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Supplementary Note 1 Experimental details

Supplementary Note 1.1 Resistance Measurement

Fig 1(a) shows the resistance as a function of the temperature. We find a small break in the
resistivity at the transition temperature 7. ~ 327 K, shown in the inset. This small change
appears more prominent in Fig 1(b), where the activation energy (- kp T? %) is presented.
This result is consistent with the previous report [1] within the accuracy of the measurement.
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Supplementary Figure 1: Resistance (a) and activation energy (b) plot of Ta;NiSes. Inset of
(a) shows a small break in the resistance around the transition temperature 327 K.

Supplementary Note 1.2 Heating rate estimation using Stokes/Anti-Stokes
analysis

In thermal equilibrium, the Stokes (absorption) scattering cross section Ig and Anti-Stokes
(emission) cross section /g are related by the detailed balance principle [2]

nls(w) = (n+ 1)Ias(w) , (1)

in which n stands for the Bose factor
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where h is the reduced Planck’s constant, w is frequency, kg is the Boltzmann’s constant, and
T 1s the temperature in the laser spot. Using Eq. (1-2), the temperature can be obtained as

hw
T — . (3)
kg log(Is(w)/Ias(w)
150H(@) — Anti-Stokes Te=295K ]
. — Stokes P=8mWw
[2]
< 100}
g
©
=~ 50t
O n
-20 10 20
4of (b) i * Is=las ]
= "
g 30 Ve . IAsln
S 20 ; o Ig/(1+n) ]
s S
:>< 10t A“" : e
u-j"lM ::. "‘\"""l IIIII iy ™
O ) -.-.._:,,,,. ) g
0 5 10 15 20
Raman shift (meV)
380
360}
< 340}
'_
320}
300¢
0 10 20 30 40 50 60
Power (mW)

Supplementary Figure 2:  Stokes-Anti-Stokes analysis of the spectra taken in ac polariza-
tion geometry [3]: (a) Measured Raman cross-section /(w) that includes both the Stokes (red
line, w > 0) and Anti-Stokes (blue line, w < 0) parts measured at environmental temperature
Tr =295 K with laser power P =8 mW. (b) The Raman response x” (w) calculated from the mea-
sured spectra in (a) [see Eq. 4]. The laser-spot temperature, which appears in the Bose factor
n, is 307 K. The response obtained using three equivalent ways in Eq. 4 agree well, showing
that the detailed balance relation Eq. (1) holds. The spectral resolution is 0.19 meV for panels
(a-b). (c) The laser-power dependence of the laser-spot temperature (Eq. 3). The straight line
represents a linear fit corresponding to heating rate of 1.294+0.17 KmW 1,

The Raman susceptibility can then be obtained in three equivalent ways (using Eq. 1):

" o IS(W) o IAS(W)
X'(w) = nw)+1  nw)

= [S(w) — [As(w) (4)
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We studied the Stokes and Anti-Stokes cross section relation for the ac scattering geometry
at 295 K environmental temperature with varying laser power. In Fig. 2 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. (3) with the phonon intensity integrated from 7.5 to 8.5 meV to calculate the tem-
perature 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 KmW 1.

Supplementary Note 1.3 Fitting model for the Raman susceptibility
Supplementary Note 1.3.1 Temperatures above 7.

Here we describe the procedure we used to fit the ac Raman susceptibility around 7. character-
ized by strongly asymmetric features, see Fig. 2d and Fig. 3 of the main text. In particular, it
is well known that such asymmetry cannot be captured by a conventional Lorentzian oscillator
lineshape and instead signifies an interference effect arising from interaction between a sharp
mode and an excitation continuum [4; 5]. The general result following from Fermi’s Golden
Rule [5] is

1) =t 3 e+l 6o = (@ L e

L v e
Z?]:e7p

where ./, are the Raman excitation matrix elements and G.p;(w) are the Green’s functions of
the electronic continuum and of the phonon mode (such that the corresponding susceptibilities
of the individual components are given by tg /piGe /pi(w)) and v is the interaction matrix element
between them (which is approximated by a frequency-independent constant). In the simplest
case, for an infinite continuum with a constant density of states p (such that G.(w + id) = imp)

and a delta-function-like sharp mode G/ Yw+1i0) = w, — w one gets [6; 7]:

_ rp(wp — w — vty /te)?
) = = + ey

(6)

where it is evident that the parameter vt /%, controls the asymmetry of the peak lineshape. Note
that the total intensity can be smaller than the continuum intensity: e.g. at w = w,, — vt,/t. the
total intensity vanishes (“Fano antiresonance’), while the continuum intensity at this frequency
is equal to t27p. This effect highlights the role of interference in the Fano model and a similar
effect is observed in our data (Fig. 3c of the main text, around 10 meV).

To describe the results obtained we need to adjust this simple model in the following ways.
First, in our results we have observed three distinct phonon peaks. Taking into account their
rather close spacing we need to generalize the above to include three sharp independent modes
and take the interaction between continuum and each of the modes into account.



For the bare phonon Green’s function, we use

o) =~ (= L) @

W — Wpi + 1Ypi Cw + Wpi + 1 Ypi

such that Imx,;(w) is an odd function of w (the requirement x”(—w) = —x"(w) arises due to

the requirement of the real-time response to be real). The parameters wy,; and ~y,; respectively
have the physical meaning of the mode energy and the half width at half maximum (HWHM).

Finally, the electronic continuum contribution has been found to be best described by a
purely relaxational response X oo (w) < —il'w + w? that correspond to the overdamped (I >
wp) limit of the Drude-Lorentz model. This form follows from the time-dependent Ginzburg-
Landau [8] description of the dynamics of the electronic order parameter (, which can be ap-
plied to a diverse range of systems from charge-density wave [9; 10] to superconducting [11]
ones. In our case, due to absence of a gap above T¢, the dynamics of the order parameter can be
expected to be of relaxational type, resulting in the following time-dependent Ginzburg-Landau
equation for the electronic order parameter (:

dF
_Fat@ = d_7
A )
2 ¥
Flo, T = Q(T)7 + bz;

where a(T') > 0 for T > T and a(T') = 0. Above T. the quartic term in F[p, T can be
neglected resulting in —I"0;¢p = a(T")¢. For an external source (which is the quadrupolar field
of zz symmetry provided by the photons in the Raman process), the response function becomes:

B C _ C/T
iTw+a(T)  iw+a(T)/T’

Xel(wy T)

which is determined by two parameters: C'/I" and a(7")/I". As the above form resembles an
overdamped oscillator, we have used the notation a(7T') = w2(T) for illustrative purposes. Fur-
thermore, for the case of a conventional exciton, the response is expected to be that of a usual
oscillator, similar to phononic modes; we found this notation useful to explain the physics of
this mode. Thus, we have used the following form of the continuum response:

G Hw) = —iw + Qe, )

€
2
where . = 2.
Summarizing the above, we use the following model to fit the data:

X'(w) =Tm Y T,Gy(w)T; | (10)
]



where T = ( t,1 ty, tus t. ) is the matrix element of the Raman light scattering process,
and G is defined by
G= (Gt —-V) ™ (11)
where
Gi 0 0 0
o 6. 0 o0
GO - O O Gp3 O ) (12)
0 0 0 G.

00 0 u
o 0 0 w
V=10 0 0 u (13)

V1 Vg Vs 0

This model can be thought of as a generalization of (5) for three phonons, where G_Al (i=1,2,3)

correspond to the B(l) phonon mode and have the form (7), and the parameter v; describe the
coupling strength of thls mode to the electronic excitations which are represented by G_! that
has the form (9).

In Fig. 3 (red lines) we present the obtained fits using Eq. (11-13) (for parameters see Sec.
1.3.3) for temperatures above 7. in linear scale (as opposed to logarithmic used in Fig. 3 of
the main text). Furthermore, we define the bare excitonic (blue line) and phononic (green line)
responses as:

X! Z 2 ImG i (w); X" (W) = few (14)
opt cont wz T Qg .
One observes that the fit quality away from 7. is excellent, but becomes slightly worse on
approaching 7;.. This can be related to the presence of nonlinear exciton-phonon interactions
that are not included in the Fano model and may become important close to the transition (see
also discussion on top of page 7 of the main text).

Supplementary Note 1.3.2 Temperatures below 7

At T < T, two important qualitative changes in the spectra occur. First, due to the symmetry
breaking the selection rules change (see Methods), such that the modes of A, symmetry can
appear in ac polarization geometry. For the ac spectra below 22 meV (where the Fano model fit
is made), four additional modes appear - corresponding to Aél)—A(gA‘) modes. We perform three
steps to account for these additional features: First, we use the phononic lineshape Eq. (7) to fit
the corresponding features in aa polarization geometry to obtain the frequencies and HWHM
for each of the Aél)—A_ffl) modes [Fig. 7 (a-d)]. Second, we use Eq. (7) (see also Eq. (1) in [3])
to individually fit the three “leakage” modes in ac polarization geometry, with the frequencies
and HWHM fixed; namely, the only free parameter is the light-scattering vertex. The vertex
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Supplementary Figure 3: Temperature dependence of Raman response x” in the ac scattering
geometry for TayNiSes [3]. The data is shown by black dots, along with the Fano fits [Eq. (10)]
shown as red curves. The spectral resolution is 0.19 meV. The bare optical phonon mode re-
sponse is shown by green curves, and the bare excitonic continuum is shown by blue curves
[see Eq. (14)].

values obtained are shown in Fig. 7 (e-h). Third, we subtract the associated response from the
total one and then fit the remaining response with the model discussed below.

Additionally, not too far away from 7., we have found that an additional enhancement of the
low-energy response. We relate this observation with a quasiperiodic domain structure formed
below 7. In Fig. 4 we present transmission electron microscopy images of the sample. Thin
domains along the a axis are resolved below 7, but not above 7,. The average spacing d be-
tween these stripes along c-axis direction is on the order of 200 A. Acoustic phonon, scattering
on this quasiperiodic structure, can take a recoil momentum of the order 27 /d; this way a finite
qa = 27 /d phonon can contribute to the Raman intensity (where the momentum transfer is
approximately zero). At finite ¢, introducing the acoustic phonon coordinate x, = ,/qu,, where
uq - 1s the Fourier transform of the atomic displacement amplitude, one obtains that the Green’s
function of the acoustic mode:

1 1
w — Csq + 1T5q W + csq + irsq

Gs(waQ) = _< ) : (15)



Its light-scattering vertex t5(q) and coupling to the excitonic continuum v4(q) are both propor-
tional to the square root of wavevector: t; = 74,/q and v = ﬁs\/@ The frequency wy and the
HWHM ~ are both proportional to the wavevector: ws = csq and s, = 75q, where ¢ is the
sound velocity, that can be deduced from the X-ray measurements [12] to be ¢, ~ 30meV A
away from 7. After introducing this mode, Egs. (12-13) extend to

G% 0 0 0 0
0 G% 0 0 0
Go=0 0 G% o0 o], (16)
0 0 0 Gy 0
0o 0 0 0 G
000 0 0
000 0 0 v
Vi=l0 0 0 0 v |, (17)
00 0 0 B.g

v v vz Bsy/g 0

and the vertex for light-scattering process becomes 1" = (t,1, {2, tp3, Ts\/T; Le).-
Then the total response function containing coupling to acoustic mode for domain walls 7
lattice constants apart is given by

X! ~ImTTG'T . (18)

(a) 350K (b) 300K

Domains
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Supplementary Figure 4: Transmission electron microscopy images of the sample [3]: (a) at
350 K and (b) at 300 K. Structural domains with average spacing on the order of sizes of 200 A
can be directly observed for temperature below 7.

However, as has been noted above, the domain size is not the same for all domains; to take
this into account we will assume that the spacing between stripes ¢ in units of the crystal unit



cell constant ¢ follows the Poisson distribution
d B ple ™+
¢’ gl

) (19)

where 1 is average inter-domain distance in the number of c-direction unit cells. Recogniz-
ing that the low-frequency feature is inhomogeneously broadened by random distribution of
the stripe distances, for the fitting procedure to the measured response function we perform
summation over the distribution function:

ZP i ) (w (20)

in which each y/(w) is the full response function containing coupling to acoustic mode for
domain walls ¢ lattice constants apart. For fitting, we have taken § = 7.7meV Az from the
assumption that the static susceptibility including coupling to both acoustic and optical phonons
should diverge at ;. (see Section S 1.3.4).

Supplementary Note 1.3.3 Fano fit parameters

The fits to the data, as well as the phononic and excitonic components, are shown in Fig. 3 of the
main text. For the 300 K and 265 K spectra below 7. we also include the acoustic contribution
due to coupling via quasi-periodic structure of domain walls. The value 7, is 6.0 meV Az at
300K and 2.2meV Az at 265 K; the value 7, is 45 meV A at both 300K and 265 K.

The temperature dependence of the coupling strengths v;, the light-scattering vertex ¢, of
the excitonic continuum, and the parameter (). of the continuum is shown in Fig. 5. The
frequency, linewidth, and light-scattering vertex of the three By, phonon modes as a function of
temperature are given in Fig. 6. In Fig. 5 (a), one observes that the continuum-phonon coupling
strengths v; » are almost constant above 7. and decrease in magnitude at lower temperatures.
The third phonon is almost decoupled from the continuum at all temperatures, and essentially
have a symmetric lineshape (see Fig. 3 of the main text). The signs of v; 5 reflect the different

shapes of the resulting asymmetric features: the ng) phonon peak is skewed to the left, while

35? is skewed in the opposite direction (see Fig. 2d and Fig. 3 of the main text). In Fig.
5 (b), one can see that the light-scattering vertex of the excitonic continuum is temperature
independent. The parameter (), has the same temperature dependence as the inverse bare static
excitonic susceptibility (see Fig. 4 of the main text).

In Fig. 6 (a) - (c) we show the frequency w, and HWHM ~,, of the three By, phonon
modes. The frequencies increase on cooling, with the lower-energy Béé’z) modes showing a
pronounced increase around 7. In the same region, all the three modes show a pronounced
decrease of HWHM on cooling, suggesting an enhanced phonon scattering above 7.. Below
300 K, the temperature dependence of both frequency and HWHM of the phonon modes is in
accordance with a simple model assuming anharmonic decay into two phonons with identical
frequencies and opposite momenta [13]:

10
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Supplementary Figure 5: Temperature dependence of (a) the coupling strengths v 5 3 of the

three B, optical phonons to the excitonic continuum, and (b) the light-scattering vertex ¢, and

the parameter (). of the excitonic continuum [3]. These values are obtained from the Fano
lineshape fit, Egs. (10-13,20).

2

OJ(T) :wo—(JJg[l—Fm], (21)
and 9
Y(T) =0+l + s — ) (22)

The light-scattering vertex (¢,) as a function temperature is presented in Fig. 6 (d)-(f).

Below T, the vertex values increase on cooling, most significantly for the Bé? mode, reflecting

the changes in the structure of these modes and the corresponding atomic displacement patterns
below T...

In Fig. 7 we present the parameters used to subtract the additional Agl)—A§4) modes appear-
ing in the ac spectra at 7' < 7. The temperature dependence of the frequency and HWHM
is consistent with the anharmonic decay model; the vertex values become non-zero below the
transition temperature, and tend to saturate at very low temperature.

Supplementary Note 1.3.4 Static susceptibility

The function (10,11) used to fit the finite-energy Raman response (by taking the imaginary part)
can be also used to calculate the static By, susceptibility by simply taking its zero-frequency
limit:
Xac(0,T) = Y T:Gy(0)T;: (23)
ij

11
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Supplementary Figure 6: Temperature dependence of (a)-(c) bare frequencies (w,) and HWHM
(7p), and (d)-(f) light-scattering vertex (Z,) of the three By, optical phonons obtained from the
Fano lineshape fit Eq. (10) [3].

This expression is used to calculate the combined susceptibility data for Fig. 5 in the main text.
Additionally, one can define the purely electronic (continuum) and purely phononic parts of the
susceptibility as:

_ (1)
Xcont(ou T) - Qe<T)7
s e r (24)
Xopt(07 T) = Z 2:; ((72) .
i=1 P

The critical temperature due to excitons and optical phonons 7™ (excluding the coupling to
strain modes) can be obtained from Eq. (23); the condition for y,.(0,7") to diverge is indepen-
dent of the light-scattering vertex 7;, and is given by det Gi_jl(O) = ( resulting in the following
equation:

21}?

Q(Te7) =Y == =0. (25)

=1 “pi

Using the values of v; and wy;,; above 350 K where they do not depend strongly on temperature
and a linear extrapolation of Q. (7") (Fig. 5) one obtains 7™ ~ 227 K, consistent with Fig. 5b,
where a linear extrapolation for wy,; (Fig. 4b of the main text, dashed lines) has been additionally
used.

One can also include the contribution of acoustic phonons at g — 0 to get the full suscepti-

12
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Supplementary Figure 7: Temperature dependence of (a)-(d) bare frequencies (w,) and HWHM
(7p), and (e)-(h) light-scattering vertex (t,) of the four A, optical phonons obtained from the
phononic lineshape fit Eq. (7) [3].

bility. Performing the same calculations as above, but using Eq. 16 for the Green’s function and
17 for the coupling matrix with infinitesimal ¢ one gets:

3

2 252
0.1) - Y2 2h g 26)
i=1 P s

One observes that the effect of the acoustic mode on 7. does not vanish in the ¢ — 0 limit
despite the coupling is ~ ,/q. This equation allows to determine (3, used for fitting the domain-
induced low-energy upturn below 7. discussed above.

The combined (excitonic interacting with phononic, red symbols in Fig. 5 of main text) static
susceptibility could be also obtained by performing Kramers-Kronig transformation directly on
the experimentally measured data. We have restricted the integration to 100 meV at high energy.
A linear extrapolation of the data to zero intensity below 0.4 meV cutoff was used. In Table 1
we compare the static susceptibility calculated from the analytical Fano model to that obtained
by Kramers-Kronig numerical transformation directly from the data. We note that the values
obtained by numerical integration are systematically smaller than the values obtained from the

13



Table 1: The combined static By, susceptibility at three temperatures, calculated by two meth-
ods: using the analytical expression from the Fano model with the fitting parameters or by
numerical Kramers-Kronig transformation.

Temperature (K) \ 380 330 310
Xac(0,T)(a.u.) [Fano model] | 15.0 (0.7) 19.6 (1.2) 18.4(0.9)
Xac(0, T')(a.u.) [Numerical KK] 14.1 18.5 17.4

analytical Fano model because of finite cutoff frequency (100 meV). The static susceptibility
values derived by two methods are in good agreement.

Supplementary Note 1.3.5 Softening of the 5, acoustic mode above 7

Here we discuss the interpretation of the results of Nakano et al., [12] in light of our data. In
particular, we show that the softening of the acoustic mode observed in those experiments can
be actually attributed to the coupling of the acoustic mode to the softening excitonic continuum.
The renormalized modes can be obtained by solving the equation det{G(w)™'—V} = 0. As 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 mode’s Green’s function resulting in:

2
W= ? 20w 27)
Q.(T)
where
~ 3 202
Qe(T) = Qo(T) = > =+ (28)

X Wy
=1
Note that at 7, the total static susceptibility must diverge, resulting in a condition det{G (w, T =
2
T.)~'—V} = 0. This gives a constraint on the value of vg: Q. (T%.) — Z?:1 2% = 2552. Applying
this result to the equation above we get

2 _ 2 . Qe(Tc)
w_%<1fwﬂ>' (29)

Finally, substituting w, = c’q one finds that the dispersion of the acoustic mode is given by
w = Csq, Where

Qe(T.

qw:£1—~(» (30)
Qe(T)

Note that from the above it follows that at 7, the sound velocity softens to zero, as is seen

experimentally [12], even in the absence of an intrinsic lattice instability, i.e. purely due to

exciton-phonon coupling.

14



One can also estimate the expected renormalization of the sound velocity away from 7.
Using the parameters extracted from the fits, we obtain ¢ (7' = 400K)/c? ~ 0.65. Experimen-
tally, taking c? to be the low-temperature value of ¢, (which also agrees with DFT calculations)
[12] one obtains ¢(T = 400K)/c? ~ 0.65, in excellent agreement with the estimate from Eq.
(30). Thus, our observations suggest that Ta;NiSe; does not have a ferroelastic instability, and
that the softening of the acoustic modes can be well described as being due to the coupling to
the softening excitonic continuum instead.

Supplementary Note 1.4 Additional details for low-energy Raman spec-
tra

In Fig. 2f of the main text we present the temperature dependence of the low-energy Raman
response in ac geometry. In Fig. 8 we present the comparison of the low-energy Raman response
in aa and ac geometries. One notes the absence of the strong Fano features in aa geometry,
comparable to those in ac geometry (see also Fig. 2f of the main text) at all temperatures. We
also note that the A, phonon modes exhibit no softening upon cooling towards the transition
temperature; instead, their frequencies follow the anharmonic model between 360 and 35 K [3].
Additionally, the appearance of "leakage” between aa and ac geometries is clearly visible below
T, (Fig. 8 d-h).

Supplementary Note 1.5 Additional details for high-energy Raman spec-
tra

Supplementary Note 1.5.1 Details of the temperature dependence of the high-energy ac
spectra

In Fig. 2e of the main text we compare the high-energy Raman response in aa and ac scattering
geometries on the same scale. In Fig.9b below we show the enlarged ac spectra where the
stark contrast to the aa (Fig. 9a) response can be better appreciated: there is no pronounced
redistribution of intensity and no gap opening on cooling. The intensity actually increases on
cooling below 200 meV, which can be partially attributed to ’leakage” from aa geometry below
T, -see subSec. Supplementary Note 1.5.3 below.

Supplementary Note 1.5.2 Intensity redistribution in high-energy Raman spectra

Here we illustrate the evolution of intensity in aa and ac geometries on cooling by computing
the integral o000 (w*) = [ X““(“Tc)(w)dw (Fig. 10). For w* — oo this quantity is propor-
tional to the static susceptibility in the respective geometry, while the w* dependence allows to
understand the contribution of different frequency ranges.

For aa polarization (Fig. 10a), one observes that at frequencies larger than 50 meV, the

spectral weight gets suppressed on cooling below around 300 meV, but then recovers at 500

15



meV to an almost temperature-independent value. This is consistent with the absence of strong
temperature dependence of the static A, susceptibility that has no instability in TaoNiSe;. More-
over, this shows that unlike in a mean-field theory (see section S2 below) where the A, signal
should vanish in the absence of the order parameter, the integral at 500 meV is roughly constant
across 7T, consistent with the presence of signatures of the excitonic pairing (the pseudogap)
well above T, observed in ARPES [14].

In ac geometry, on the other hand, 7,.(500meV) is strongly dependent on temperature.
However, I,.(w*) appear to be almost parallel above around 30 meV, without any signs of
redistribution as in aa geometry. This suggests that the temperature dependence arises due to
the contribution of the lower energies to the integral. Indeed, there is a strong enhancement
at the lowest frequencies on cooling from 380 K to 310 K explained by the softening of the
excitonic continuum (see Fig. 3 of the main text and Fig. 3), and a suppression on further
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Supplementary Figure 8: Comparison of the temperature dependencies of the low-frequency
Raman response in aa and ac scttering geometries at temperatures between 345 and 35 K.

16



Raman Shift (meV)

Supplementary Figure 9: Temperature dependence of the high-energy Raman response in (a)
aa and (b) ac geometries.

cooling. The enhancement on cooling from 265 K to 35 K can be seen to arise from energies
around 15 — 20 meV where a contribution of phonon “leakage” (which grows on cooling) from
aa geometry is prominent.

Overall, we have shown that the pronounced redistribution of the high-energy Raman re-
sponse is characteristic of aa geometry, but not ac geometry, demonstrating that the emergence
of the strong peak in the ordered phases, shown in Fig. 2e of the main text, is indeed specific
for aa geometry.

Supplementary Note 1.5.3 Leakage” in high-energy Raman spectra at low tempera-
tures

Here we demonstrate that a large part of the ac Raman intensity (Fig.2e) can be attributed to
the change in the Raman selection rules below 7. In analogy to the phonons, one may expect
the intensity from aa geometry to “leak” into ac geometry and vice versa. As aa intensity is
significantly larger in the high-energy region than the ac one, we can neglect the leakage of ac
into aa, and consider only the former effect. Consequently, we have analyzed /. (w)—p-x7, (w),
where 0 < p < 1. Intriguingly, for p = 0.07 (Fig. 11), we observe the resulting intensity (shown
in purple) to be featureless below around 310 meV, while for other values of p a residual energy
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dependence in this region is observed. This coincidence of lineshapes up to a background
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Supplementary Figure 11: "Leakage” analysis of the high-energy Raman data at 35 K. Blue line
is the measured ac-polarization data; subtracting 7% of the aa-polarization data (red line) from
the ac-polarization data one obtains an almost flat intensity below about 0.33 eV (purple line),
suggesting that there is a 7% leakage between aa and ac-polarized data at high-energies. The
spectral resolution is 2.8 meV.

constant below around 310 meV suggests that the “intrinsic” ac intensity, corresponding to the

interband transitions, is actually represented by the purple curve, Fig. 11. It follows then that
not only the intensity in ac geometry is much weaker, but also that its lineshape is different,
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characterized by the appearance of intensity at higher energies than in aa geometry. The latter
observation is consistent with the prediction of the mean-field model, where the intensity in aa
geometry is expected to be peaked at the gap edge, while the one in ac geometry only starts to
grow at the gap edge and should be maximal at higher energies.

Supplementary Note 2 Raman scattering in an excitonic in-
sulator at low temperatures

We consider a model with an electron-like conduction band and hole-like valence band de-
scribed by the hamiltonian

Hy =) ce(p)él,(P)éeo(p) + &v(P)E, (P)évo (D), (31)

where the band operators at the I' point transform under irreducible representations /; and /5 of
the point group above 7¢ - Dy, such that I} ® I, = Bs,. The latter requires the hybridization
between the two bands at the " point to vanish; however, below 7 the point-group symmetry is
reduced to Cyy, such that By, merges with the trivial A, representation into a single one, allowing
for the ¢ — v hybridization at the I" point. Thus, the quantity of the form <éi’gév7gr> may serve as
the order parameter for the phase transition from Dy, to C'y,. One needs to be make sure though,
that the average doesn’t break any additional symmetries. In particular, no spin anisotropy or
magnetism have been observed in Ta;NiSes, requiring (éivgév,gﬁ = Wd, .. Moreover, time-
reversal symmetry that acts as a complex conjugation, if spin is ignored, requires IV to be real.
This suggests that in contrast to true bosonic condensates, there is no U(1) degeneracy of the
order parameter in an excitonic insulator, that is instead reduced to Z,. The general reason
for that is that while there is a global U(1) symmetry due to particle number conservation,
the number of ¢ and v electrons are not separately conserved (which would yield a U(1) x
U(1) symmetry otherwise), suggesting that the exciton number is not a conserved quantity, i.e.
U(1) x U(1) is initially broken to U (1) x Z, already in the Dy}, phase. The mechanism of this
breaking may be either due to pair-hopping interaction between bands, or coupling to phonons.

While most of the equations below are generic, we will use the following form of the dis-
persion to illustrate the results:

2 2 2 2
Py Ep Py Ep
Ec( ) ~ 2m 0; V( ) ~ — 2m 07 (32)

where with the + sign dispersion is semiconducting, while it is semimetallic for — sign; here
po 1s equal for both bands due to the charge compensation condition. While the dispersion (32)
is strictly one-dimensional, we assume that the transition itself would have three-dimensional
character either due to terms neglected in (32) (corresponding to interchain hopping along b
and c directions ?; ), or due to the coupling to optical phonons or acoustic strain fields, that are
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expected to have a three-dimensional dispersion. Due to the layered structure of Ta;NiSes one
may also expect that the three-dimensional character would be rather weak, with an extended
2D-like regime. However, due to discrete nature of the broken Z, symmetry, this is not expected
to significantly reduce 7; as even in strictly two dimensions the transition is allowed to occur.
We introduce a 2 x 2 “band space” and rewrite H,y using Pauli matrices 7; and spinors

Upo = (Ceo(P), Coo(P)):

, _e(p) +eu(p). _ &(p) —ev(p)
Z‘I’ +&(P)13)Vp0; E(p) = — 5 {(p) = — s (33)

In what follows we will omit (p) in (p), £(p), where that doesn’t lead to a confusion. At low
temperatures, the mean field Hamiltonian including the excitonic order parameter IV is

=[50 [0 ] 501

Note that, unlike in a superconductor [15], the mean-field hamiltonian (34) explicitly conserves
the total particle number N = >~ &é, + 910, and consequently vertex corrections for Raman
scattering are not required to ensure it. Diagonalizing Eq. (34) , one obtains the following
eigenvalues and eigenvectors:

e+(p) = E(p) £ v (p) + W3
Uy (p) = [us(p),v+(p)]”,

(35)

! £ - _ |1 3
us(p) = =+ 2<1i—\/m>, +(p) 2<13F—\/m>.

The factors u-, v4 are analogous to the BCS coherence factors in a superconductor.
We consider the Raman scattering in the non-resonant approximation, where the effective
coupling of the electrons to the two-photon process is described by > R Ai(q)A;(—q),

where RV = > o fygﬂcT (p)cﬁ(p) is the Raman vertex [16], where we additionally neglect the
momentum dependence of ~.” 5- The Raman susceptibility in the polarization geometry set by

1 and j is determined by the transition rate of the electronic system due to the perturbation by
R%. The symmetry restricts the possible form of R [16]; for our case R has to be of Ag

symmetry and R - By, symmetry. Taking these constraints into account the Raman vertices
take the form

=" g6y + e}ty Ruc = gac Y Ehiy + 01y, (36)
p p
where R, corresponds to aa polarization geometry and Ry - to ac geometry. Using Fermi’s
Golden rule we evaluate the probability to find:

L 2dp
2 [ 1RSS4 () = - (0) = ) s
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where we assumed that the system is fully gapped, i.e. ¢, (p) > 0 > ¢_(p) for all values of p.
Note that under this assumption the resulting expression does not depend on E(p).

Supplementary Note 2.1 Semimetallic case

In this case the bands are assumed to cross in the normal state, similar to the Fig. 1d of the main
text. In this case, one can linearize the dispersion near the band crossing £(p) = 0, such that
(227‘3}, ~ 1pd€, vy being the density of states. Using the definition of the Raman vertex (36) and
the eigenvectors obtained in (35) one gets

AnghonPITZN2 p  TOe =g W

Ig,. ~
w wy/w? /4 —W?2
where we used that u,v_ +u_v, = ——~—: w,u_+v,v_ =0 usu_ —vov. = ——X
+U-+ + \/W’ + +uy )y Pt + \/W

and 5(2 £2+W2 _w) — 5(&[— VW2 /A-W?)

26/1/ €+ W2
(W = 0), the Hamiltonian (34) would respect the conservation of ¢ and v particle numbers
separately, leading to a zero Raman response in aa geometry, which couples to densities of
c and v fermions. Also, one notices that the aa intensity vanishes when g. = ¢, i.e. when
the Raman vertex (36) becomes just the total density operator. This further shows that particle
number conservation is respected in our calculation.

. Note that in the absence of the order parameter

Supplementary Note 2.2 Semiconducting case

In this case there is a direct gap between the two bands without hybridization. We use the
2

1D dispersion relation 32 with the "+ sign, such that the direct gap is 2F, = %, where

= 2memsy/(m. + my) is the effective mass. For the Raman intensity one gets then

s [ () + B 2 T
T~ 2 [ oyt 0 P o)+ B+ W2 — ).

] ~ (gc - .gv)2 / W2
2 (p?/(241) + Eo)? + W2

The result of the integration is:

Nom ——
IRac ~ ngc M e(w - 2 W2 _I_ Eg)’
w\J VR [E— W2 — E,

I~ 19— 90)° V2 LT (e
Raa 2 (JJ2/4_W2 0/
w\J VR [E— W2 — E,

3(2v/ (?/(21) + Eo)? + W2 — w)dp.

(38)
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Most important difference from the semimetallic case is that intensities in both geometries
show singularities at the gap edge w = 2/W? + EZ. The intensity at the gap edge in aa
geometry is additionally multiplied by a factor W?2/E2. Thus, for the case Fy < W the
intensity in the aa geometry is expected to dominate. However, for strongly semiconducting
case Iy > W, the singuarity in the aa geometry is expected to be greatly suppressed by
W?/EZ, at odds to the experimental observation in Fig. 2¢ of the main text. While the shapes of
the singularities here are related to the 1D form of the dispersion taken, we expect the qualitative
arguments on the intensity dependencies on the order parameter value to hold even when the
effects of non-1D dispersion are taken into account, as those are expected mostly to smear the
singularity at the band edge.

Overall, the absence of a discernible singularity in Fig. 2c in ac geometry strongly favors
the semimetallic state.

Supplementary Note 2.3 Effects of a nonlocal order parameter

The non-locality of the order in real space results in the order parameter in momentum space
being momentum-dependent, i.e. W (p). Away from I" point, time reversal and inversion sym-
metry combined require only that W (p) = W*(—p), and thus W (p) can be complex, gener-
ically written as W (p) = |W|(p)e**®), where ¢(p) = —¢(—p). Generalizing 35 with the
momentum-dependent order parameter is straightforward and results in the new eigenvalues
and eigenvectors:

ex(p) = E(p) £ /&(p) + WP (p);
V. (p) = [ux(p),v+(p)]",

_4 |t § . _ iom) | 1 §
u =+, /=-(1% v =e —11 .
P 2( Ve |W|2<‘p>)’ AP 2( e rW|2<‘p>>
(39)
For the semiconducting case, assuming the p dependence of |IW|(p) does not shift the gap
minimum from the I" point ¢(0) = 0 and the results for the Raman intensities are the same as
described above. For the semimetallic case, however, the result changes due to the presence of
a nonzero phase. Assuming the gap to open at pr and a quasi-one dimensional band structure
(consistent with ARPES experiments [17; 18; 19]), we get close to the gap edge

VR TP | 1, w
pr)) 5 + 5 (6(pr)) \/w2/4 —WE(pr)
m(ge — sJV)Qlfo\WIQ(pF)(9

wy/w?/4 — [WP(pr)

IR, ~ 47rg§cyo <0052(¢( ) O(w —2W);

(w—=2IW[(pr))-

~Y
Raa

(40)
One observed that while /., has not changed, /r,. now contains a contribution, that diverges
at the gap edge with its amplitude proportional to sin®(¢(pr)). This result is not expected to
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affect the results qualitatively as pr in TagNiSes is quite small and sin®(¢(pr)) ~ kZa2, ag
being the lattice constant: for kp ~ 0.1 A1 [17] and ap = 3.49 A[12], one gets the estimate
k%a3 of the order 0.12 < 1. This estimate holds for, e.g. the recently proposed [20] case of
W (k) = Wye=2 (as is given in the Supplementary material to that paper). Additionally, this
effect of non-locality can contribute to the apparent “leakage” of the aa intensity discussed in
S1.3.

Supplementary Note 2.4 Corrections to the Raman vertex in the ordered
state

Strictly speaking, at I" < T, the irreps A, and By, mix into a single A, representation and thus
the generic form of the Raman vertex operators may mix the ones at 7' > 7.. However, this
mixing is apparently rather small in the system, as the ratio of intensities in cross polarization
vs. the one in parallel polarizations is below 1/10. A possible explanation for that is that in the
effective mass approximation the appearance of the order parameter does not directly affect the
mass.

Supplementary Note 2.5 Effects of disorder

Additionally, a remnant low-energy electronic continuum contribution is observed at low tem-
peratures in Fig. 3g of the main text. Here we show that it can be attributed to the effect of
disorder. In particular, we model disorder by a varying chemical potential V' (r)7y. If consid-
ered in Thomas-Fermi approximation to (34), is is seen that local V' > W creates a metallic
”puddle”; due to the absence of translational invariance metals are expected to result in a Drude
form of the Raman susceptibility at ¢ = 0 due to particle-hole excitations [16], as is observed
in the experiment.
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