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Dynamical interplay between superconductivity and charge density waves: A nonlinear terahertz
study of coherently driven 2H-NbSe,
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2H-NbSe, is an archetypal system in which superconductivity and charge density wave (CDW) coexist
and compete macroscopically with each other. In particular, this interplay also manifests in their dynamical
fluctuations. As a result, the superconducting amplitude fluctuation (i.e., Higgs mode) is pushed below the
quasiparticle continuum, allowing it to become a coherent excitation observable by Raman scattering. In the
present study, we coherently drive the collective oscillations of the two orders and visualize their interplay in the
time domain. We find that both collective modes contribute to terahertz third-harmonic generation (THG) and
their THG signals interfere below T, leading to an antiresonance of the integrated THG signal. The dynamical
Ginzburg-Landau model suggests that around the antiresonance a periodic energy transfer between the driven
Higgs oscillations and the driven CDW oscillations is possible. Our results illustrate the roles of collective
modes in the terahertz THG process, revealing a close connection of this technique to Raman scattering. In
systems where the different collective modes are coupled, our experimental scheme also illustrates a paradigm

for realizing coherent control via such couplings.
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Superconductivity and charge density wave (CDW) are
often found as alternative ground states of metals at low
temperatures. In many materials, they tend to accompany
each other as close neighbors in the thermodynamic phase
diagram [1-8]. This observation has prompted a sustained
investigation of their relationship from the condensed-matter
community: for example, whether the two orders are com-
peting or cooperative from the macroscopic point of view.
Microscopically, the link between the two orders has been
investigated by the SU(2) model [9] and the more specific
pair-density wave model [10] in both general and specific
material context. A prototypical system which exhibits the
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two orders in coexistence and facilitates the discussion is
2H-NbSe, (T. ~ 7 K and Tcpw ~ 35 K). In a narrow tem-
perature window just below T, Raman spectroscopy studies
have consistently revealed a spectral weight transfer be-
tween two low-energy collective modes as a function of
temperature, indicating their hybridization [2,3,11]. While the
higher-energy mode was understood to arise from the CDW
amplitude fluctuations, the lower-energy mode slightly below
the pair-breaking energy (2A) was later recognized as the am-
plitude mode of the superconducting order (i.e., Higgs mode)
[12—-14]. The interaction between these two modes pushes the
Higgs mode below the pair-breaking continuum, making it
long-lived and allowing it to appear as a coherent peak in spec-
troscopy experiments. In the absence of such interactions, the
Higgs mode would be degenerate with the 2A pair-breaking
excitation. It is believed that such a degeneracy overdamps the
Higgs mode, leading to the absence of the Higgs mode from
linear Raman spectra in most BCS superconductors including
2H —NDS,, a close cousin of 2H-NbSe, which does not host
a CDW state next to the superconducting state [2,4].

Parallel to recent Raman-scattering investigations of the
Higgs mode, pump-probe spectroscopy is demonstrated as
another versatile tool for investigating the superconducting
fluctuations [15-20]. Specific to this context, use of narrow-
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band multicycle terahertz pulses was recently made to drive
superconducting fluctuations in both conventional and high-
T. superconductors, which is shown to result in terahertz
third-harmonic generation (THG). A significant enhancement
of THG below T., with unique resonance and antireso-
nance behaviors was reported and interpreted in terms of the
terahertz-driven Higgs oscillations. Nevertheless, following
the initial report of THG in the conventional s-wave super-
conductor NbN, there has been an ongoing debate about the
fate of the Higgs mode in a clean BCS superconductor and its
role behind the terahertz THG process [21-23]. An alternative
mechanism involving Cooper pair breaking by two terahertz
photons, followed by the generation of a quasiparticle non-
linear current, has been suggested to give rise to THG as
well [21]. More recently, the collective phase fluctuations of
a superconductor, i.e., the Josephson plasma mode, was also
considered theoretically for its contribution to THG [23]. In
light of these discussions, 2H-NbSe,, with its well-recognized
Higgs mode and the characteristic Higgs-CDW interaction,
allows for an illuminating case study to provide additional
insights on these debates.

Our measurements are performed on a 2H-NbSe, sample
exfoliated on a SiO, substrate [24,25], using the 0.3-THz
carrier-envelope phase-stable pulses emitted by TELBE, a
superradiant THz source at the ELBE accelerator at the
Helmbholtz-Zentrum Dresden-Rossendorf (see Appendix A
for setup). The field strength of the driving pulse is ~ 30
kV/cm at maximum. Since both the Higgs mode and the CDW
amplitude mode are Raman active, they couple quadratically
to light in the leading order. This means that the 0.3-THz
pump pulse drives the collective oscillations of the two orders
at 0.6 THz [17,19,26]. An additional photon from the pump
pulse then scatters inelastically with the driven fluctuations,
giving rise to an anti-Stokes-shifted photon of 0.9 THz (THG)
frequency.

Figure 1 summarizes the temperature dependence of the
terahertz transmission from 2H-NbSe, measured within the
cubic/perturbative regime of THG. The raw transmission
waveforms contain a large background of scattered linear
driving field on top of the THG response, which are shown
for a few representative temperatures across 7; in Fig. 1(a).
We perform the Fourier transform on these raw data and
obtain their intensity spectra [Fig. 1(c)]. The THG intensity
at each temperature is then extracted from these spectra by
integrating the area under the 0.9-THz peak. The resulting
temperature dependence across 7. and Tcpw is shown in
Fig. 1(d), where we observe two order-parameter-like onsets
of the THG intensity below each transition temperature. On
the other hand, the dynamical response of the system, namely
the real-time evolution of THG, can be extracted from the raw
data by applying the 0.9-THz Fourier bandpass filter. In the
Fourier-filtered THG waveforms as shown in Fig. 1(b), we
observe clear 0.9-THz oscillations below T, with a noticeable
interference pattern around 6.2 K.

We note that above 7. THG is weak and the waveform
contains artifacts from applying the Fourier bandpass filter,
residual terahertz background, and potentially a small THG
contribution by the terahertz-driven mobile carrier dynamics
from the sample or the substrate. To better illustrate these dif-
ferent contributions, we measured a second 2H-NbSe, sample
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FIG. 1. Terahertz third-harmonic  generation (THG) in
2H-NDbSe,. (a) Terahertz transmission from the 2H-NbSe, thin film
on Si0, substrate pumped by 0.3-THz light at several representative
temperatures. The 2H-NbSe, sample is approximately 70 nm thick,
with . ~ 7.2 K as determined from resistivity measurement (see
Appendix B). (b) THG waveforms extracted from raw data in (a) by
applying 0.9-THz Fourier bandpass filter. For the three waveforms
below 7, we fit the data to two individual Gaussian-enveloped
sinusoidal functions with fixed time centers (black lines). Near 6 K,
a clear interference pattern is seen, as marked by black arrows. (c)
Fourier intensity spectrum of raw data in (a) below 7.. Maroon- and
yellow-shaded areas highlight the spectra of the 0.3-THz driving
pulse and the THG response. THG intensity is integrated from
yellow-shaded frequency window. THG noise floor is estimated
from gray-shaded frequency windows. Around 6.2 K a noticeable
splitting of 0.9-THz peak is observed. (d) Temperature dependence
of THG intensity across 7. and up to Tcpw ~ 33 K. A noticeable
dip in the integrated THG intensity is manifested at 6.2 K (white
arrow), similar to previous reports of THG antiresonance in cuprate
superconductors [18,19]. Dotted line marks the THG noise level
estimated from the FFT spectra. Inset: Detailed temperature sweep
performed around 6.2 K confirming the dip in THG intensity,
signifying the antiresonance of THG.

exfoliated onto a Si/SiO; substrate. As shown in Fig. 2, in this
sample we additionally observe a finite THG above Tcpw with
a thermally activated behavior, i.e., the THG signal increases
with increasing temperature, suggesting that it arises from
the terahertz-driven intraband/interband nonlinear current of
the mobile carriers in the sample, a common mechanism for
optical nonlinearity in semiconductors [27]. Although quite
strong at higher temperatures, this contribution becomes neg-
ligible below the CDW transition. Since the main sample of
our investigation (i.e., 2H-NbSe; on SiO;) does not have the
Si layer in its substrate, the mobile carrier density is much
lower and their contribution to THG below Tcpw is expected
to be negligible in Fig. 1. Therefore, we attribute the finite
THG below Tcpw to the terahertz-driven CDW amplitude
fluctuations. The distinction between these two types of THG
mechanisms can be further seen from their respective polar-
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FIG. 2. Different origins of THG. Additional measurements are
performed on a 2H-NbSe; thin film exfoliated on a SiO, /Si substrate
(black dots), where the Si layer is n-doped. In this sample THG in-
creases significantly above Tcpw. Measurements on the bare SiO, /Si
substrate reveal that there is indeed a significant onset of THG above
~35 K (dark-green dots). We ascribe this THG contribution to the
terahertz-driven nonlinear current of mobile carriers in the n-doped
Si layer, which are thermally activated above 35 K. Below 35 K, this
contribution falls below the noise level. It is also negligible compared
to the additional THG source originating in the CDW phase.

ization dependence (Fig. 3). Since the Si layer crystallizes
in cubic structure, we expect the mobile carriers’ nonlinear
current exhibits the same anisotropy as the terahertz driving
field is rotated with respect to the crystalline axis, resulting in
a fourfold rotation-symmetric THG polarization dependence.

In contrast, if the THG mechanism involves the inelastic scat-
tering of light off the Higgs mode or the CDW amplitude
mode, which are both characterized by A, symmetry, we
expect an isotropic polarization dependence for THG similar
to Raman scattering.

The above interpretation is based on the fact that the ter-
ahertz THG mechanism is minimally described by the same
microscopic process (i.e., Feynman diagram) as the nonreso-
nant Raman-scattering process [21,28,29], suggesting a close
connection between the two spectroscopy techniques (in fact,
the terahertz THG process can be regarded as a specific type
of nonresonant Raman scattering). There is good reason to
expect the CDW amplitude mode in 2H-NbSe,, which has
been consistently captured by resonant Raman scattering, to
contribute visibly to a nonresonant Raman-scattering process
(i.e., terahertz THG) if the terahertz driving frequency w (or
more precisely twice the driving frequency 2w) is in close
vicinity with the resonance of the collective mode. Such
a condition is reasonably satisfied in our experiment: 2w~
0.6 THz while wcpw ~ 1.2 THz with a full width at half
maximum (FWHM) Swcpw ~ 0.6 THz. We further note that
the possibility of the CDW fluctuations contributing to tera-
hertz THG has been investigated in the context of 2H-NbSe;
by several theoretical works [29,30]. Corroborating these
theoretical grounds and the experimentally observed order-
parameter-like temperature dependence of the THG intensity,
we conclude the terahertz-driven CDW amplitude fluctuations
as the origin of the THG below Tcpw, much similar to the
onset of additional THG below 7; due to the terahertz-driven
Higgs fluctuations.

Having understood the microscopic mechanisms for THG
at low temperatures, we now look closely at the THG
waveforms below T., a temperature window in which
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FIG. 3. Polarization dependence of THG. THG parallel to the incoming linearly polarized terahertz light is measured from 2H-NbSe, on
Si0,/Si as the terahertz polarization is rotated. At low temperatures, (a) THG originating from the Higgs fluctuations and (b) THG originating
from the CDW fluctuations are mostly isotropic, consistent with the A;, symmetry of the two collective modes. (c) THG originating from the
mobile carriers’ nonlinear current measured at 75 K exhibits a strong anisotropy suggestive of a fourfold rotational symmetry that is consistent
with the crystalline structure of the Si layer. Note that waveplates in the terahertz frequency range are not readily available. Therefore, these
measurements are performed by rotating the wire-grid polarizers in front of sample to set incoming polarization while maintaining the same
field strength on the sample. THG from the sample is measured along two orthogonal directions by setting the polarizer after sample to 0°
and 90°. We then calculate the polarization axis of the resulting THG from two orthogonal THG components, and project the THG field onto
the incoming polarization axis (i.e., they are not necessarily parallel). Random and systematic errors in these operations may contribute a
slight modulation of the THG intensity as a function of the polarization angle, for example in (a) and (b). The Degree of variation of the THG
intensity in (a) and (b) is consistent with our previous characterization of the isotropic THG response of La,_,Sr,CuQ, in Ref. [18], which is
in stark contrast to (c) where the maximum and minimum THG intensities differ by more than one order of magnitude.

L100504-3



LIWEN FENG et al.

PHYSICAL REVIEW B 108, L100504 (2023)

superconductivity coexists with the CDW and dynamically
interacts with it. In fact, the destructive interference in the
THG waveform around 6.2 K is corroborated by the splitting
of the THG fast Fourier transform (FFT) peak at the same
temperature [Fig. 1(c)], both suggesting that there are two
separate wavelets of THG simultaneously present within the
data but with different phases (we note that a similar splitting
of the THG FFT peak has been reported in a recent THG
investigation of YBCO superconductors [20]). We can visual-
ize the two THG wavelets by fitting two Gaussian-enveloped
oscillations with slightly different time centers (#; and 1,) to
the data. Although for a range of #; and f, we can fit the
data equally well, the resulting phase difference between the
two wavelets remains invariant regardless of the choices of
t; and . In particular, around 6.2 K where the two THG
wavelets attain similar amplitudes, they are nearly 7 out of
phase, yielding a prominent destructive interference pattern in
their coherent sum. The above fitting procedure, which implic-
itly assumes two independent oscillators, however raises the
question why the two oscillators respond to the Gaussian drive
with a relative delay (below we present a coupled-oscillator
model which circumvents this ambivalence). Nevertheless, the
fitting reveals that the component that originates below T
enhances steadily at lower temperatures and dominates over
the other component. These results are consistent with pre-
vious Raman-scattering results where the spectral weight of
the CDW amplitude mode transfers towards the Higgs mode
below 7. and that around 6 K their spectral weight becomes
approximately equal [2].

In previous Raman-scattering studies, the coupling be-
tween the Higgs mode and the CDW amplitude mode is
inferred from the conservation of the total spectral weight
between the two modes. However, a direct visualization of
their dynamical interaction is not possible through these equi-
librium results. In this regard, our time-resolved investigation
allows for additional insights. To assist further understanding,
we employ the dynamical Ginzburg-Landau (GL) model with
two coupled-order parameters to visualize this process [14].
Our model includes the static action density:

b
Seatic = —e|W|* + §|w|“ —al®f 4 |0 + AP P,
(D
and the dynamical part:
d 0 0 0
Saynamic = —K —W* —W — 0— ®* — . 2
dynamic ar ot Qat ot @

The equations of motion can be derived by introducing
fluctuations in the amplitudes of the two order parameters
(8w and §¢) and minimizing the action density with respect to
these fluctuations. After Fourier transforming to the frequency
domain, we obtain

—Ko?8y + Qa — 21| ®|})8y + 41| D||W|8e =0,  (3)

—Q0w*8p + (2a — 20| W[*)8g + 41| D||W[Sy =0,  (4)

which can be shown as equivalent to the equations of motion
2
of the coupled-oscillator model by setting wy = 4/ 2%,

— a=AV]? _ APV _ APV,
we =,/2=5 - and gy.o = " —, gow = 5

(—0)2 + a)\zl, + iqu,)3q/ + gu.0de =0, 5)

(—0” + 0§ + i0ys)de + go,udy = 0. (6)

Above we have also artificially introduced the damping
factor y¢ and yg to describe the finite lifetimes of the col-
lective modes. One further caveat about our experiment is
that the scattering cross section symmetrically involved in
the 2w driving and 3w radiation processes differ significantly
between the light-Higgs and light-CDW amplitude mode scat-
tering processes. This can be conveniently accounted for by
setting the driving forces on each mode [presently set to O in
Egs. (5) and (6)] and introducing an identical amplification
factor for each mode’s oscillatory response (see Appendix C
for details).

The parameters for the two oscillators are numerically cho-
sen by referencing previous Raman-scattering studies [2,3]
[Fig. 4(3)—4(D)]. The only parameters that we arbitrarily choose
are the symmetric driving forces and response amplification
factors, which are chosen so that the response at low tem-
perature is dominated by the Higgs oscillations while at T
it is dominated by the CDW oscillations. Using this model,
we then calculate the response of the two oscillators un-
der a Gaussian-enveloped periodic drive at 2w frequency,
and inverse-Fourier transform the response into time domain
(Fig. 4). Interestingly, when the two collective modes attain
similar amplitudes, the model consistently predicts that the
CDW oscillation exhibits a visible suppression in the middle
of its response envelope [Fig. 4(i)]. The physical origin of the
suppression can be understood in terms of the antiresonance
of the driven coupled-oscillator system [18,19]. Contrary to
an isolated oscillator whose response spectrum exhibits only a
resonance, when two oscillators are coupled an antiresonance
may arise where the periodically driven heavily damped os-
cillator (the CDW amplitude in our case) maximally transfers
its energy to the other underdamped oscillator (the Higgs
mode), leading to a suppression of its own oscillation. In the
meantime, as the underdamped oscillator reaches maximum
amplitude, it feeds energy back to the heavily damped os-
cillator through the same coupling. This causes the heavily
damped oscillator’s response to rise up again, resulting in
the dip in its response envelope. Here, the deviation from
a symmetric Gaussian response (as normally expected for
a heavily damped mode under a symmetric driving pulse)
of the CDW mode near its antiresonance is important for
visibly producing the destructive interference pattern in the
total oscillatory response, i.e., there is no need for the two
oscillators to respond at different times to the same driving
pulse as in the independent oscillators model.

We note that a microscopic theory examining the dynam-
ical interaction between the CDW fluctuations and the Higgs
fluctuations in 2H-NbSe; in the context of the THG pro-
cess has also predicted the antiresonance of the THG signal
slightly below T, similar to our dynamical GL model [29].
Importantly, our model suggests that under a periodic drive,
a dynamical energy transfer between two coupled modes
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FIG. 4. Interference between two sources of THG. (a)-(c) Raw THG waveforms reproduced from Fig. 1(b). (d)—(f) Coherent sums of the
oscillations of two driven coupled modes as calculated from the dynamical Ginzburg-Landau (GL) model described in text. (g)—(i) Oscillatory
response of the individual coupled modes under a Gaussian-enveloped periodic drive. In (i), the heavily damped CDW mode (highlighted in
thick) is undergoing an antiresonance. A visible dip is manifested near the middle of its response envelope (i.e., around 20 ps). It originates
from the periodic energy transfer between the two coupled modes around the antiresonance of the heavily damped CDW mode. (j)—(1) Values
used for the parameters of the dynamical GL model. In (j), the frequencies of the Higgs mode (blue) and the CDW amplitude mode (red) from
Raman-scattering studies are shown along with their uncertainties (error bars). The frequencies of the Higgs mode and the CDW amplitude
mode after interaction in the dynamical GL model are shown as blue and red dots. The 0.6-THz driving frequency is shown as the dotted line
in (j), (k). In (k), the bare Higgs mode and CDW amplitude mode frequencies before interaction are shown along with the square root of the
coupling constant ¢ = gy ¢ = go.w- In (1), the driving forces for the two modes are shown for each temperature.

is possible near the antiresonance of the heavily damped
mode. Such a fact may be utilized for coherent control of
coupled-order parameters/degrees of freedom in solids, a
concept which has already been demonstrated for coupled
Raman- and IR-active phonons by the name of nonlinear
phononics [31].

Putting our results in the context of previous experiments,
we note that the antiresonance of the THG response of a
superconductor can also be identified by an abrupt jump in the
THG phase (relative to the linear driving phase) concomitant
with a suppression of integrated THG intensity, which was
reported in cuprate high-7; superconductors despite the lack
of a clear time-domain interference pattern there [18,19,32].
Here, we note that the THG signal is significantly weaker in
2H-NbSe, compared to cuprate superconductors. Therefore,
the experimental results presented above are obtained by plac-
ing two physical 0.9-THz bandpass filters after the sample for
suppressing the linear transmission and improving the THG
signal-to-noise ratio. As a result, the as-measured linear field
contains mostly randomly scattered driving field, making it
nearly impossible to reliably extract the THG phase relative
to the linear driving phase. Future experiments with improved
signal-to-noise ratio may elucidate the phase signature of the
antiresonance, which will help validate or revise the physical
picture presented in Fig. 4 and the dynamical GL model.

To conclude, we have studied the THG response of
2H-NbSe; under a periodic terahertz drive and observed THG
contributions from both the driven CDW amplitude oscil-
lations and the Higgs oscillations. The interaction between
the two collective modes leads to an interference (antireso-

nance) of their THG signals just below T;. The results are
compared to Raman-scattering studies and a close connec-
tion between the two spectroscopy techniques is suggested.
By using the dynamical Ginzburg-Landau model to visualize
the interaction between the two coupled modes, we find that
the two collective modes may periodically transfer energy
in-between near the anti-resonance of the heavily damped
mode, which may explain the destructive interference pattern
exhibited in our THG data near 6.2 K. Our results demonstrate
the prospect of using terahertz THG to investigate collective
modes in general as well as the tantalizing possibility of co-
herent control via terahertz pumping of the coupled collective
modes.
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FIG. 5. Schematic of the terahertz third-harmonic generation
setup.

APPENDIX A: EXPERIMENTAL SETUP

We performed the third-harmonic generation measure-
ments using the setup schematically shown in Fig. 5. A
multicycle, phase-resolved THz source with a narrow band-
width and high electric field strength is produced from the
TELBE super-radiant undulator source at Helmholtz-Zentrum
Dresden-Rossendorf (HZDR). The driving frequency is set to
0.3 THz. Two 0.9-THz bandpass filters are placed after the
sample to improve the THG-to-linear signal ratio as well as
the THG-to-noise ratio. Two polarizers are also placed before
and after the sample for selecting parallel polarized THG for
measurement. The terahertz beam is focused to a spot size on
the order of 1-mm FWHM onto the sample.

For electro-optical sampling, we use a 2-mm ZnTe crystal
and 100-fs gating pulses with a central wavelength of 800 nm.
The accelerator-based THz pulse and the 800-nm gating pulse
have a timing jitter characterized by a standard deviation of
~20 fs. Synchronization is achieved through pulse-resolved
detection.

APPENDIX B: SAMPLE CHARACTERIZATION

The 2H-NbSe, sample reported in the main text of this
work is exfoliated onto a SiO, substrate. The average sample
thickness is about 70 nm. We performed resistance measure-
ment on this sample and found that 7; is ~ 7.2 K, indicating
that the sample is pristine and in the bulk limit; see Fig. 6.

APPENDIX C: DYNAMICAL GINZBURG-LANDAU MODEL

As discussed in the main text, the dynamics of two coupled
modes within the dynamical Ginzburg-Landau model can be
shown as equivalent to the coupled-oscillator model. The lat-
ter has been used in our previous work [18,19] to understand
the Higgs response of cuprate high-7; superconductors.

For a driven coupled-oscillator model, the equations of
motion are given by

d? d
ZFa® + ot xi1(t) + y1 00+ gn) = F@),
2

d d
ﬁxz(f) + @3 0 (1) + Vzaxz(f) + gx1(t) = (1),

0.6

—o—NbSe2

e
»
1
L

o
)
)

.

A

6.0 6.4 6.8 7.2 7.6 8.0
Temperature (K)

Resistance (Ohm)

o
=)

FIG. 6. Determination of 7, via resistance measurement.

where w; is the natural frequency of oscillator i (i = 1, 2), y;
is its damping factor, F;(¢) is the time-dependent driving force
on oscillator i, and g is coupling constant between the two os-
cillators. Assuming a periodic drive F;(t) = %F}(w)e”‘” +c.c.,
we find the solution to the above equations as

Ai(0) -’ 4+ of +iyo g -
A(w)] g —0? + 3 + iy

Fi(w)
X ~ 9
F(w)

where A;(w) gives the amplitude of the oscillator i under the
driving force Fj(w).

The above solution assumes a continuous driving force. To
account for the Gaussian-enveloped periodic drive as used in
our experiment, we rewrite the driving force F;(¢) as

Fi(t) = Fe™/% cos (1),

and Fourier decompose it into different frequency components
Fi(w):

400
o= [ F@edo.
—00
The real-time response of oscillator i, x;(t), to such a
Gaussian-enveloped periodic drive can be found as a linear
sum of its response to the different frequency components of
the driving pulse:

+00
xi(1) = / Aj(w)e dw.
—00

For the results presented in Fig. 4 of the main text, we
choose w; and w, so that the eigenfrequencies of the cou-
pled system match the energy of the Higgs mode (0.55 ~
0.60 THz) and the CDW amplitude mode (1.25 THz) as
observed by Raman-scattering experiments [2]. We set y»
(damping factor of the heavily damped oscillator) to 0.5 THz,
consistent with the linewidth of the CDW amplitude mode
in Raman-scattering experiments. y; is set to 0.01 THz, in
accordance with theoretical expectation of negligible damp-
ing of the Higgs mode [3] in 2H-NbSe;. The dynamical
Ginzburg-Landau model suggests that the coupling constant

L100504-6
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g is a proportional to the product of the two order parameters’
amplitudes. Therefore, it is temperature dependent and maxi-
mum when the two order parameters reach similar amplitudes
(i.e., near 6 K in 2H-NbSe,). We take the Raman spectral
weight of the Higgs mode and the CDW amplitude mode as a
reference for the amplitudes of the two order parameters and
compute the coupling constant accordingly. It decreases from
0.38 at 6.2 K to 0.32 at 4.5 K. For the driving forces, we set
FF=0.1,F,=09at62Kand Ff; =04, F, =0.8at4.5K.
The driving forces reflect the light-collective mode scattering

cross section (i.e., coupling vertex), which is different for the
Higgs mode and the CDW collective mode. In addition, this
scattering cross section is involved in both the driving process
and the radiation process. To mimic this effect, we multiply
the response of each oscillator by the same factor F; and F;
to obtain their final oscillatory response. The central driving
frequency for the above calculation is set to 0.6 THz and the
width of the Gaussian envelope t is set to 7 ps, both in accor-
dance with experimentally used linear driving waveform.
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