa geometry and three modes in ac geometry, in agreement
with the eight A, and three B,, Raman-active phonon modes
expected in the high-temperature orthorhombic phase (space
group Cmcm): The A, modes appear in aa scattering geometry
and the B;, modes in ac scattering geometry (Table I). Except
for the Ta;NiSs sample, the two lowest-energy B, modes,

B(llg') and BZ,), exhibit strongly broadened and asymmetric
lineshapes at high temperature. This anomalous broadening
is almost absent for Ta;NiSs (note the logarithmic intensity
scale in Fig. 2).

At low temperature, a transition into a monoclinic phase
(space group C2/c) occurs. In the low-temperature phase,
because of the mirror symmetry breaking, all Raman-active
phonon modes appear in both aa and ac scattering geome-
tries (Table I). All of the expected Raman-active modes were
observed: They are identified by dashed lines in Fig. 2; the
additional weak spectral features result from the second-order
scattering. For example, the weak feature at 34.1 meV in aa
scattering geometry for Ta,NiSes corresponds to a second-
order scattering feature of the 16.8-meV B;zg) mode.

The measured phonon frequencies for Ta,NiSes and
Ta,NiSs at 35 K generally match well with the calculated
values (Table II). As the calculations were carried out in the
orthorhombic phase, this suggests that monoclinicity by itself
does not strongly affect the phonon frequencies. Discrepan-
cies larger than 10% between the measured and calculated
values appear only for the B(zlg) and BZ,) modes of Ta;NiSes
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FIG. 2. Raman response x” in the aa and ac scattering ge-
ometries for Ta,Ni(Se;_,S,)s family, plotted in semilog scale. The
phonon modes are classified by the A, and B, irreducible represen-
tations of Dy, point group. The A, and B, modes of Ta,NiSes are
labeled by red and green colors, respectively; the A, and B, modes
of Ta,NiSs are labeled by purple and blue colors, respectively. For
the samples with x = 0.25 and 0.67, the modes are labeled by the
color scheme of Ta,NiSes if its energy is close to that of Ta,NiSes
modes, or the color scheme of Ta,NiSs if its energy is close to that
of Ta,;NiSs modes. The spectral resolution is 0.19 meV for the ac
spectra at high temperature and 0.06 meV for the ac spectra at 35 K
and all aa spectra.

TABLE II. Comparison of the experimentally measured phonon
energies at 35 K and the calculated values for Ta,NiSes and Ta,NiSs.
Unit is meV; modes are identified by their irreducible represen-
tations in the orthorhombic phase, where eight A, modes and
three B,, modes are expected.

Ta,NiSes Ta,NiSs
Mode Exp. Calc. Exp. Calc.
AD 4.22 4.22 5.01 4.82
By, 8.66 7.61 6.50 7.66
AR 12.28 11.87 16.13 15.18
BY) 15.25 10.14 16.41 16.20
AD 16.76 15.53 19.13 18.27
BS) 18.38 19.39 32.96 33.23
AW 22.17 21.91 33.82 33.82
AD) 24.14 24.09 36.50 36.36
A® 27.02 26.34 40.07 40.13
A 29.39 29.01 43.10 43.07
A® 36.32 37.47 49.49 49.62
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FIG. 3. The doping dependence of the Raman-active phonon fre-
quencies at 35 K for Ta,Ni(Se;_,S,)s family. For the doped samples,
the B, and AQ-A® phonons exhibit two-mode behavior (i.e., two
peaks in the spectrum), characteristic of alloys [35-37].

and the B;l) mode of Ta,NiSs. As discussed in Sec. V, these
modes exhibit an anomalous behavior that can be attributed to
their strong coupling to the excitons.

For the alloy compositions (x = 0.25 and 0.67), the phonon
modes show larger linewidth compared with that for the sto-
ichometric compositions. Moreover, the Bg) and AS)—A?)
modes exhibit two distinct frequencies: one close to the fre-
quency of that mode in Ta;NiSes and the other close to the
frequency in Ta;NiSs. Such behavior is commonly observed
for alloys in which the frequencies of the same phonon mode
in the two end-point materials differ substantially [35-37].
The doping dependence of the phonon frequencies measured
at 35 K is presented in Fig. 3. The frequencies of the phonon
modes for Ta;NiSes are consistent with the recent experimen-
tal studies [38—42] and the calculated values [43].

IV. PHASE TRANSITION

In this section, we deduce the phase transition tempera-
tures from the observed change in selection rules in Raman
response and compare the results with the resistance measure-
ments.

Below T, the 11 phonon modes are allowed by symme-
try to appear in both scattering geometries (Table I); thus,
eight additional modes appear in ac geometry and three in
aa. We call the appearance of phonon modes below T, in
the orthogonal to allowed above T, scattering geometry as
phonon-mode “leakage.” As shown in Fig. 2, all four samples
exhibit phonon-mode leakage at low temperature, indicating
presence of a point group symmetry-breaking structural phase
transition.
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FIG. 4. Temperature dependence of the integrated intensity of
Afg‘) and B;l,) modes in the forbidden scattering geometry (ac and aa,
respectively) for (a) Ta,NiSes, (b) Ta;NiSs, (c) Ta;Ni(Seq7550.25)s,
and (d) Ta;Ni(Seo3350.67)s-

In Fig. 4, we show the temperature dependence of the
leakage of Aé,l) and B(Zl,) modes for Ta;Ni(Se;_,S,)s family.
The leakages of other modes are given in Sec. VI. For each
sample, the leakages of different modes appear below the
same temperature.

We assign the temperature of the leakage onset as the
structural phase transition temperature 7, . The phase tran-
sition temperatures for Ta,Ni(Se;_,Sy)s family are given in
Table III. The transition temperatures 7.(x) decrease with
sulfur doping x. Moreover, for larger sulfur content x the
phonon intensities in the forbidden scattering geometry also
decrease. This quantity is proportional to the square of the
order parameter (OP), which can be represented by, e.g., the
deviation of the angle B between a and c axes [Fig. 1(b)]
from 90°. While the general monotonic growth of the leakage
intensity on cooling is consistent with these expectations,
the details of temperature dependence can vary for different
modes [Fig. 4(a)]. The decreasing trend of the phonon inten-
sity in the forbidden scattering geometry with sulfur content
x therefore indicates that the structural distortion becomes
weaker with higher sulfur concentration.

A complementary way to determine the phase transition
temperature was demonstrated in Ref. [8], where anomalies in
the temperature dependence of resistance have been detected
at T.(x). In Fig. 5, we show the resistance data analysis for the
samples from the same batch as used for the Raman measure-
ments. For Ta;NiSes and Ta;Ni(Seq.75S0.25)s, the temperature
at which the temperature derivative of resistance displays a
kink and that of transport activation gap shows a peak co-

TABLE III. The structural phase transition temperature of
Ta,Ni(Se;_,S,)s family determined by observing phonon-mode
leakage in Raman spectra.

Sulfur content x Transition temperature (K)

0 328+5
0.25 260 £ 10
0.67 170 =10
1 120 + 10
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o 102} :
ol ° TayNi(Seq.33 So.67)s
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Temperature (K)

FIG. 5. Temperature dependence of the resistance along a axis
for Ta,Ni(Se;_,S,)s family. (a) The resistance, plotted in semilog
scale. (b) The temperature derivative of resistance, plotted in semilog
scale. (c) The temperature derivative of the transport activation gap
E, = kgT log,, [R(T)/R(360K)]. The transition temperatures deter-
mined from Raman measurements are marked by dashed lines for
comparison

incides with the Raman-determined transition temperature.
For Ta,;Ni(Seo33S0.67)s and Ta,NiSs, though, the features in
resistance data are less pronounced. The latter can be antici-
pated from their much more insulating character, potentially
masking a small change of resistance due to transition on top
of a large background resistance.

V. FANO INTERFERENCE IN THE B,,
SYMMETRY CHANNEL

In this section, we analyze the asymmetric line shape of
the Bj,-symmetry phonon modes observed for x < 0.7 in
the high-temperature phase. We describe the asymmetric line
shape and its temperature dependence in Sec. V A. To fit the
spectra, we develop a generalized Fano model, discussed in
Sec. VB, in which the asymmetric broadening results from
the coupling of the phonon modes to an excitonic continuum.
Besides the optical phonon modes, the excitonic continuum
also couples to the acoustic phonon mode. We discuss how
such coupling enhances the transition temperature 7,(x) and
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leads to softening of the B,, -symmetry acoustic mode in Sec.
V C. The appearance of a quasiperiodic domain wall structure
below T introduces additional complexity, and in Sec. VD,
we discuss how the fitting model must be modified to account
for low-energy spectral features which are absent above 7.
The fitting results for Ta,NiSes, relevant to the excitonic
continuum, are presented and interpreted in Sec. V E (those
related to the intrinsic phonon properties are shown later in
Sec. VI). It is demonstrated that the strengths of the inter-
actions between individual phonons and excitonic continuum
are consistent with the displacement patterns deduced from ab
initio calculations. For comparison, the fitting results for the
alloy compositions are given in Sec. VF.

A. Temperature dependence of asymmetric Fano line shapes

The temperature dependence of the spectra measured in
ac scattering geometry for Ta,NiSes is shown in Fig. 6.
Above T, the B(Zl,) and BZ,) modes have noticeably asym-

metric lineshapes, while the line shape of the ng) mode
remains quite symmetric. Upon approaching 7, on cooling,
the spectral weight of low-frequency continuum displays an
enhancement, and the apparent linewidths of the B(ZQ and Bézg)
modes increase. Below T, the modes recover the conventional
Lorentzian lineshapes.

An asymmetric line shape arises due to Fano interference
when a sharp phonon interacts with a broad continuum. In this
case, the continuum is due to the overdamped exciton fluctua-
tions [23,24], and the exciton-phonon interaction is caused by
modulation of electronic bands near the Fermi surface by the
Bg-symmetry lattice vibrations.

B. The generalized Fano model for data above 7,

We describe the Fano model that includes the coupling
between the B;H) phonon modes and the continuum; more
details can be found in Appendix B.

We first discuss the Raman response of the phonons. The
Raman scattering intensity is related to the fluctuation spec-
trum of the phonon coordinate (Q,0_,,) [44], which is given
by the imaginary part of the phonon coordinate susceptibility
X ,’)’ (w) times the Bose factor. The phononic Raman response
function consequently has the form

2
4tpa)wp)/p

(@ = @) +273(w? + ) + v

%y (w) = )

where 1, is the light-scattering vertex for the phonon, w),
is the mode’s bare frequency, and y, is the half-width at
half-maximum (HWHM), which is related to the oscillator
lifetime.

An exciton in a gapped system (a semiconductor or in-
sulator) is expected to have a sharply peaked response at
the exciton energy described by a bosonic response function
similar to the Eq. (1). The most important difference for a
semimetal is the presence of a gapless continuum of inter-
band particle-hole excitations enabling the decay of the q = 0
exciton into unbound particle-hole pairs (Landau damping).
To describe the continuum in data, we find it sufficient to as-
sume a purely relaxational dynamics (corresponding to strong

25} (a) Jo8mev | (€)
20 380K 300K
- 0.19mev
15
10
5
A\

0
25 (b) J-0.10mev F (f)

355K 265K

-}~ 0.10mev

(c) +-0.19mev | (@)
330K 215K
4 0.10mev

X' (arb. units)
3

25t (d) 40.10mev [ (M)
325K 35K |

0 5 10 15 20 0 5 10 15 20
Raman shift (meV) Raman shift (meV)

FIG. 6. Temperature dependence of Raman response x” in the ac
scattering geometry for Ta,NiSes. The data are shown by black dots,
along with the Fano fits [Eq. (B1)] shown as red curves. The spectral
resolution is 0.19 meV for panels (a)—(e), 0.10 meV for panels (f) and
(g), and 0.06 meV for panel (h). The Fano model describes the cou-
pled dynamics of the B;;LB;‘;) phonon modes and the overdamped
excitonic continuum. The bare phonon modes [Eq. (1)] are shown by
green curves, and the bare excitonic continuum [Eq. (2)] is shown
by blue curves. Below T, especially at 300 K, additional spectral
weight is observed at low energies, resulting from the emergence of
finite-energy acoustic modes due to scattering off structural domain
walls (see Fig. 9). The purple curves show the coupled response of
the acoustic modes and the excitonic continuum. As the excitonic
continuum is suppressed on cooling below 7., the line shapes of the
phonons become essentially symmetric.

overdamping) for the excitonic response. This leads to the
form

111 tEZw
x/(w) = ———F——, )
(02/ve)” + w?

where 7, controls the overall intensity determined by the light-
scattering vertex and the excitonic density of states, w, is
the frequency of the overdamped excitation, and y, is the
relaxation rate, typically much larger than w,. Note that for
the purpose of the fitting description below Q.(7) = a)g / Ve
is a single parameter denoting the temperature-dependent
peak frequency in the broad response function x.(w). For a
purely excitonic transition, this peak represents the soft mode:
Qe(Tf’ ) = 0 is the condition for bare excitonic transition tem-
perature at ¢/, where the static excitonic susceptibility x.(0)
diverges [see Eq. (B20)].
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In the absence of the exciton-phonon interaction between
the modes, the respective phononic and excitonic responses
[Eqs. (1) and (2)] simply sum up. The exciton-phonon
interaction, however, couples these dynamical responses:
In particular, a bilinear coupling of the exciton and the
B, phonon coordinates is expected [18] (note that the bare
phonons are diagonal normal modes and thus no bilinear
interaction between them is present). The resulting response
can be obtained by solving the coupled equations of motion
(Appendix B). Each of the responses XI’,/ (w) and yx.(w) get
renormalized by the interaction, and in addition, the response
of the phonon coordinate to the exciton one, x/’ (w), becomes
finite. The latter leads to an essential interference term in the
total Raman response function [45—47].

To appreciate the effect of renormalization, we first con-
sider a simplified case in which the excitonic continuum
couples to a single sharp phonon mode (y, < wp)
(Appendix C). Then, solving the coupled dynamical equa-
tions, one obtains the full Raman response function

X" (@)
w2tvw, — (0 — )]’
(@00 - ) +4Qaky(of - o) +dvie

3

that could be broken down into a sum of three contributions:

X' (@) = X!(@) + 1 (@) + xi(@), )

where the first two terms correspond to the phonon response
proportional to square of light coupling vertex tp2 and the
excitonic continuum proportional to #2, respectively, while
the third one, that is proportional to the 7,f, combination, is
the interference term appearing due to the exciton-phonon
coupling with strength v [47].

We first discuss the phonon response in the presence of
the coupling with the excitonic continuum. As we will show
now, the coupling to the continuum of overdamped excitonic
excitations renormalizes the bare linewidth to

2
viw,

2 20
a)p+Qe

v

Yy = &)

and thus, the bare y, can be neglected altogether [48]. The
renormalized phonon response is given by
4t§a)a),,y;

[ — (@} =22 + 4wl +

K@) = - ©

w2 +Q?

Comparing Eq. (6) to Eq. (1) for the bare phonon, the phonon
frequency renormalization is a)f, — a)i — 2§2€yp” [49]. On
increasing coupling strength v, the phononic response max-
v2(2w,,967u2)
A0, D)
For the excitonic response x.(w), the renormalization
effects are most significant. Those are best illustrated by

the low-frequency slope of the excitonic response function

3)(5&()“’) lo—0- In the absence of exciton-phonon interaction, the

low-frequency slope for the bare response is equal to 2/?
[see Eq. (2)], while the interaction v is rapidly enhancing the

imum shifts t0 wp max = wp —

slope as

9y 2
Xe (w) = tﬁ 20272’ (7)
w0 [QUT) — 2]

@p

Jw

leading to a critical value at v, = \/Q.,/2, when the exci-
tonic spectral weight is pushed to the lowest frequencies and
thus causing the divergence in the static susceptibility
2 v 2 Q.(T)
12— 4tetpu7p + 2tpa)—p

QT) - 22

a)l,

x(@—0,T)=

®)

signifying the enhancement of the excitonic phase transition
temperature, caused by coupling to the optical phonon.
Finally, the mutual response of the exciton and phonon
coordinates appearing due to the coupling v between them
leads to the sign-changing interference term
2 2
4tetpvwwpg§TZ]%

"

Xim (60) =

(@*—?)
w2 +Q?

C))

The sign of this term depends on phase difference between the
exciton and phonon oscillators. Because the phase of driven
by light phononic oscillator is flipping to the opposite one at
the resonant frequency, the sign of this term changes close
to the bare phonon frequency w,. Thus, this term is chiefly
responsible for a skewed, asymmetric shape of the resulting
Fano feature. Depending on the sign of v, the peak is skewed
to the left or to the right of the original phonon frequency.
Note that even for weak coupling v < ), this term can have
an appreciable magnitude close to the phonon energy.

To analyze the actual measured low-frequency data shown
in Fig. 6, we use the model with three B,, optical phonon
modes, all interacting with the excitonic continuum; see for
details Appendix B. As above, the total Raman response
x” (@) can be similarly decomposed into three contributions,
Eq. (4): the first two describing the renormalized phononic
and excitonic responses, respectively, with the third one aris-
ing due to the interference effects. In Fig. 7, an example of
such decomposition is shown for the data taken at 380 K,
along with the deduced bare responses (without the effect of
coupling), X,’j(o)(a)) and x/®(w). The renormalized phonon
features become broader due to the interaction with the con-
tinuum and their frequencies shift. Most importantly, the
coupling noticeably increases the excitonic response at low
frequencies. The sign-changing interference term enhances
the asymmetric line shape of the combined response.

To fit the ac spectra, first, we determine the 7, parameter
of the excitonic continuum [Eq. (2)] by fitting the phonon-
free region of spectra between 25 and 40 meV. As expected,
this quantity remains temperature independent [Fig. 10(b)].
Second, we perform a global fitting of the spectral region
below 22 meV for all measured temperatures. We assume
[consistently with the expectation due to anharmonic effects;
see Egs. (16) and (17) below] the linewidth of the three
Bg-symmetry phonon modes to be a linear function of tem-
perature above T.. For spectra below T, we fit the leaked
phonon modes with the Lorentzian line shapes and account
for their contribution in the global fitting.

[ — (@} = 22)] + 4wl +
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FIG. 7. The effect of coupling on Raman spectrum, relevant to
the data measured for Ta,NiSes at 380 K. The Raman response
functions are shown for bare (dashed lines) and renormalized by
interaction (solid lines), x,"’ () and (), respectively. The inter-
ference term x;; (w) is shown by solid orange line. The solid red line
corresponds to the total sum of the solid blue, solid green, and solid
orange lines, Eq. (4). The black dots represent the experimentally
measured spectrum.

C. The coupling between excitonic continuum
and acoustic modes

Besides the optical phonon modes, the excitonic contin-
uum also couples to the acoustic phonon modes. The acoustic
branch has a linear dispersion w,(q) = csq (c; is sound ve-
locity) at small wave vectors ¢; its coupling to light and to
the excitonic continuum both vanish in the long-wavelength
limit [50]: ¢, = 7,,/q and vy = B,./q (Ts and By are constants).
However, the acoustic mode has an important contribution to
the enhancement of the phase-transition temperature [51]. The
diverging condition for static Raman susceptibility x(w —
0, T') is defined by coupling to all modes, optical and acoustic:

QT - — =0, (10)

s

in which

- 3 20?2
Q(T)=Q(T)- ) —-. (11)

iz @pi

This equation determines the symmetry-breaking phase tran-
sition temperature 7.

Because the spectroscopic Fano feature associated with the
coupling between the long-wavelength longitudinal acoustic
mode and the excitonic continuum lies at frequencies far
below accessibility of the Raman experiment, the constant S
cannot be derived directly from an interference feature of a
typical Raman spectra. Nevertheless, the coupling constant S
has observable consequences already above T.. In particular,
the acoustic mode has been shown to soften on cooling toward
T, [52]. This softening does not result from intrinsic instability
of the acoustic modes; rather, it is caused by the coupling
of the acoustic mode to the softening excitonic excitations
[Eq. (2)].

To demonstrate this point, we solve for the lowest energy
pole of the Green’s function for the interacting phononic and

w »

N

X (arb. units)

O T 1
0 2 4 6 8 10

Raman shift (meV)

FIG. 8. The contribution from the acoustic modes to low-
frequency Raman spectrum in ac polarization, relevant to the data
measured for Ta,NiSes at 300 K. The data are shown by black
dots; the total Fano fit is shown as red curve; the bare excitonic and
phononic components are presented in blue and green, respectively;
and the coupled response of the acoustic and excitonic components
is shown in purple.

excitonic excitations assuming an infinitesimal g. The energy
of the pole gives the renormalized (experimentally measured)
sound velocity ¢, above T, [Eq. (B23) of Appendix B]:

282%¢,

2=t 2Bt (12)

Q2.(T)
in which ¢, is the bare sound velocity in the absence of
coupling to the excitons. Equation (10) enables us to rewrite
Eq. (12) as

Q.(T.)

E(T) =, [1 — 51"

13)

From Eq. (13), it is clear that the sound velocity softens to zero
at T, in the absence of any intrinsic ferroelastic instability.
The renormalization of the sound velocity above T, can be
estimated by using Eq. (13). Using the low-temperature value
of the sound velocity ¢, [52], we can then calculate ¢,(7")
with the parameters obtained from the Fano fits, i.e., without
free parameters. The result yields ¢,(7 = 400K)/c, & 0.65,
which is in remarkable agreement with the experimental ratio
Cs,exp(T = 400K)/cs exp &~ 0.65. The agreement between the
estimated and experimentally determined values suggests that
in Ta;NiSes, the softening of the acoustic mode results solely
from the coupling to the softening excitonic excitations.

D. The generalized Fano model for data below T,

Below T, especially around 300 K, this model appears
to be insufficient to account for an additional low-frequency
spectral weight; see Figs. 6(e) and 8. To understand the ori-
gin of this spectral feature below a few meV, we recall that
below 7, formation of quasiperiodic structural domains have
been observed by transmission electron microscopy (TEM)
[9,15]. Such quasiperiodic structure can take a recoil of
quasimomenta, enabling Raman coupling to acoustic mode
at finite momentum ¢, = 27”, where d is the periodicity of
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(a) 350K (b) 300K

Domains

500nm

FIG. 9. Two images of the Ta,NiSes recorded from the ac plane
by transmission electron microscopy at (a) 350 and (b) 300 K.

the domain pattern, causing the appearance of the additional
spectral feature at frequency wy; = c;q,. Therefore, fitting this
ultra-low-frequency spectral feature provides an independent
approach to determine the coupling constant vy = Bs./qa
between the acoustic lattice excitations and the excitonic con-
tinuum, and hence define the constant S, that controls the
enhancement of the transition temperature to 7, due to cou-
pling between excitons and longitudinal strain fields of the
same symmetry. This low-energy feature due to recoil on the
quasiperiodic structure of domain walls is best seen about
30 K below T;, when the excitonic continuum is sufficiently
suppressed but still adequate to provide a Fano-interference
feature.

In Fig. 9, we compare two TEM images from the ac plane
of Ta,NiSes measured above and below T.. The domains
have stripe shape, aligned parallel to the a axis. The average
spacing d between these stripes along c-axis direction is on
the order of 200 A. For the purpose of spectral analysis, we
will assume that the spacing between stripes i in units of the
crystal unit cell constant ¢ follows the Poisson distribution

d e
P(t';u = —) S (14)

c i!

where w is average interdomain distance in the number of c-
direction unit cells.

We deduce the unrenormalized speed of sound from the
dispersion of the acoustic mode measured by inelastic x-ray
scattering at temperatures far away from 7,.: ¢; ~ 30 meV A;
see Ref. [52]. We also note that at high temperatures the
acoustic excitations away from long-wavelength limit are sig-
nificantly broadened [52].

Recognizing that the low-frequency feature is inhomo-
geneously broadened by random distribution of the stripe
distances, for the fitting procedure to the measured response
function we perform summation over the distribution func-
tion:

X'(@) =Y Pli; Wx{ (), (15)

i=1

in which each x/’(w) is the full response function containing
coupling to acoustic mode for domain walls 7 lattice constants
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FIG. 10. Temperature dependence of the Fano fitting parameters
for the ac Raman spectra of Ta,NiSes. (a) The coupling strength v;
(i=1,2,3) in Eq. (B4). (b) The light-scattering vertex ., and the
frequency at which the excitonic continuum has maximum intensity
Q.(T) = @?/¥e, Eq. (2). The blue line is a linear fit to the Q.(T) data
above T.. The dashed lines indicate transition temperature 7, and bare
excitonic transition temperature 7.>.

apart; see Eq. (B17) in Appendix. As a reminder, for each
individual component, the frequency and HWHM are pro-
portional to g;; the light-scattering vertex and coupling are

proportional to /q;.

E. The fitting results for Ta,NiSes

The fits to the data, as well as the phononic and excitonic
components, are shown in Fig. 6. For the 300- and 265-K
spectra below T, we also include the acoustic contribution
due to coupling via quasiperiodic structure of domain walls.
In Fig. 8, we show the acoustic contribution at 300 K. The
coupling of the excitonic continuum to the acoustic com-
ponents enhances the low-energy response. The parameter
B =7.7TmeV A3 is consistent with Eq. (10) for T..

The spectral parameters frequency, FWHM, and inte-
grated intensity of the three B, phonon modes are shown
in Sec. VIB. The rest of the fitting parameters are given in
Fig. 10.

The temperature dependences of the coupling strength
between the individual phonon modes and the excitonic con-
tinuum are detailed in Fig. 10(a). The ratios of the coupling
strength to the phonon frequency for the 3(2;; and B(zzg) modes
above T, are 0.32 and —0.34, respectively. These ratios are an
order of magnitude larger than the typical values for stable
systems with similar phonon frequency [47,53,54]. On the
contrary, the exciton-phonon interaction with the B(zz,) mode

is weak. The signs of the coupling for the Bglg) and Bfg) modes
are opposite. For these two modes, the magnitude of cou-
pling is temperature independent above 7, but decreases and
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FIG. 11. The calculated vibrational patterns corresponding to the
three B,,-symmetry phonon modes of Ta;NiSes.

saturates on cooling below 7. The temperature dependence
of the coupling strength is influenced mainly by two factors:
the screening effect of free carriers, reduced below T, due to
the emergence of a pronounced spectral gap [23,55], and the
change of the crystal structure below 7.

The difference in magnitude of the exciton-phonon cou-
pling for Bgi;z) and BZ) modes can be readily understood
from the corresponding displacement patterns obtained from
the DFT calculations for Ta;NiSes and shown in Fig. 11. The
calculated patterns are consistent with those reported in other
studies [20,52]. While both the Bé}g’z) modes involve displace-

ments of Ta and Se, the Bf) mode involves a displacement
of Se almost exclusively (the Ni atoms are at the inversion
centers and thus do not contribute to the Raman-active phonon
modes). As the electronic bands in Ta,NiSes close to the
Fermi level are believed to be predominantly formed by Ta
and Ni electrons [12,18,19], with much smaller contribution
of Se, it appears natural that the B?) mode does not couple to
the low-energy electronic degrees of freedom. Furthermore,
the vibration of the Ta atoms for BS; and Bfg) displacements
are in antiphase, which can explain the opposite signs of the
exciton-phonon coupling for these modes.

The temperature dependence of the light-scattering vertex
t, and the frequency €2, at which the continuum has maximum
intensity are shown in Fig. 10(b). Above T, the quantity €2,
linearly decreases on cooling; below T, it rapidly increases
and saturates at low temperature.

F. The fitting results for Ta,Ni(Se;_,S,)s with x = 0.25 and 0.67

To compare with the results for Ta,NiSes, we also fit the
ac polarization spectra for the alloy compositions (x = 0.25
and 0.67) above their transition temperature. We are not able
to perform a Fano analysis below T for two reasons: (a) We
have no knowledge of the domain structure and the sound
velocity; and (b) we cannot properly subtract the leakage of
the A, modes. In Fig. 12, we show one characteristic Fano fit
for Ta;Ni(Seq.7550.25)s and TapNi(Seg 3350.67)s, respectively.
The fitting parameters are given in Fig. 13.

The results are similar to the case of Ta,NiSes: For the
coupling strength, we find positive v, negative v,, and neg-
ligible vs; the light-scattering vertex f, has no temperature
dependence above the transition temperature; and the energy
at which the excitonic continuum has maximum intensity,
Q. = ®2/Ye, decreases linearly on cooling above the tran-
sition temperature. Extrapolating to zero value of €., we
obtain 55 £ 18 K for Ta,Ni(Sey755025)s and —400 =70 K
for TayNi(Sep.33S0.67)s-

(@ 345K

TazNi(Seo.7SSo.és)5

~-0.19mev

X (arb. units)

- (b) 310K Taz2Ni(Seo.33S0.67)5

@ 20t
E
5 15¢
3
. 10}

5 L

% 5 10 15 20

Raman shift (meV)

FIG. 12. Raman response x”, represented by black dots, in the ac
scattering geometry for Ta,Ni(Se75S025)s and Ta;Ni(Sep33S0.67)s
with the Fano fits [Eq. (B2)] shown as red curves. The spectral
resolution is 0.19 meV. The phonon modes [Eq. (1)] and exci-
tonic continuum [Eq. (2)] are represented by green and blue curves,
respectively.

In Table IV, we present the doping dependence of the
relevant physical quantities above the transition temperature
for Ta;Ni(Se;_,Sy)s family. Because the coupling strength
increases with sulfur doping, determining the intrinsic phonon
parameters, especially the linewidth, becomes more difficult
for TazNi(Se(),75S()'25)5 and TazNi(Se0,33SO,67)5.

TABLE IV. The doping dependence of the scattering vertex and
the coupling above the transition temperature for the interaction
between the excitonic continuum and phonon modes in the B,
scattering geometry of Ta,Ni(Se;_,S,)s family. The quantities ¢, is
the vertex of light scattering process for the excitonic continuum.
The quantities v; (i = 1, 2) are the coupling between the excitonic

continuum and the BY) phonon mode.

8

x=0 x =0.25 x =0.67
t, (arb. units) 7.22 7.36 7.48
v (meV) 2.45 2.61 3.61
vy (meV) —4.03 —4.61 —5.87
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FIG. 13. Temperature dependence of the Fano fitting parame-
ters for the ac Raman spectra of Ta;Ni(Se75S0.25)5 [(a), (b)] and
Ta,Ni(Seg33S0.67)s [(c), (d)]. [(a), (¢)] The coupling strength v; (i =
1,2, 3) in Eq. (B4). [(b), (d)] The light-scattering vertex ., and the
energy at which the excitonic continuum has maximum intensity
Q, = @?/y. of the overdamped electronic mode, Eq. (B6). The blue
line is a linear fit to the 2, data.

VI. TEMPERATURE DEPENDENCE OF THE INTRINSIC
PHONON PARAMETERS

In this section, we present the temperature dependence of
intrinsic phonon-mode parameters: energies, intensities, and
linewidths. The results for B,g-symmetry modes are given in
Sec. VI'A, and those for A -symmetry modes are given in Sec.
VIB.

A. Bj;-symmetry phonon modes
1. TazNiSes

In Fig. 14, we show the temperature dependence of
the spectral parameters for B,g-symmetry phonon modes in
Ta,NiSes: the bare phonon frequency, FWHM, and integrated
intensity.

Below T, the temperature dependence of both frequency
w,(T)and FWHM I',(T' ) = 2y, (T') of the phonon modes can
be accounted for by the standard model assuming anharmonic
decay into two phonons with identical frequencies and oppo-
site momenta [56]:

2
wp(T)sz—(Uz[l +m:| (16)

and

Ip(T) = To+ F2|:1 + (17)

2
We note that a low value of I'y indicated high quality of the
crystals.

Above T, however, the slope of the FWHM increases
for the three phonon modes, and the FWHM becomes larger
than the value predicted by the anharmonic decay model. The
appearance of additional decay channels above T is related to
the presence of gapless particle-hole pairs. Indeed, above T
Ta,NiSes is gapless spectroscopically [23], while below T, a
gap rapidly develops at low energies, suppressing the damping
due to particle-hole pairs. Because the Fano model used for
fitting takes into account the damping due to exciton-phonon
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FIG. 14. Temperature dependence of the spectral parameters: the
bare frequency, FWHM, and the integrated intensity, for the By,-
symmetry phonon modes of Ta,NiSes. For each mode, the left panel
presents the frequency and FWHM; and the right panel presents the
integrated intensity in the allowed and forbidden scattering geome-
tries. The solid lines represent the fits to the anharmonic decay model
[Egs. (16) and (17)].

interaction, existence of additional damping above T, suggests
the importance of the interactions beyond that model, i.e.,
nonlinear ones.

More noticeable is that the frequencies of the B;;) and B;z)
modes exhibit large increases on cooling from around 350 K
to 7, . The frequency of the ng) mode, however, does not show

such anomaly. Only Bél) and BZ) modes exhibit this anomaly;
interestingly, (1) they are allowed to couple to interband scat-
tering by symmetry selection rules and (2) their corresponding
vibration involve motion of Ni atoms and hence they couple to
the electronic bands near Fermi level. Although BZ, mode can
also couple to the interband scattering, its vibrational pattern
almost does not contain motion of Ni atoms.

As for the integrated intensity, Bg? and Bg) modes
have around twofold increase of intensity on cooling below
T., while Béz) mode shows temperature-independent inten-
sity. Two factors could influence the intensity. First, the
interaction-induced gap opening up below 7, should play a
major role. The system gradually changes from a semimetal
at high temperature to an insulator at low temperature. The
screening effect, which reduces the light-scattering vertex,
and in turn, the intensity for phonon modes, is suppressed
on cooling. This factor therefore favors increase of intensity
on cooling. Second, the structural change below 7. could
play also a role. The ion positions are shifted within the unit
cell below T, and the vibrational patterns of the three By,
modes are modified. Therefore, the polarizability induced by
lattice vibrations, which is proportional to the phonon inten-
sity, also changes with temperature. The fact that B;z) mode
shows temperature-independent intensity might be related to
its unique vibrational pattern.
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FIG. 15. Temperature dependence of the spectral parameters:
frequency, FWHM, and integrated intensity, for the B,,-symmetry
phonon modes of Ta;Ni(Seq75S¢.25)s. For each mode, the left panel
presents the energy and FWHM; the right panel presents the inte-
grated intensity in the allowed and forbidden scattering geometries.

2. The alloy compositions (x = 0.25, 0.67)

In Figs. 15 and 16, we show the temperature dependence of
the B,,-mode spectral parameters for Ta,Ni(Seq.75S0.25)5 and
Ta,Ni(Sep.33S0.67)5, respectively. Although we do not perform
Fano analysis for the data below T, we use Lorentzian line
shape to fit the Bglg) mode at sufficiently low temperatures, at
b
and BS ) modes, because they are not well separated from
the leakage of A, modes, it is difficult to reliably obtain their
spectral parameters.

For the alloy compositions, the increase of the FWHM
slope above T is not as strong as in the case of Ta,NiSes.

which the line shape is essentially symmetric. For the B
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FIG. 16. Temperature dependence of the spectral parameters:
frequency, FWHM, and integrated intensity for the B,,-symmetry
phonon modes of Ta;Ni(Seq33S967)s. For each mode, the left panel
presents the energy and FWHM; the right panel presents the inte-
grated intensity in the allowed and forbidden scattering geometries.
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FIG. 17. Temperature dependence of B, phonons in the ac scat-
tering geometry for Ta;NiSs. The spectral resolution is 0.19 meV for
the 315-K data and 0.06 meV for the other data.

Moreover, although for Ta;NiSes the large frequency increase
of the B;L,) mode on cooling happens in a 20-K energy range,
the frequency increase for the alloy compositions happens in
a much larger energy range.

3. TazNi85

Ta;NiSs is a semiconductor that, in contrast to Ta,NiSes,
does not show signatures of an excitonic insulator like the
flattening of valence band dispersion [21,57]. Consistent with
its semiconductor nature, we observe no excitonic contin-
uum and in turn no asymmetric line shape for the phonon
modes [Figs. 2(c) and 2(d)]. In Fig. 17, we show an enlarge-
ment of the temperature dependence of the phonons in ac
scattering geometry. The three B;,-symmetry phonon modes
exhibit conventional Lorentzian line shapes, and the linewidth
has almost fourfold decrease on cooling from 315 to 35 K.
Moreover, the B;lg) and B;? modes show softening behavior
on cooling.

In Fig. 18, we show the temperature dependence of the
spectral parameters for the B,,-symmetry phonon modes for
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in the allowed and forbidden scattering geometries.

Ta,NiSs: the frequency, FWHM, and the integrated intensity.
These spectral parameters are obtained by fitting the measured
spectral features with Lorentzian line shapes.

The behavior of the B,,-symmetry modes is not consistent

with the anharmonic decay model: For Bglg) and Bgi,) modes,

the frequency anomalously decreases on cooling; for ng)
mode, the decrease of FWHM on cooling is too steep to be
accounted for by the anharmonic decay model. Hence, we
suggest that there is a change in the phonon self energy, which
must affect the the apparent mode frequency. For the B;i,) and

BZ,) modes, whose frequency is below 30 meV, the energy

decreases on cooling; for the ng) mode, whose frequency is
above 30 meV, the energy increases on cooling.

The integrated intensity of the BZ,) mode is temperature in-
dependent, while that of the other modes increases on cooling.
However, unlike the case of Ta;NiSes, in which the increase
of the intensity happens below T, the intensity increase of the
Ta,NiSs modes is through the whole measured temperature
range.

B. A, -symmetry phonon modes

In this section we discuss the properties of the full-
symmetric phonon modes; the relevant results are shown in
Fig. 19 with respect to the overall spectral weight distribution
in the A, channel, and in Figs. 20 and 21 regarding the spectral
parameters of the individual A, modes. In Fig. 21, we compare
the temperature dependence of the spectral parameters (fre-
quency, FWHM, and integrated intensity) of the A,-symmetry
phonon modes for Ta;NiSes and Ta,;NiSs crystals. The tem-
perature dependence of both frequency and FWHM above
T, for these modes can be accounted by the anharmonic decay
model [Egs. (16) and (17)].

The FWHM of the A,-symmetry modes (except for AY
and A;S)) for Ta,NiSes exhibit an anomalous increase above
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FIG. 19. The integral /,,(w) = fow @ do' as a function of the
Raman shift w for Ta;NiSes in aa scattering geometry.

the transition temperature, which we attribute to enhanced
electron-phonon scattering rate in its semimetal phase. How-
ever, the modes of Ta;NiSs show no anomaly of FWHM,
because it is a semiconductor with a direct gap observed
throughout the measured temperature range.

The intensity of most modes has more than twofold in-
crease on cooling, with a few exceptions: for Ta;NiSes, the
intensity of the A" mode is independent of temperature, while

the intensity of the Afgz) phonon mode decreases on cooling;

for TapNiSs, the intensities of the A" and A{” modes are
temperature independent.

The enhancement of intensity on cooling in the semimetal-
lic samples could in principle be related to the change of
electronic structure (less screening effect) below T.. However,

an interesting insight can be further obtained by computing
w

the integral L, (o) = [ %) 4o’ (Fig. 19). In the limit & —
00, this integral is proportional to the static susceptibility in
the aa scattering geometry, which is expected to be approx-
imately constant as a function of temperature since there is
no instability in A, channel. On cooling, the phonon inten-
sity is enhanced (Fig. 21), while the electronic continuum is
suppressed [Fig. 2(a)]. However, the integral I, is essentially
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FIG. 20. Temperature dependence of the spectral parameters:
frequency, FWHM, and integrated intensity for the A}" phonon mode
of Ta,Ni(Se;_,S,)s with x = 0.25 [(a), (b)] and 0.67 [(c), (d)]. For
each sample, the left panel presents the energy and FWHM; the right
panel presents the integrated intensity. The solid lines represent the
fits to the anharmonic decay model [Eqs. (16) and (17)].
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temperature independent at 70 meV. This conservation implies
that the enhancement of the phonon intensity is balanced by
the reduction of the electronic intensity. Note that these ef-
fects occur at temperatures below 7;, where the continuum in
By, symmetry is strongly suppressed, indicating the opening
of a gap. On the other hand, strong correlation effects have
been shown to lead to a nonzero intensity within the gap
[23]. Thus, the peculiar balance between the electronic and
phononic contributions at low energies implies an unconven-
tional coupling of the electronic modes to the A, phonons in
the correlated excitonic insulator state.

For comparison, in Fig. 20 we show the temperature de-
pendence of the spectral parameters for the A} mode for
Ta;Ni(Se;_Sy)s with x = 0.25 and 0.67. Because of the
difficulty caused by broad line shape and two-frequency be-
havior of the phonon modes for alloy compositions, only
the lowest frequency A" mode, which is well separated
from other modes in frequency, renders reliable fitting re-
sults. For Ta;Ni(Seq.7550.25)5, some linewidth broadening
is observed above T, which is weaker than for Ta,NiSes.
However, for Ta;Ni(Se33Sp67)s almost no broadening is
observed.
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FIG. 22. Time-domain signal for the B,,-symmetry excitations
of Ta,NiSes. (a) The Raman response for Ta,NiSes measured in ac
geometry at 380 K. The Fano fit [Eq. (B1)] is shown as the red curve;
the bare phonon modes [Eq. (1)] are shown by the green curve;
the bare excitonic continuum [Eq. (2)] is shown by the blue curve.
The time-domain signal corresponding to the Fano fit, bare phonon
modes, and bare excitonic continuum, obtained by inverse Fourier
transform, are shown in panels (b), (c), and (d), respectively. (e) The
Raman response for Ta,NiSes measured in ac geometry at 35 K. The
corresponding time-domain signals are shown in panels (f), (g), and
(h), respectively.

VII. RELATION TO TIME-RESOLVED EXPERIMENTS

In this section, we convert Raman response from frequency
domain to time domain and discuss relevant time-resolved
studies on Ta,NiSes.

We first discuss the appearance of Bj,-symmetry exci-
tations in the time domain, obtained by inverse Fourier
transform of the Raman response; see Fig. 22. Above
the transition temperature, the phonon-exciton interaction
significantly broadens the spectral features [Fig. 22(a)]; as a
result, the deduced time-resolved response decays fast and
essentially dies out before 5 ps [Fig. 22(b)]. For the bare
phononic response, the time-domain signal beyond 4 ps is
dominated by the oscillation of 2 THz mode [Fig. 22(c)],
corresponding to the Bglg) phonon. The signal of the bare exci-
tonic response shows a pure relaxational behavior [Fig. 22(d)].
Comparing Figs. 22(b) and 22(c), we note that it is difficult to
identify the Fano interference feature from time-domain sig-
nal, because such interference exhibits no distinct characters
in the time domain, except for that the oscillations are strongly
damped. Indeed, in ultrafast studies, the interference nature is
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FIG. 23. Time-domain signal for the A,-symmetry excitations of
Ta,NiSes. (a) The Raman response for Ta,NiSes measured in aa
geometry at 380 K. The time-domain signal, obtained by inverse
Fourier transform of the data, is shown in panel (b). (c) The Ra-
man response for Ta;NiSes measured in aa geometry at 35 K. The
corresponding time-domain signal is shown in panel (d).

not revealed even after Fourier transform of the time-domain
data to the frequency domain [16,17,20]. The likely reason
for that is the high pump fluence used, causing the exciton
and phonon responses decouple already on the very early time
scales.

Below the transition temperature, the energy at which
the continuum has maximum response moves to higher en-
ergy, and the phonon-exciton coupling strength is reduced.
Consequently, the interference effect is suppressed and the
combined response is essentially the same as the bare
phononic response [Figs. 22(f) and 22(g)]. The bare excitonic
response still has a pure relaxational time dependence, with
very short lifetime [Figs. 22(d) and 22(h)].

For comparison, in Fig. 23 we present the time-domain sig-
nal for the A,-symmetry excitations. Above the transition tem-
perature, although multiple oscillations are simultaneously
present at short time scale, beyond 10 ps the time-domain
signal is dominated by the oscillation of 1 THz [Fig. 23(b)],
corresponding to the A}") phonon mode whose spectral width
is much smaller than others [Fig. 23(a)]. At low temperature,
the difference between the spectral widths of various modes
is reduced [Fig. 23(c)]; hence, these modes have compara-
ble lifetime and multiple oscillations survive beyond 10 ps
[Fig. 23(d)].

In relation to the ultrafast studies of Ta;NiSes
[15,17,58,59], the Raman results are consistent with the
ultrafast data under low fluence. One ultrafast work [17]
provides evidence for coupling between the A{) mode and
the amplitude mode of the condensate under high-fluence
pumping. We note that in our studies we can unambiguously
identify the amplitude mode with the excitonic continuum we
observe. Above the transition temperature, the overdamped
excitonic mode softens on cooling toward T;; just below
the transition temperature, its energy increases on further
cooling. Such temperature dependence of mode energy
is characteristic of an amplitude mode while the optical
B, phonons only harden on cooling. In Fig. 24, we present
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FIG. 24. Time-domain signal for the excitonic continuum of
Ta,NiSes above and below the transition temperature, plotted in
semilog scale. The data above 7, are dashed for clarity. The re-
laxation time starts to decrease just below 7. . Inset: temperature
dependence of the energy at which the excitonic continuum has
maximum intensity, .(7).

the time-domain signal corresponding to the excitonic mode
around the transition temperature.

Additionally, a mode associated with the phase of the
excitonic order parameter may exist. The electron-phonon
coupling and exchange interactions modify the otherwise
sombrero-shape free-energy landscape, reducing the contin-
uous U(1) symmetry to a discrete Z, symmetry, leading to a
finite energy of the phase mode. A recent pump-probe mi-
croscopy study suggests that the phase-mode energy is smaller
than the Ag,l)-mode energy (around 4 meV) [58]. However,
we do not observe any mode down to 0.4 meV at low tem-
perature [Fig. 22(e)]. Furthermore, the phase oscillations of
the order parameter should harden above T, which would
have manifested itself in the low-energy range of the spectra.
Such signatures are not observed either (Fig. 6). Therefore,
existence of the phase mode below 4 meV is not supported by
the Raman data.

VIII. CONCLUSIONS

We have employed polarization-resolved Raman spec-
troscopy to conduct a systematic spectroscopic study of the
lattice dynamics in Ta;Ni(Se;_,Sy)s (x = 0,..., 1) family of
the excitonic insulators.

We identify and classify by symmetry all the Raman ac-
tive phonon modes of A, and B;, symmetries. A change in
selection rules is detected at temperature T.(x), indicating
the orthorhombic-to-monoclinic structural phase transition
related to the excitonic insulator state [23,24]. We find
that the symmetry breaking transition persists for entire
Ta,Ni(Se;_,S,)s family with 7,(x) monotonically decreasing
from 328 K for x =0 to 120 K for x = 1. Its signatures in
the resistivity data, however, become weak or undetectable
for large sulfur concentration x that we attribute to the weak-
ness of the symmetry breaking at large x, demonstrated by
the decrease of phonon intensity in the forbidden scattering
geometry.

For x < 0.7, the two lowest frequency ac-quadrupole-
symmetry Bgl,) and B(zzg) phonon modes show strongly

asymmetric line shapes at high temperatures, which is in-
dicative of coupling between the phonons and an excitonic
continuum of the same symmetry [23,24]. Within the frame-
work of extended Fano model, we develop a quantitative
description of the observed line shapes, enabling us to disen-
tangle the excitonic and phononic contributions to the spectra,
derive the intrinsic phonon parameters, and determine the
exciton-phonon interaction strength that affects the transition
temperature T.(x) [24]. The displacement patterns obtained
from ab initio calculations explain the trends in the deduced
exciton-phonon coupling values. At T < T, the remnant ex-
citonic continuum demonstrates signatures of coupling to the
finite-momentum B, -symmetry acoustic phonons, allowed
due to scattering on a quasiperiodic structural of domain
walls. We have also shown that the coupling to the excitonic
continuum explains the acoustic mode softening observed in
Refs. [24,52].

The intrinsic parameters of the optical phonons for
Ta,;NiSes and Ta,;NiSs at low temperatures are mostly in good
agreement with anharmonic decay model and DFT calcula-
tions. For alloy compositions, a two-mode behavior is found
for most modes, where signatures appear at two frequencies,
corresponding to the ones in Ta;NiSes and Ta;NiSs. How-
ever, several types of anomalous behavior have been observed

in the temperature dependencies. For x < 0.7, the ng,) and

Bgzg) modes anomalously harden close to 7, (e.g., Fig. 14),
indicating an interaction with continuum beyond Fano model
description [23]. For Ta,NiSs (Fig. 18), the By and B;Zg)
modes do not show Fano shapes, but the frequencies of these
modes anomalously soften on cooling, although never going
critical. Finally, the intensity of the most modes is strongly
temperature dependent. Interestingly, for Ta,NiSes we ob-
serve that the sum of electronic and phononic contributions
to the aa static susceptibility is conserved (Fig. 19), pointing
to an unexpected electron-phonon coupling mechanism within
the excitonic insulator state.

In addition, based on our results, we have pro-
vided an interpretation of recent time-resolved pump-probe
experiments and discussed the signatures expected from the
modes we have observed (see Figs. 22, 23, and 24). Overall,
this work provides a comprehensive study lattice dynamics
in Ta;Ni(Se;_,Sy)s; more generally, the unconventional be-
haviors we observed point to the importance of the effects of
electron-phonon coupling in correlated semimetals.
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APPENDIX A: ESTIMATION OF HEATING IN
EXCITATION LASER SPOT

We use three methods to estimate the heating rate, a mea-
sure of the temperature increase per unit laser power in the
focused laser spot (K/mW): (i) Stokes/anti-Stokes Raman
scattering intensity ratio analysis; (ii) monitoring laser power
that is inducing the phase transition; and (iii) a thermocon-
ductivity model calculation. We use data for Ta,NiSes as an
example to illustrate these methods.

For the first method, we note that the Stokes scattering
cross section Is and anti-Stokes cross section g are related
by the detailed balance principle [22]

nls(w) = (n + Dixs(w), (AD)
in which #n stands for the Bose factor,
1
n(w,T) = (A2)

exp(fiw/kgT) — 1"’

where 7 is the reduced Planck’s constant, w is frequency, kg
is the Boltzmann’s constant, and 7 is the temperature in the
laser spot.

Using Eq. (Al) and (A2), the temperature can be
derived as

h
T—— " (A3)
kpIn(Is/Ias)
or, numerically,
11.605 w
T[K] = ————[meV]. (A4)
In(Is/Ias)

We studied the Stokes and anti-Stokes cross section rela-
tion for the ac scattering geometry at 295 K environmental
temperature with various laser power. In Fig. 25, we show
the results measured with 8-mW laser power as an example.
The Raman responses calculated from Stokes and anti-Stokes
cross sections match well with the temperature at the laser
spot being 307 K. We use Eq. (A4) with the phonon intensity
integrated from 7.5 to 8.5 meV to calculate the temperature
at the laser spot. By a linear fit to the power dependence
of the laser-spot temperature, we find the heating rate to be
1.29 £0.17 K/ mW.

For the second method, we gradually increase laser power
at 295 K environmental temperature. We find that when the
laser power is in the range of 26 & 4 mW, the domain stripes,
which are visible across the sample surface under laser il-
lumination, disappear inside the laser spot. Moreover, the
temperature dependence of phonon width and intensity has
a sudden change. We assume that at this laser power, the
temperature at the laser spot reaches the transition tempera-
ture 328 K [8,9], yielding the heating rate of 1.25 + 0.20 K/
mW. We note that for Ta,NiSs, we do not observe domain
stripes below its transition temperature 120 K. Its transition
temperature is identified by the sudden change of phonon
intensity; see Fig. 18(b) for example.

For the third method, we consider a heated region shown in
Fig. 26 of a rectangular shape, with the dimensions given by
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FIG. 25. Stokes—anti-Stokes analysis of the ac spectra for
Ta,NiSes. (a) The Stokes and anti-Stokes cross sections measured at
environmental temperature 7x = 295 K with laser power P = 8 mW.
(b) The Raman response calculated from the measured spectra in
panel (a). The laser-spot temperature, which appears in the Bose fac-
tor n, is 307 K. The spectral resolution is 0.19 meV for panels (a) and
(b). (¢) The laser-power dependence of the laser-spot temperature.
The straight line represents a linear fit.

the beam spot size and the penetration depth. The static heat
equation takes the form

PT 0T 0T 0T .
K — Ky — ke = P(r), =0;
axz T ay2 a2 3z |y
T (x — +00,y - —00,z — +00) = Tp, (AS5)

where P(r) is the power density. We ignore the cooling pro-
vided by the helium gas flow above the sample surface, so that
there is no heat flow at the y = 0 boundary, while deep inside
the bulk the temperature should reach the base temperature
Ty. Equation (AS5) can be solved using Green’s function of the
Laplace equation and image method to satisfy the first bound-
ary condition. In the latter, we extend the equation formally to
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FIG. 26. The geometry of the heated volume. The lengths /, and
I, are determined by the spot size, while /, is approximated by the
skin depth; the S, is in the cleave plane facing the vacuum, while
the other faces are in the bulk. Within the region marked by dashed
lines, the heat flow is mostly along b axis, while outside the region
heat flows in all directions comparably, such that the temperature
increase above the base temperature AT decays as 1/r, r being the
distance from the heated region.

y > 0 half-space and add an image power density

Px,y, 2)0(=y) = P(x,y,2)0(=y) + P(x, =y, 2)0(y).
(A6)

The solution is then given by

¥ d5dZ P(JRF, . 0(—F) +§ — —F
T =T = / 4 F— 7|

)

(A7)

where T = (x/\/kx,y/\/Ky, 2/ \/kz). The solution decays as
1/r at large distances and thus satisfies the second boundary

condition of Eq. (AS5). An analytical result can be obtained for
tP

Px,y,z)= L

0(la/2 — IxDOUp — 1yDOUc/2 — |2])
(A8)

at r = 0 in the limit lf/lq, < lic//ca,c, where P is the laser
power and ¢ is the transmission coefficient of the sample.
Performing the integral, one obtains

2
le 2,12

tP(j—“Kfaanﬁla/—\%K“—l-a(—)c)

VKT lale

Qualitatively, the result can be understood as follows. Due
to the anisotropic shape of the heated region, right below it
most heat is transferred along the b axis. However, the one-
dimensional heat equation would result in a linear solution
T(y), depending on the cutoff scale /°. It can be estimated
from the condition of the heat flow to the lateral direction
being equal to the heat flow along b. Approximating the
temperature gradient along a, b, ¢ as AT /I, . one gets the
condition

T(0)— Ty ~ (A9)

AT AT AT
21 ke —— + 205 kg —— = lalokp—r, (A10)
. I, I
that results in the estimate
lzlth
L P At — All
b 202k, + 212k, (&1

TABLE V. The various parameters used in calculating the laser
heating rate at 295 K. The transmission coefficient is 0.64.

Quantity (unit) a axis c axis
x MWK em™) 208 574
[ (103 cm) 5 10

Equating the total heat flow outside this region to the input
power, one obtains the estimate

tP
AT =~

. (A12)
8k, (lglcc + lf/ca)

Overall, one notices that the temperature increase scales with
the linear size of the spot. The laser heating power R is then
determined as AT /P; for the actual estimate we thus need to
find the transmission coefficient ¢ first.

The transmission coefficient can be calculated from the
complex index of refraction n by the relationship t =1 —
l(n = 1)/(n + D)*:

¢ 4]’[1
(m +1)% +n3’

in which n; and n, are the real and imaginary parts of n. The
complex index of refraction can be obtained from the complex

dielectric constant € by the relationship € = n?:

[e2 4 2 [e2 4 2
€ +e5+e € +e—€

n] = - A~ b n2 = - ~ 9
2 2
where € and €, are the real and imaginary parts of €. The
imaginary part €, can be calculated from the real part of the
optical conductivity oy:

(A13)

(A14)

60

€ = —Ooyp, (A15)
1)

in which the unit of @ is cm~! and that of o7 is @ 'em™!.

The polarization of the incoming light is along the a axis of

the sample. Because the quantities €; and o) are 8.13 and

2.47 Q' em™! respectively at the laser wavelength [55], we

find t = 0.64.

The experimentally measured thermal conductivity [60]
at 295 K is «x, = 208 mWK 'cm™' and «. =
574 mWK ™ 'em™!,

The length scales [, =5 x 103 cmand [, = 1 x 1072 cm
are determined by the 50 x 100 pm? laser spot. The length [,
is the skin depth, which is calculated from the imaginary part
of the index of refraction n,:

1
I, = ,
b 2mwny

(A16)

in which the unit of w is cm™! and that of /, is cm. At the laser
wavelength, n, = 1.5 and we find [, = 7 x 107 cm (70 nm).

The known values for the variables in Eq. (A9) are sum-
marized in Table V. Because «;, is unknown, we cannot use
Eq. (A9) to calculate the laser heating rate. However, if the
heating rate is 1.29 K/ mW at 295 K, as determined from
the Stokes/anti-Stokes analysis, the value for «;, should be
1.38 mWK'em~.
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FIG. 27. Temperature dependence of the laser heating rate R,
calculated by Eq. (A9) with the thermal conductivity data taken from
Ref. [60].

An estimate for the electronic contribution to thermal con-
ductivity ¥ could be calculated from the electric resistivity
p by virtue of Wiedemann-Franz law:

LT
: (A17)
,0

@ —

in which L = 2.44 x 1075 mWQK™2 is the Lorenz number.
The resistivity along the b axis at 295 K is pp = 2 34 ><
107" Qcm [61] and we find ' = 0.0308 mWK™!

The ratio of «, © o Ky 1S consistent with the ratios obtamed
along the a and c axes [60]. Moreover, that k), < kg 1S
consistent with the quasi-2D structure of the system [62].

To illustrate that the laser heating rate is strongly temper-
ature dependent, we use Eq. (A9) to calculate the heating
rate as a function of temperature. The temperature depen-
dences of k, and k. are taken from Ref. [60]. We assume
that the ratio of «; to k. is temperature independent, and fix
this ratio to be 1.38/57.4 = 2.40%. In Fig. 27, we show the
calculated heating rate. Because of such assumption, the laser
heating rate at 295 K is the same as that determined from the
Stokes/anti-Stokes analysis.

APPENDIX B: THE FITTING MODEL FOR THE FANO
INTERFERENCE

Above T, the ng) and B;zg) phonon modes of Ta,;NiSes
exhibit strongly asymmetric Fano line shapes. To analyze the
physics of this Fano interference feature, we propose a model
describing three phonon modes individually coupled to broad
excitonic continuum. The total Raman response is described
in the following way:

x" ~ImTTGT, (B1)

where T7 = (Tp€ t.) denotes the vertices for light scattering
process (the superscript 7 denotes “transpose”), in which
Tpfl = (tp1 1ty 13). G comprises the Green’s functions for
the interacting phononic and excitonic excitations that can be
obtained by solving the Dyson equation:

G=(G'-v)™". (B2)

In Eq. (B2)

G 0
= (pn
=T &) (B

is the bare Green’s function and

0 Ve— h)
V= P B4
(VeTph 0 ( )

is the exciton-phonon interaction. Here the bare phononic
Green’s function

= diag [G))]

1 1
= diag [ - < — — : >] (BS)
W= @pi +1Ypi O+ Opi + 1Ypi

corresponds to the B(z'; -symmetry phonon modes (i = 1, 2, 3),

1

Go= (B6)
represents the excitonic continuum, and VT_ph:(m vy v3) de-
notes exciton interaction strength with the corresponding
phonons. For phononic equation, the parameters @,; and y,;
have the meaning of the mode frequency and the half width
at half maximum (HWHM), respectively. For the excitonic
equation, w, is the energy of the overdamped excitations and
y. represents the relaxation rate. The quantity €2, = a)z / Ve
denotes the energy at which the excitonic continuum has
maximum intensity.

The bare phononic and excitonic responses are

x,© = ImT [ G5 Ty = Zr ~ImG); (B7)

and
X/ =2 ImG° . (B8)

These two expressions are related to Egs. (1) and (2) in the
main text.

The renormalized phononic and excitonic responses, X,
and y,/, as well as the interference term ;' , are calculated
from the renormalized Green’s function G:

Gph Ge—ph
G = (Ger " G. ), (B9)

where GeT ph = = (Gi. Gi G3,)represents the interference

between the phononic modes and the continuum.
The phononic term is calculated from the 3 x 3 phononic
block

= ImT hGpth}1 ; (B10)
the excitonic term results from the 1 x 1 excitonic block
(B11)

and the interference term is given by the off-diagonal block

XJ = thmGg ;

Xin =te Y tuImGi . (B12)
These three terms, as defined, satisfy Eq. (4):
x" =X, +x+ Xinee (B13)
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For the ac spectra below T, especially at about 300 K,
this model cannot properly account for the low-frequency
Raman response. This additional spectral feature is related
to Raman coupling to the longitudinal acoustic excitations
at finite momenta in the presence of quasiperiodic domain
walls, detailed in the main text. The Green’s function of each
individual acoustic mode has form similar to the phononic
Green’s function:

1 1
w —csq +irgg B w+csq +irgg

Gy(w, q) = —( > . (B14)
Its light-scattering vertex #,(g) and coupling to the excitonic
continuum v,(g) are both proportional to the square root of
wave vector: f; = Ty, /q and v; = B, /q. The frequency wy and
the HWHM y; are both proportional to the wave vector: w; =
¢sq and y5 = ryq.

After introducing this mode, Egs. (B3) and (B4) extend to

G% 0 0
G{): 0 Gy 0], (B15)
0 0 G.
0 0 Ve
vi=| 0 0 Ba|. (B16)

T
Vefph

Bsv/a 0

and the vertex for light-scattering process becomes T'7 =
(Tp€ tsﬂ te).

Then the total response function containing coupling to
acoustic mode for domain walls i lattice constants apart is
given by

x/ ~ImT"G'T'. (B17)

Due to the requirement of causality, the real part of suscep-
tibility should be an even function while the imaginary part
should be an odd function. Therefore, the static Raman sus-
ceptibility is purely real. The total static Raman susceptibility
is given by

x(@=0)~ReT T G(w = )T . (B18)

The bare phononic static Raman susceptibility can be obtained
from

3
XK@ = 0) ~ ReT GOy (@ = 0Ty = Y
i=1

2tp2iwpi
2 2
a)pi + ypi
(B19)

Similarly, the bare excitonic static Raman susceptibility is
given by
2
x(w = 0) ~ 7ReG(w = 0) = =,
Q.
For temperature-independent ¢,, the temperature dependence
of 1/, directly follows that of Q.(T) = @?/ve.

Using the Green’s function G’, which describes the in-
teracting phononic (both optical and acoustic) and excitonic
excitations, we can evaluate the renormalization of sound
velocity above T, . Because the relevant frequencies for the
acoustic mode are much lower than that of the optical or
excitonic modes, we can keep w only in the bare acoustic

(B20)

40 @ i ----- Excitonic (no coupling)
Excitonic (with coupling)
30t ! . .
) 1 s==es Phononic (no coupling)
g ': - Phononic (with coupling)
g 20¢ | Interfering (with coupling)
S 1
\
\]

Combined (with coupling)

X
S

)
=
=}
g
S
>
-5l
0 5 10 15 20

Raman shift (meV)

FIG. 28. Coupling of the excitonic continuum with (a) the Bg?

phonon mode and (b) the BZ,) phonon mode. The parameters used for
plotting are obtained from fitting the 380 K spectrum of Ta,NiSes.
The Raman response x " (w) of the excitonic and phononic excitations
for cases without (dashed lines) and with (solid lines) the effect of
coupling are compared. The solid red lines correspond to the addition

of the solid blue, solid green, and solid orange lines.

mode’s Green’s function:

gi 0 0 0 o\
0o %2 0 0 —v,
=0 o = 0 — ,
o’ —ctq?
0o 0 0 5L _Bg
v —vy —vz —Bs/q Q,

(B21)

in which finite linewidths of phonon modes are neglected.
The pole of this Green’s function is obtained by requiring the
determinant of inverse G* to be zero:

2

o —clq* Bla

B 3 22
Qe —2im1 5k

B22
2o (B22)

Identifying »? as &2¢?, in which & represents the renormal-
ized sound velocity above T;, we have

Zﬂszcs
_ . _23 R

i=1 Wpi

(B23)
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FIG. 29. The influence of the coupling strength v, and the fre-
quency at which the excitonic continuum has maximum intensity
Q, = ®?/y. on the Raman response x”(w) of the coupled excitonic
and phononic modes. (a) The combined response for varying v/w,
with fixed Q./w, = 1.3. (b) The combined response for varying
Q. /w, with fixed v/w, = 0.3. For all panels, ¢, = 3.8 arb. units;
t, = 7.2 arb. units; w, = 7.8 meV; y, = 0.38 meV. The ratios derived
from the 380 K spectrum of Ta,NiSes are 2,/w, = 1.3 and v/w, =
0.3. The horizontal axis is normalized to the phonon frequency w,,.

APPENDIX C: ILLUSTRATION OF THE FITTING MODEL
FOR THE FANO INTERFERENCE

To provide more insights into the fitting model described
in Appendix B, we consider a simplified case in which only
one phonon mode couples to an excitonic continuum. When
exciton-phonon interaction v is zero, the total Raman response
is reduced to the sum of the excitonic component and the
phononic component:

2
4tp Vpwpw

(a)2 — a)[z,)2 + 2y3(w2 + a)[z,) + )/;1 ’
(Cc1n

)
Q2 + ?

X0 (@) = +

in which €, stands for @?/y.

In Fig. 28, we show the excitonic continuum coupling with
the ng) and BZ,) phonon modes in an individually way to
illustrate the effect of coupling. First we discuss the renormal-
ization effect. The renormalized phonon mode shifts in energy
and broadens in line shape. If we neglect the bare phonon
width y,, for simplicity, the central energy of the renormalized
phonon mode, w,,, can be expressed as

v (v? — 20,82,)

2(1°Q 4 0, Q2 + @3)

(€2

Wpy = Wp +

TABLE VI. The fitting parameters of the anharmonic decay
model [Egs. (16) and (17)] for the Raman-active optical phonon
modes of Ta,Ni(Se;_,S,)s family. The frequencies and FWHM
below the phase transition temperature are fitted. The anharmonic de-
cay model is not applicable for the B,,-symmetry modes of Ta,NiSs.
The units are in meV.

Mode o W, Ty I
TazNiSC5
AL 4.235(16) 0.0038(10) 0.06(4) 0.0014(15)
B}, 8.721(5) 0.0290(11)  0.073(15) 0.019(3)
A® 12.484(12)  0.0405(22) 0.09(3) 0.025(6)
BY) 15.35(4) 0.070(15)  0.05(10) 0.09(4)
A® 17.077(12) 0.191(5) 0.08(5) 0.114(23)
BS) 18.45(3) 0.050(16)  0.11(10) 0.08(5)
A® 22.28(3) 0.082(15) 0.12(8) 0.05(4)
AP 24.287(11) 0.129(6) 0.05(3) 0.072(15)
A©® 27.17(4) 0.137(16) 0.23(11) 0.09(5)
AD 29.62(6) 0.21(3) 0.18(16) 0.12(9)
A® 36.75(14) 0.30(8) 0.3(4) 0.09(24)
Ta,Ni(Se.75S0.25)s
AL 4.277(16) 0.0039(9) 0.12(5) 0.0025(34)
B;? 8.758(7) 0.0322(15)  0.252(21) 0.028(4)
Ta;Ni(Se)33S0.67)s
AL 4.630(12) 0.0048(8) 0.10(2) 0.0012(11)
B}, 8.739(19) 0.032(4) 0.479(26) 0.022(4)
TazNiS5
AL 5.025(10) 0.0040(7) 0.068(25)  0.0014(19)
A® 16.198(4) 0.0610(13) 0.051(9) 0.0359(26)
A 19.276(11) 0.134(4) 0.11(3) 0.070(11)
A® 33.92(4) 0.111(19) 0.28(11) 0.15(6)
A® 36.634(10) 0.138(5) 0.056(28) 0.112(16)
A©® 40.29(20) 0.21(12) 0.6(7) 0.3(4)
AD 43.39(6) 0.29(4) 0.01(14) 0.17(9)
A® 49.72(3) 0.23(3) 0.04(10) 0.45(8)

For both the B;? and B;zg) phonon modes, v? is smaller than
2w,82,; therefore w,, is smaller than @,, meaning the renor-
malized phonon mode shifts to lower energy. Interestingly,
at frequency w,, the renormalized excitonic continuum has
the same intensity as the unrenormalized continuum; below
wp, the excitonic response is enhanced while above w,, the
excitonic response is suppressed.

Second, we discuss the interference effect. For the inter-
ference term, corresponding to the off-diagonal elements of
the renormalized Green’s function, there is a frequency wjy at
which it changes the sign. The frequency wjy has the follow-
ing expression:

Wit = \/295%7 + yg + a)lz,. (C3)

We note that wiy is a bit larger than w,. The shape of the
interference term is controlled by sign of v: for positive
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v, below the zero-intensity point the interference term has
positive intensity while the intensity is negative above the
zero-intensity point; for negative v, the opposite is true. Far
away from the resonance, the interference term decays to zero
because the phonon mode has negligible intensity at such
high energy.

In Fig. 29, we show how the coupling strength v and the
energy at which the excitonic continuum has maximum in-
tensity , = w?/y, influence the combined Raman response.
The line shape becomes more asymmetric with increasing
v/w, [Fig. 29(a)]. When €, is varied, we find that the line
shape becomes more asymmetric for smaller €2, [Fig. 29(b)].

Finally we note that when w is much larger than w, and y,,
the Raman response is approximately #2/w. Therefore, t, can
be determined by fitting the data at large w.

APPENDIX D: THE FITTED PARAMETERS OF THE
ANHARMONIC DECAY MODEL FOR Ta;NiSes AND Ta,NiSs

The temperature dependence of both frequency and
FWHM for the most phonon modes of Ta,NiSes and Ta,;NiSs
modes can be accounted by the anharmonic decay model
[Egs. (16) and (17)]. The values for the parameters from fitting
are summarized in Table VI.
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