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Tranmission Electron Microscopy For TEM analysis, GdTe; was exfoliated onto SiO, / Si
substrates in a glove box (Ar environment) using the scotch tape method. GdTe; flakes were
transferred to the TEM grid (Quantfoil) by first laying the grid directly onto the substrate, plac-
ing a droplet of IPA onto the grid, and allowing the IPA to evaporate, thereby ensuring good
contact between the grid and substrate. A 20 mL drop of 10% hydrofluoric acid (HF) was then
placed onto the grid / substrate, and immediately after the grid was washed in DI water. In total,
the flakes were exposed to ambient atmosphere for 3 minutes, including the HF etch step and
transfer to the TEM. Electron imaging and diffraction was performed in a FEI Tecnai Osiris

operated at 200 kV.

For the flake characterized in Fig. Sla,b, we observe a single q vector, which is aligned
vertically in Fig. S1b. For the flake characterized in Fig. Slc,d, scattering to two orthogonal q
vectors are observed; however, scattering to the vertical q vector (see Fig. S1d) is substantially
stronger ( 10x) than scattering to the horizontal q vector. This data indicates that exfoliated
flakes either consist of single CDW domains, or that their CDW domain structure is dominated

by one domain type, and may thus be approximated as single domain.

Group theory of phonon Raman tensor Given the space group symmetry of the bulk, undis-
torted RTez is bmbm (point group is D2h), we expect 12 Raman active phonons: 4Ag + 8Bg.

Group theory predicts the Raman response tensor of Ag and Bg to be the following:
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Figure S1: TEM results. (a) Low magnification bright field TEM image of GdTe; flake 1. (b)
Electron diffraction pattern of flake 1. (c) Low magnification bright field TEM image of GdTe;

flake 2. (d) Electron diffraction pattern of flake 2. (e) CDW vector length

where a, b, ¢, d are independent coefficients. These matrices are written in a coordinate system
where the tensor’s x and y axes are parallel to the crystallographic a and b axes. For the Ag
phonon mode, the Raman tensor contains two diagonal terms and for the Bg phonon mode, the

Raman tensor contains two same off diagonal terms. The Raman intensities can be represented

as:

I=|{(ei| Rleg)|”

The selection rules allow for both Ag and Bg phonons to be measured for light polarized in
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the ab plane and they can be measured simultaneously in both crossed and parallel polarization

configurations.

According to group theory, we calculated the predicted angular dependence of the Raman
response in the backscattering geometry in Fig. S2. For both Ag and Bg phonons are expected
to show 2 or 4 fold modulated intensities in parallel polarization channel and show 4 fold mod-
ulated intensities in cross polarization channel. This result is consistent with the fitting in Fig.

3 and 4 in the main text.

Image of RTe; flakes for Raman scattering As shown in Supplemental Fig .S1A and c the
sharp edges of the exfoliated crystal align with the [101] direction. The edges are perpendicular
(i.e. ninety degrees) to each other. This is consistent with a natural cleavage of the Te layers.
In Supplemental Fig. S2 we show the optical image of GdTes and LaTe; flakes we used in our
Raman measurement. We specifically choose exfoliation flakes with sharp edges separated by

ninety degrees, this allows us to pre-identify the crystal axes of the RTes flakes.

a b

Figure S2: Optical image. (a) Optical image of GdTes flake on SiO,/Si. (b) Optical image of

LaTes flake on SiO4/Si.
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LaTe; representative spectra We present representative spectra of LaTes in Fig. S3. We
showed both angular dependent spectra and temperature dependent spectra. As the CDW tran-

sition temperature is much higher than GdTes, the CDW mode energy is also lower.
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Figure S3: (a) LaTe; representative polarization angle dependent spectra in parallel polarization.

(b) LaTes representative temperature dependent spectra in parallel polarization.

Data Fitting Details To accurately determine the phonon and Higgs mode frequencies, we fit

the Raman spectra with the Voigt function

I(w,0,T,A) = / G(W',0)L{w — ', T, A)dw'
which is a convolution of a Gaussian and a Lorentzian function. Here the Lorentzian represents
a phonon mode and we use a Gaussian to account for the instrumental resolution. The Gaussian
width 0 = 1 cm™! is determined by the central Rayleigh peak. T is the phonon width and A
is phonon amplitude. We show the fitting results in Fig. S4. We use Voigt function to fit 3

independent spectra and then take the squared 2-norm of the residual as: error = > [ fun(f) —

5
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X (6)]?. Our error is the square root of this summation for each peak.

Following the Voigt fittings, the phonon amplitude values versus the rotation of the crystal
(0) are extracted to analyze their angular dependence. We constructed polar plots for individual
angular dependent modes of Raman spectra in both parallel and cross linear polarization and

fitted them accordingly to their particular Raman tensors.

Crossed and parallel polarization configurations for a given phonon are analyzed and fitted

simultaneously with the susceptibility model from different Raman tensors.

—_

o

XX:<1 0 0)-UT-R-U-

e}

)

XY:(1 0 o)-UT-R-U- 1

)

where R is the Raman tensor, U is the rotation matrix, and U7 is the transpose of this rotation

matrix. For polar fitting purposes, Ag, C DW, Bg tensors and U are defined as follows:

e d 0
CDW =1|_-4d f 0
0 0 g
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Ag=10 f 0

0 0 g

0 d o0
Bg=1d 0 0

0 00
cos[f#] —sin[f] 0

U=1sind cosld] 0
0 0 1

Where d,e and f are independent Raman tensor coefficients, Fitting parameters e and f are
diagonal Raman tensor terms that are not necessarily equal, while d is the off-diagonal compo-
nent that is necessarily equal in both instances it appears for any given Raman tensor. In the x-y

plane, these tensors directly correspond to theory as shown in Fig. S5.

We square the resulting functions I = | < ¢;|U” - U - Ule; > |* in the case of Ag and By
phonons and CDW Higgs mode to represent Raman intensities. A representative angular fitting
for both XX and XY is in Fig. S5. These results are consistent with the data fitting in main text
Fig. 3 and 4. Especially, the CDW Higgs mode shows 2 fold symmetry in both parallel and

cross polarizations.



CDW model function (Parallel Polarization) =

(cos[d] - ((ecos [0]) + (dsin [6])) +sin[0] - ((—dcos [8]) + (fsin[d])))?

CDW model function (Crossed Polarization) =

(—sin[6] - (e cos[6]) + (dsin [6])) + cos [6] - ((=d cos [8]) + (£ sin [8])))?

Ag model function (Parallel Polarization) =

(cos[0] - ((ecos [6])) +sin[0] - ((f sin[0])))*

Ag model function (Crossed Polarization) =

(—sin [0] - ((ecos [6])) + cos[0] - ((f sin [0])))*

Bg model function (Parallel Polarization) =

(2d cos [A] sin [6])?

Bg model function (Cross Polarization) =

((d cos™ [0]) — (dsin® [0]))?

73 This leaves us with 2 fitting parameters for Ag phonons and Higgs mode (e, f) and 1 fitting

72 parameter for Bg phonons (d). For Raman tensor data fitting purposes depicting symmetries of
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these modes, we fit the Raman susceptibility data calculated from Raman intensity as a function
of polarization angle data from O to 360 degrees( 6) for different Raman tensor. The provided
model functions above are the objective equations, which is accompanied by an initial guess for
the Raman tensor function parameters. Our polar plots are fit with these parameters accordingly
and simultaneously for a given phonon in both crossed and parallel polarizations to produce one
set of optimized tensor parameters for the phonon that adequately fits both polarizations’ model
functions in accordance with input data. Fitted Raman tensor terms are input into these model
functions, resulting in a fitted polar curve for each respective phonon in both crossed and parallel

polarizations.

We show the theory prediction of the angular dependent symmetries in Fig. S5(a-c), and
our fitted results for each mode’s Raman tensor are shown in Table S1, which in turn produce
our polar plot fits for each mode as shown in Fig. S6 (note mode 4 is not included as it’s
contribution is negligible). We also use the CDW tensor to fit the XX and XY polarization
angular dependent CDW intensities in Fig. S6. As shown in Fig. S6, other than CDW mode,
there are two more modes that have 2-fold polarization dependence in XY channel. These two
modes disappeared above the CDW transition temperature’. In addition, similar to other Raman
experiments:*? | we observe clear avoided crossing between these modes and the Higgs mode.

Even in X-Ray scattering®, the Higgs mode is strongly mixed with these phonons.

As for other phonons modes at 7.7 meV, 9.3 meV and 9.9 meV, they show Bg symmetry
from their angular dependence of the Raman susceptibility (shown in Fig. S6) in XY polariza-
tion. As such they cannot couple with the Higgs mode. A close examination of Fig S6, reveals
the XX angular dependence for the for the 7.9, 9.3, 9.9 and 15.9 meV phonon modes is not

consistent with pure Bg symmetry. Upon further examination we have concluded the spectra
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are the result of accidental or near degeneracies of Ag and Bg modes. This is most easily seen
in the 15.9 meV mode. Indeed, the XX data appeared to have a 4 fold component on top of an
angle independent component. This is consistent with two modes, one of Bg (four fold) and one
of Ag symmetry with identical diagonal terms in the Raman tensor. In Fig. S7, we demonstrate
this by plotting response upon subtracting the 0 degree data, where the Bg component is zero.

A second mode is clearly observed, consistent with two nearly degenerate modes.

To systematically demonstrate this mode is actually two nearly degenerate phonons, we
fit the difference spectra: x(15.9meV, 0)- x(15.9meV, 0) to extract the angular dependent mode
paramaters for the Bg phonon. Next we fixed the Bg parameters and added a second mode to
fit the original spectra at every angle. As shown in Fig. S7, when added together the modes
perfectly fit the spectra. Furthermore they reveal the expected behavior, namely a perfect four
fold symmetry (Bg) and angle independent response (Ag) in XX. In addition, we found that
the two modes are nearly degenerate (0.2 meV apart), as expected. Turning to the modes at 7.9
meV and 9.9 meV, we found that these appear to have an accidental degeneracy between one Ag
and one Bg phonon. With this in mind, we first fit the XY intensity to a purely Bg mode. Next
we simultaneously fit the XY and XX data using the Bg phonon combined with an Ag mode.
The Bg mode parameters were kept fixed, while the Ag where allowed to vary. The results are
shown in Fig. S7 in which a clear Ag component emerges in XX which proves considerably
weaker in XY under the same tensor fitting parameters, explaining our nearly perfect 4-fold
symmetry originally found in XY at 7.9 and 9.9 meV. We find these fits of degenerate modes

perfectly describe the data.

In addition the signal for the mode at 9.3 meV is fairly weak and it strongly overlaps with

the Higgs mode. This is shown in Fig. S8 which contains the individual fits of all low enegy

10



121

122

123

124

125

126

127

128

129

130

131

132

133

modes in XX polarization. This makes is quite difficult to separate the response of this mode

from the Higgs, producing an apparent anomalous angular dependence in XX.

As a last note, one may be concerned about the number of modes as compared to what is
expected from group theory. Since two of the phonon modes are folded by the CDW (7.4 meV
and 10.7 showing two fold in XY as well), these are not to be counted in the prediction from
group theory (4 Ag modes and 8 Bg modes). However upon removing the two modes, we are
now left with only 1 Ag mode and 8 Bg modes (taking into account the assumption that mode
5 was too weak to discern clear symmetry and is to be considered Bg). If we include the three
new modes that are accidentally or nearly degenerate (i.e. the Ag modes at 7.9meV, 9.9 meV
and 15.9 meV), we now fully account for all modes expected with the proper symmetry. This
lends additional strength to our argument that the apparent discrepancies are due to accidental
or near degeneracies. Specifically that the angular dependent intensity results from two modes

of different symmetries.

mode | Energy (300K, meV) | Symmetry | Above Tepw (Y/N) | Raman tensor
225 55
1(CDW) 5.6 2-fold N
—55 326
19 5
2 7.4 2-fold N
-5 26
0 25
3 7.9 B, Y
25 0

11
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11.5

NA

2-fold

12

NA

63 0

NA

46 0

79 0

102 53

—-53 117

67 0
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Table 1: CDW Higgs mode and Phonon fit results. The en-
ergy, symmetry(Raman polarization dependence), existence
above T-pw and fitted Raman tensor are listed for each Ra-
man mode. Intensity of mode 4 is very low so the symmetry

and fitted tensor is not available.

134 5

Raman Temperature and Laser Induced Heating minimization For Raman scattering, the
Stokes intensity can be represented as the product of Raman susceptibility and Boltzmann factor
np+1. While the anti-Stokes intensity can be represented as the product of Raman susceptibility

and Boltzmann factor n .

Is(wo, T) = x* (np+1) (D

Tas(wo, T) = x *np (2)

Thus, the ratio of the Stokes and anti-Stokes intensity should be:

_hwg
Is(o,T) _ (Lnp(woT) _ 1+ (™o7 — 1) pey 3)
Tas(wo, T) (np(wo, T)) (e% _ 1)t

135 Via the Stokes and anti-Stokes ratio, one can get the real sample temperature sample to check
136 for laser induced heating. In our measurement, we used the 30 © W laser power to minimize

137 the laser heating and guarantee the signal level at the same time. As shown in Fig. S9, we
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plot the susceptibilities of Stokes signal (Ig/(ng + 1)) and anti-Stokes (/45/(np)). For the
high energy phonons, the perfect overlap of the susceptibilities suggests our measurement is all
in detailed balance and there’s no laser heating. For the low temperature measurement, there
exists obvious difference between Stokes and anti-Stokes susceptibility at low scattering energy
rang(5- 10 meV). This difference is because of the resonance at the anti-Stokes side, which
enhanced the enti-Stokes intensity. However, the sample is still in detailed balance and there’s

no laser heating show up in our measurement.

Sample with multi-domains In some of the samples we measured, we observed multi-domain
CDW signal. This is consistent with the secondary CDW showed in TEM results. Different
domains can result in different polarization dependence of the CDW Higgs mode. The two-fold
angular dependent showed in the main text is from the samples with single domain. We present

muti-domain CDW Higgs mode angular dependent polarplot here in Fig. S10.

Model for the Raman susceptibility from the Amplitude Mode Here we calculate the Ra-
man susceptibility for the RTe electronic structure in the presence of a CDW with characteristic
momentum g¢ py and an amplitude mode (AM) with excitation frequency wy. The single parti-
cle momentum space Hamiltonian in the basis of Py and Py orbitals, shown in Fig. 1b, is given

by

H(k) =) (udi; + ) ck in; (4)

ki,

where
et = —2ty cos(ky) — 2ty cos(ky,) — 4ts cos(ky,) cos(ky) ,
€32 = —2ty cos(ky) — 2ty cos(ky) — 4t cos(k,) cos(ky) )
&2 = —4tysin(k,) sin(k,) ,

15
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with ¢4, to, t3, t4 the hopping amplitudes up to next-nearest neighbour interaction and p the
Fermi energy. The orbital overlaps define a representative hierarchy of the hopping parameters
where |t1]| > |ta], |t3], |t4], while the electronic filling factor of the crystal results in a nonzero

w. The eigenvalues of the Hamiltonian are given by

1
=+ 5 (6,161 + a4+ \/(le —€e2)2 + 4(6,13)2> (6)
In the chosen unit cell of Fig.1c, the spectrum has four eigenvalues corresponding to linear
superpositions of either Px or P orbitals in the limit of vanishing next-nearest neighbor inter-

action, while for finite values mixing between the states occurs only at isolated regions around

four points §(k, £ 7/2)6(k, £ 7/2).

As shown in Fig. 1c, the Fermi surface of the system in the absence of the CDW can
be parameterized by the lines [x = d(k, = 7/2) and Iy = d(k, & 7/2) corresponding to the
positions where the nesting vector gopy connects equivalent orbitals. Additionally, there are
two points p = 0(k, = 7/2)d(k, F 7/2) where the nesting vector b* — gcpw connects orbitals
with different polarization. First, we focus on the regions in the Fermi surface away from
these points and assume minimal orbital mixing. In this case, the approximate Green’s function
characterizing each line is given in the Nambu-Gorkov basis 15 = {Ck—qgcpw /2.j+ Cktacpw /2.5 }>

with j = Px or Py, as
G(w+6) = [(w + i6)og — &os — Aay] ™ (7)

where &, = vpk is the linearized energy along the momentum £ perpendicular to the chosen

line and vg (1) is the Fermi velocity defined by the Fermi energy.

The amplitude mode can be included in the dynamics using the interaction Hamiltonian

Hine = (b+ bT)w,talzpk as it couples directly to the CDW gap °. Here, we assume that the

16
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operators b and b' are bosonic with single particle energy H, = wb'b and unperturbed Green'’s

w2

2_,,2°
w wq

function given by Dy(w) =

The transition probability between two states accompanied by the emission of a bosonic
mode can be obtained diagramatically using Feynmann’s rules. More details about the formal-
ism can be found in standard quantum field theory textbooks ©, as well as in applications to
amplitude modes in CDW systems 78, and phonons in semiconductors ?. We focus on reso-
nant processes in the limit of zero momentum transfer where an initial state of a photon with
laser frequency wy, is scattered to a final state of a photon with frequency wj, + w plus an AM

with frequency —w. The relevant leading order scattering amplitudes for such a process, see

Fig. a), are given by

./\/lfw (Win, Wout) = [ dwd*kTrG (w) 7" G(w + win) TG (W + Wou)Y” (8)

w,

M (Win, Wour) = | dwd®kTrG(w)"G(w + win)V”' G (w + Wou)T 9)

w,

Eod

Eod

3i

where y# = g%ag (J = 1 or 2 depending on the region of Fermi surface being described)
i

corresponds to the current vertex and defines the polarization of the emitted photon. Scattering

due to the AM is determined through the interaction Hamiltonian as 7 = o; (for simplicity the

coupling constant is omitted).

The integrands of the two scattering amplitudes generally have three poles in the upper

half of the complex plane at \/€2 + A2, \/€2 + A2 —wy, and /€2 + A2 —w,,,. We evaluate the
frequency integral using complex analysis and the residue theorem, leading to a sum of three
terms where the remaining momentum integral is performed numerically. The total probability

rate of the transition calculated within Fermi’s Golden rule — dubbed the Raman susceptibility
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— is directly proportional to
X (@) ~ [ My (win, win + w)[* Do () , (10)

where M,,, = M, + M2 is the sum of scattering amplitudes.

Using the Green'’s function of Eq.[7|the calculated Raman susceptibility contributes equally
to co-linear polarizations and is peak at the energy of the amplitude mode. This is due to the fact
that our system is in fact nearly square in the ab-plane with slight orthorhombic distortion in the
direction of the CDW. On the other hand, processes involving a change of polarization vanish
along the Fermi lines [x and [y (i.e., away from points p) because the vertices v* approximate

to zero when the polarization of the photon is parallel to the Fermi line being described.

We now focus on the regions around the points p in the Brillouin zone. Since orbital

mixing is the strongest at these points we adopt the effective low energy Hamiltonian, see

& A 0 0
A& 0 0
Hy(k) = (1T)
0 0 —¢ A
00 A —&

where now &, = vk and £ = —uyk are the linearized eigenvalues of Eq. and A is the
coupling due to the CDW. The linearized Hamiltonian depends on a single quasimomentum
k = k, + k,. The numerical values of v; and v, are determined by the Fermi energy . while
their difference |v; — v by the strength of the orbital mixing parameter ¢,. We note that the
degeneracy at the point p is lifted due to next-nearest neighbour interaction, hence, the CDW

only couples states that are connected by gopw — b*, see Fig. b).
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The Raman susceptibility of Eq.[10|is now defined with respect to the electronic Green’s
function G(w + i) = [(w + i0) — H,]~", the current vertices 7, = diag(v,5, v, =5 =)

. +
with 77 = 5=,

and, amplitude mode vertex 7 = 0y ® o;. We note that the current vertices are
determined by the Fermi energy p and the hopping parameters. Fig.[ST1|c) shows the calculated
Raman spectra for the cross-polarization configuration in the presence of a CDW and amplitude
mode. We find that resonant Raman transitions have an asymmetric nature depending on the
mixing terms ¢3 and ¢4, as well as the Fermi energy p that ultimately defines the nesting vector

gcpw- This theoretical analysis supports the experimental results and illuminates the important

mechanisms by which the Higg’s mode couples orbitals with different angular momentum.
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Figure S4: Multi-Voigt data fittings (a-b) Voigt fit results for XX (left) and XY (right) polar-
izations at 300K. Blue dot is the Raman spectra and red sold line is the total fitting. (c-d) show

the individual peak fit of XX and XY polarization, Blue dot is the Raman spectra and red dash

line is the individual peak fitting.
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Figure S5: (a-c) Possible polar plots according to theory for Ag (a,b) and Bg (c) modes for RTeg

using respective model functions.
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A Mode 1 (CDW) B Mode 2 (2-fold) C Mode 3 (Bg), 4 (Ag) D Mode 6 (Bg)
5.6 meV 7.4 meV 7.9 meV 9.3 meV

90 90
135 45 135 45
180 0 180 0
225 315 225 315 '
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E Mode7 (Bg), 8(Ag) F Mode 9 (2-fold) G  Mode 10 (Ag) H  Mode 11 (Bg)

90

9.9 meV 10.7 meV 11.5 meV 12.8 meV
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I Mode 12 (Bg) J Mode 13 (Ag) K Mode 14 (Bg) L Mode 15 (Bg)
14.5 meV 15.9 meV 16.1 meV 17.6 meV
90
135

A7

180 0

AV

225 315
270

3 XX Data Points = XX Fit
3 XY Data Points = XY Fit

Figure S6: Experimental modes and polar fits for each GdTes (532nm incident wavelength)
mode at 300K using respective model functions (CDW, Ag, Bg). Mode 5 is excluded as the
signal is too weak to accurately determine its’ angle dependence. Note mode 13 (Ag) is zero
in cross-polarization and therefore is not shown. Also note that modes 3 & 4 and 7 & 8 are
overlapping accidental and degenerate modes consisting of an Ag and a Bg mode each, the sum
of which is plotted and fitted (see fig. S7 for individual Ag and Bg fits from these modes). Fits
were done using same Raman tensor fitting pa%gmeters in XX and XY in corresponding model

functions for Raman tensors in XX (blue) and XY (red) polarizations, respectively.
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Figure S7: (a) GdTe; Raman spectra in parallel polarization for polarization angles 0, 15, 30,
and 45 degrees (solid lines), near 15.9 meV. Each of these four spectra are accompanied by a
summation of the fits for Ag and Bg modes present at 15.9 and 16.1 meV, respectively (dashed
lines of same color). This summation is separated into Ag and Bg components for the 45 degree
spectrum, shown in the light blue dashed lines. These reveal the presence of nearly degenerate
Ag and Bg peaks. (b-c) Experimental results and polar fits for GdTe; Bg mode at 16.1 meV
(b) and Ag mode at 15.9 (¢). (d-g) Polar plots of XX(blue dots) and XY (red dots) polarizations
for mode 3,4 and 7,8. (d-e) Experimental results and decomposition of the mode at 7.9 meV
into degenerate Ag and Bg components, showing accidental overlap of mode 3 and 4. (f-g)
Experimental results and decomposition of the mode at 9.9 meV into degenerate Ag and Bg

components, showing accidental overlap of mode 7 and 8.
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Figure S8: (a) GdTe; Raman Spectra in parallel polarization for polarization angles of 0 de-
grees (orange) and 90 degrees (blue). Each spectra is accompanied by fits for individual modes

to depict overlap, namely from CDW mode, resulting in Bg symmetry at 9.3 meV being difficult

to detect.
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Figure S9: Using calculations from above we would expect equal Raman susceptibility values
for both Stokes and anti-Stokes intensity. These plots depict the Stokes (blue) vs. anti-Stokes
(orange) Raman susceptibility for GdTes (532 nm) at a polarization angle of 165 degrees and
temperatures of 140K, 220K, and 300K, going from left to right. As theory suggests, the two
susceptibility spectra overlap, with any discrepancies attributed to differences in background

input
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Figure S10: Temperature dependent multidomain cross polarization data
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Figure S11: Raman susceptibility. (a) The diagramatic representation of the two processes con-
tributing to resonant Raman scattering. (b) The eigenenergies of the Hamiltonian around one
of the points p in the Brillouin zone. The low energy Hamiltonian around the Fermi energy
(denoted in red) is given by a linear dispersion with velocities v; and v,, with values depending
on the mixing parameters ¢3 and ¢4. These states are coupled to the opposite region in Brillouin
zone where the nesting condition of the CDW is satisfied. (c) The Raman susceptibility as cal-
culated using the low energy model H,(k). The probability of transition shows an asymetry,
depending on the chosen pathway. For the calculations in (b) and (c) we have used the repre-
sentative values t; = 1, to = —0.40, t3 = 0.10, t, = 0.20, and, Q = 47 /7. The input frequency

and CDW coupling A are chosen to be well above the Higg’s mode frequency wy
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