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I. DERIVATION OF THE MICROSCOPIC
DYNAMICAL EQUATIONS

In order to connect the dynamics of the OPCP and
the exciton condensate with the microscopic description
of Ta2NiSe5, we start from a commonly used two-band
semiconductor Hamiltonian with spinless fermions [1–4]
and inter-band interactions,

H =
∑
k

(εkck
†ck + µkvk

†vk) +
∑
i

(V ci
†civi

†vi

+ω0bi
†bi + g(bi

† + bi)(ci
†vi + vi

†ci))

(1)

The bands are formed by the quasi-one-dimensional lat-
tice and i, k are the corresponding lattice sites and mo-
mentum. Each operator and parameter is defined in the
main text. We also set ~ = 1 for simplicity.

The equations of motion for the complex exciton or-
der parameter Φi = 〈c†ivi〉 and the real lattice displace-

ment Xi = 〈b†i + bi〉 can be obtain by expressing Eq. (1)

in terms of a nonequilibrium path integral (i.e. in the
Keldysh framework) and introducing Φ as a dynamic,
bosonic Hubbard-Stratonovich field. This allows one to
integrate out the fermionic modes and derive the equa-
tions of motion for Φ, X via saddle point equations.

In a path integral approach, the partition function Z
corresponding to the Hamiltonian in Eq. (1) is formally
obtained from a field integral of the form

Z =

∫
D[{c̄i, ci, v̄i, vi, b∗i , bi,Φ∗i ,Φi}]eiS , (2)

where D represents the common field integral measure
and c̄i, ci, v̄i, vi are independent Grassmann fields, rep-
resenting the fermion modes in conduction and valence
bands, and b∗i , bi,Φ

∗
i ,Φi are complex fields, correspond-

ing to the phonon and exciton condensate modes. The
Keldysh action S is obtained in the canonical way [5] and
reads as S = Sf + Sb with the fermion part

Sf =
∑
l,m

∫
t

Ψ̄l,t

(
C−1l,m,t Ml,tδl,m
M∗l,tδl,m W−1l,m,t

)
ΨT
m,t (3)

and the boson part

Sb =
∑
l

∫
t

[
(b∗c,l,t, b

∗
q,l,t)B

−1
l,t

(
bc,l,t
bq,l,t

)
(4)

− V
(
Φ∗c,l,tΦq,l,t + Φ∗q,l,tΦc,l,t

) ]
.

Here, Ψl,t = (c1,l,t, c2,l,t, v1,l,t, v2,l,t) is the fermion spinor
in Keldysh space and each field carries an index triplet
(i, l, t), which labels Keldysh component i (i = 1, 2 for
Grassmann fields and i = c, q for complex fields), lat-
tice site l and time t. The matrices B,C,W are the
Keldysh space Green’s function for phonons, conduction
band, and valence band. They are diagonal in frequency
and momentum space

C−1k,ω =

(
0 ω − εk − iη

ω − εk + iη 2iη tanh(ω/2T )

)
(5)

and W−1k,ω is identical with εk → µk. Also,

B−1k,ω =

(
0 ω − ω0 − iη

ω − ω0 + iη 2iη tanh(ω/2T )

)
(6)
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with η → 0+. The matrix Ml,t describes the local cou-
pling of the fermions to the exciton and phonon fields

Ml,t =
[
1
(
V Φc,l,t + gXc,l,t

)
+ σx

(
V Φq,l,t + gXq,l,t

)]
.
(7)

The fermion part Sf is quadratic in Grassmann fields
and integration according to Grassmann calculus yields
the formal expression

Sf = −iTr (log [1− CMWM∗]) = i

∞∑
n=1

1

n
Tr (CMWM∗)

n
,

(8)

where the trace includes the sum over Keldysh indices
and lattice sites and an integral over time. In order
to eliminate the phonon field from the nonlinear ac-
tion Sf, one performs a polaron-type shift Φc/q,l,t →
Φc/q,l,t− g

V Xc/q,l,t. For small exciton field amplitudes Φ,
Eq. (8) can be expanded up to fourth order in the fields
(n ≤ 2) and in powers of derivatives. The equations of
motion for the exciton condensate and the displacement,
which are represented by the classical fields Φc,l,t, Xc,l,t

are obtained via the saddle-point equations (and their
complex conjugates)

δS

δbq,l,t
=

δS

δΦq,l,t
= 0. (9)

This yields the equations of motion by further intro-
ducing the perturbation of light via Peierls substitution,
which is argued to work better for an electronically lo-
calized system [4], and assuming the lattice constant d =
1:

iZ∂tΦ = (−D̃(∇− iqA)2 + m̃+ Ũ |Φ|2)Φ +
2g

V
X, (10)

∂t
2X = −(ω0

2 +
2g2ω0

V
)X − 2gω0 Re(Φ), (11)

with the parameters D̃, m̃, Ũ , Z depending on integrals
over Green’s functions and therefore on the band struc-
ture of the material and the temperature T of the system.
Assuming a band gap ∆ and kBT < ∆, i.e. negligible
population in the conduction bands, we can write out
these parameters

m̃ = 1− 2V√
∆(2Jc + 2Jv + ∆)

, (12)

D̃ =
2JcJvV√

∆(2Jc + 2Jv + ∆)
3 , (13)

Z = V

(
2Jc + 2Jv + 2∆√

∆(2Jc + 2Jv + ∆)
3

)
, (14)

Ũ =

(
2(3(Jc + Jv)

2 + 4∆(Jc + Jv) + 2∆2)√
∆(2Jc + 2Jv + ∆)

5

)
V 3. (15)

The equations in the main text are obtained via m =
m̃/Z, U = Ũ/Z, D = D̃/Z, g′ = g/(ZV ), and f =

D̃q2A2/Z,αF exp (− 4 ln 2t2

σ2 ).
Also, we can obtain real valued equations of motion

by defining Φ = φ + iη. To characterize the dephas-
ing of the phononic and electronic channels, we also add
phenomenological decaying terms to both branches. It
is straightforward to add a −2γph∂tX term to the struc-
tural dynamical equation and γph can be determined ex-
perimentally. For the complex electronic order parame-
ter, on the other hand, we rewrite the order parameter
dynamical equation as followed:

i∂tΦ = ((−D(∇− iqA)2 +m+U |Φ|2)Φ + 2g′X)(1− iγe),
(16)

Here γe is dimensionless. It expresses the ratio of de-
phasing dynamics due to a non-zero temperature to the
coherent dynamics of the order parameter. Both dynam-
ics are generated by the same effective free energy func-
tional. It determines the dephasing time of the electronic
Higgs/Goldstone oscillations as validated in Section II.

Also, we ignore the spatial diffusion and the phonon
frequency shift due to an order of magnitude estimate
g ≈ ω0�V . With all of the above rectifications we have:

∂tφ = (f+m+U(φ2+η2))η−γe((f+m+U(φ2+η2))φ+2g′X),
(17)

∂tη = −(f+m+U(φ2+η2))φ−2g′X−γe(f+m+U(φ2+η2))η,
(18)

∂t
2X = −ω0

2X − 2gω0φ− 2γph∂tX. (19)

We then construct the initial conditions for the above
equations, which guarantee that X is static and Φ re-
mains real and static before the light excitation:

φ|t=0 =

√
4gg′/ω0 −m

U
. (20)

η|t=0 = 0. (21)

∂tX|t=0 = 0, (22)

X|t=0 = −2g

ω0

√
4gg′/ω0 −m

U
, (23)

After establishing the equations and the initial condi-
tions, we can numerically solve the differential equations
and trace the dynamics of the complex electronic order
parameter Φ and the real structural order parameter X
[Fig. S1], as well as the dynamical free energy land-
scapes. By taking the fast Fourier transform (FFT) of
X in the time interval from 0 ps to 20 ps with different
pumping fluence values, we obtain the order-parameter-
coupled phonon (OPCP) amplitude versus fluence curves
[Fig. S2].
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FIG. S1: Simulated time evolution of the electronic and lattice order parameters in the (a)-(d) overdamped (γe=1) and (e)-(h)
underdamped (γe=0.1) cases. In each case, data are shown with fluences below and above the critical fluence, and the model
parameters are set to ω0/(2π) = 2 THz, g = 2 THz, V = 60 THz, ∆ = Jc = Jv = 40 THz, and γph = 0.3 THz. (a),(e) Time
evolution of the real part of the electronic order parameter. (b),(f) Time evolution of the imaginary part of the electronic order
parameter. (c),(g) Time evolution of the lattice order parameter. (d),(h) Trajectory of the electronic order parameter.

To simulate the two-pulse pumping situation, one sim-
ply adds another f term to Eq. (17) and (18) that is
identical to the first, except that this f term is centered
at the time when the second pulse arrives at the sample.
The initial conditions are the same. Here we apply a
FFT to X in the time interval between the arrival of the
second pulse and 20 ps thereafter. We thus obtain the
OPCP amplitude versus fluence at different time delays
[Fig. S5].

II. DETERMINATION OF THE MICROSCOPIC
PARAMETERS

From our experiment we get ω0/(2π) = 2 THz. The
chosen microscopic parameter values in Ref.[3, 4] repro-
duce the equilibrium band structure qualitatively well,
therefore we adopt these and set g = 2 THz, V = 60
THz, ∆ = 40 THz, Jc = Jv = 40 THz, m = −17 THz,
U = 132 THz, D = 13.3 THz, and g′ = 0.83g. The Higgs
mode frequency −2m = 34 THz qualitatively matches
the gap size ∆ [6]. The corresponding fast oscillation
is beyond the time resolution of our experimental setup,
and hence cannot be resolved. The phonon dephasing
time we measured is approximately 3 ps, thus γph ≈ 0.3
THz. This set of parameter choices is self-consistent but
may not be unique. We also demonstrate that the spe-
cific choice of the above microscopic parameters does not
change the main conclusion of this paper, i.e. the rever-
sal of the EI order [Fig. S2(b)]. We simulate our incident
light as a σ = 100 fs Gaussian irradiating the sample at
t = 0. The pump fluence F is thus the only tunable
parameter.

There is uncertainty in the determination of the elec-
tron decay rate γe. Recent theories have demonstrated

that the electronic system can oscillate in an amplitude
(Higgs) and phase (Goldstone) mode around the tran-
sient free energy minimum [3], but there is no experimen-
tal evidence of such modes so far. A large γe describes the
overdamped case where the electronic subsystem adia-
batically evolves into the transient free energy minimum,
while a small γe captures the underdamped case where Φ
explores a larger region of the Mexican-hat potential via
rapid oscillations of the Higgs and the Goldstone modes
upon light excitation [Fig. S1(h)]. We demonstrate that
the nature of the electronic decay, whether overdamped
or underdamped, does not change our main finding, i.e.
the reversal of the EI order and the concurrent anomalous
phonon amplitude dependence. We simulated the afore-
mentioned two cases using either γe = 1, which typically
characterizes an overdamped scenario with no oscillation
[Fig. S1(a)-(d)], or γe = 0.1, which describes the under-
damped case [Fig. S1(3)-(h)]. With γe = 0.1, the rapid
Higgs/Goldstone oscillation clearly damps out in 0.25 ps.
Despite the distinction in γe, the dynamics of Φ and X
are comparable qualitatively at times longer than 0.25
ps after the light excitation. The clear reversal when the
pump fluence is higher than the critical fluence is real-
ized independent of the value of γe. Further, alteration
of the electron dephasing rate has a minimal affect on
the reversal critical fluence [Fig. S2(a)]. Since an inves-
tigation of the behavior of the Higgs/Goldstone mode is
beyond the scope of this work, we only simulate with the
overdamped case hereafter.
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FIG. S2: Fluence dependence of the OPCP with various choices of the microscopic model parameters. (a) OPCP amplitude
versus fluence with different electronic decay times. The red curve corresponds to the overdamped case (γe = 1) and the yellow
curve corresponds to the underdamped case (γe = 0.1) with g = 2 THz, V = 60 THz, ∆ = Jc = Jv = 40 THz. The black curve
characterizes the ISRS/DECP amplitude versus fluence. (b) OPCP amplitude versus fluence in the overdamped case (γe = 1)
with different choices of g, V,∆, Jc, Jv. (c) OPCP amplitude versus fluence in the overdamped case with or without considering
the depopulation time of the electrons, with the same model parameters as in (a).

III. DIFFERENCE BETWEEN THE
CALCULATED AND EXPERIMENTAL

CRITICAL FLUENCE

In Section I, we defined f,αF exp (− 4 ln 2t2

σ2 ). To get
the value of the simulated critical fluence Fc in real
units, we explicitly write out the scaling factor α =
8Dq2d2(1−R)
~2ωph2cε0σ

, where D is the parameter defined in Sec-

tion I, q is electron charge, d is the lattice constant, R is
the reflectance, ~ is the reduced Planck’s constant, ωph
is the pump light frequency, c is the speed of light, ε0
is the vacuum permittivity, σ is the pulse duration. Our
model predicts that Fc should be smaller when the pump
polarization is parallel to the chain direction because d
is smaller and R is larger in this geometry. This is con-
sistent with the data reported in Ref. [6].

We obtained a simulated Fc ∼ 6 mJ/cm2 under the
same reported experimental conditions [6], which needs
to be scaled down by 16 times to match the real exper-
imental Fc. There are several possible factors that give
rise to this discrepancy. First, our model is an elementary
model with a simplified two-band structure. There are
also uncertainties in the determination of the parameters
Jc, Jv, ∆, g, and V . It is especially hard to determine
g and V from experiment because they are not directly
reflected in band structure measurements. Even though
the chosen parameter values in Ref.[3, 4] are claimed to
reproduce the experimental data well in Ref. [7], we find
the band dispersions displayed in several other ARPES
papers differ subtly, giving rise to an uncertainty in the
determination of the parameters [8–11]. In Fig. S2(b)
we show several OPCP amplitude versus pumping flu-
ence curves obtained using different sets of parameter
choices. It is clear that Fc changes with the value of the
microscopic parameters, but the qualitative trend stays
the same.

Second, Fc is temperature-dependent. Increasing tem-
perature makes the bandwidth and bandgap smaller and

the Mexican-hat minimum shallower, both of which pro-
mote the order-parameter switch, thereby decreasing Fc.
Our simulation corresponds to T = 0 K case, and there-
fore gives an upper bound of Fc. As shown in Ref. [6], a
100 K increase in the temperature can make Fc several
times smaller. As such, it is possible that Fc at finite
temperature is much smaller than 0 K. To give an accu-
rate estimate, a temperature dependent model needs to
be considered.

Third, transient heating effects are not accounted for
in our model. For pump photon energies above the in-
sulating gap, which is the case in our experiment, there
will be finite absorption leading to transient heating of
the electronic subsystem. This will contribute towards
quenching the electronic potential in a similar manner to
coherent electric field driving. Therefore neglecting tran-
sient heating effects will cause Fc to be over-estimated.
On the other hand, this approximation may be more re-
alistic for the case of sub-gap pumping where absorption
is suppressed.

Taken altogether, these three factors lead us to con-
clude that our microscopic model and the correspond-
ing simulation qualitatively reproduce the experimen-
tal observation. We also emphasize that regardless of
the choice of parameters, the anomalous behavior of an
OPCP is well reproduced in all simulations, demonstrat-
ing our conclusions are robust against the specific value
of the parameters.

IV. ULTRAFAST HEATING AND SUBSEQUENT
COOLING

We note that ultrafast heating and subsequent cool-
ing in both the electronic and structural channels upon
pumping are not considered in our coherent-drive micro-
scopic model. We demonstrate here that ignoring the
heating and the subsequent cooling does not change the
major conclusions.
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We first consider the electronic channel. Upon pump-
ing, the electrons are excited into the conduction bands
and the effective electronic temperature increases dra-
matically. The ultrafast heating of the electrons is ac-
companied by the transient restoration of higher sym-
metry, i.e. Mexican hat becomes parabolic, producing a
qualitatively similar effect to that imparted by our co-
herent driving model. In both cases, one can determin-
istically engineer the final state through pumping. In
our model we introduce light perturbation via a coherent
Peierls phase, implying an immediate relaxation to lower
symmetry as soon as the pulse excitation is over. Al-
though this theoretical treatment is extensively utilized,
in reality hot electrons will thermalize with the lattice
through EPC with a characteristic depopulation time of
1 ps in Ta2NiSe5 as measured by time-resolved optical
and electron spectroscopy [6–10, 12]. This implies the
higher symmetry exists beyond the time duration of the
pulse. To take this depopulation time into account, we
simulate the pulse as a 1 ps exponential decay convolved
with a Gaussian. The dynamics of the order parameters
are very similar to the dynamics in the coherent quench
case, except for the fact that the order parameters reach
their stable states after longer time (1-2 ps) due to ther-
malization. We show the OPCP fluence dependence with
thermalization in Fig. S2(c). Compared with the co-
herent quench case, the switch to the counterpart state
occurs at a slightly lower fluence but the trend is the
same. Therefore, we conclude here that the heating and
cooling of the electrons do not influence our major con-
clusion that the switch is achievable by increasing fluence
and observable via the OPCP fluence dependence.

To estimate the lattice heating, we use the formula

∆T = (1−R)F
Cρδ to calculate the lattice effective tempera-

ture increase, where R is the reflectance, ρ is the density,
C is the specific heat capacity, and δ is the optical pene-
tration depth for the pump photon energy (1 eV) [13, 14].
Our experiments were performed at 80 K with a pump
fluence of 0.5 mJ/cm2. Using these values, we obtain a
temperature increase of 15 K. Therefore, the lattice tem-
perature is far below Tc after pumping and the lattice
temperature induced change of band structure is negligi-
ble. Thus, the lattice heating can also be ignored.

V. NON-MONOTONIC BEHAVIOR OF THE
OPCP AMPLITUDE VERSUS FLUENCE ABOVE

THE CRITICAL FLUENCE

As depicted in Fig. S2, the OPCP amplitude as a
function of pump fluence shows a non-monotonic behav-
ior when F > Fc. The amplitude of the “oscillation”
and the fluence where they emerge are dependent on the
specific values of the microscopic parameters. This be-
havior arises from the strong feedback between the elec-
tronic and structural order parameter dynamics immedi-

ately after excitation. Because Φ always responds more
rapidly than X, the subtle mismatch of the time when
the two order parameters cross zero will influence the
phonon amplitude.

We take the case with overdamped dynamics as an
example. In such a case, Φ relaxes into the potential
minimum instantaneously, while X takes a longer time to
settle into the minimum depending on the phonon damp-
ing rate. When the pump fluence just surpasses Fc, once
the pump excitation is over and X starts to approach
zero from the negative side, Re(Φ) does not cross zero
but exhibits a partial regression back to the initial state
[Fig. S1(a) and (c)]. This incomplete return to the initial
state in turn tilts the phonon potential in the opposite
direction as X is evolving, thus exerting resistance to the
phonon and decreasing the phonon amplitude. However,
as the pump fluence further increases, X crosses zero
more quickly and the aforementioned temporal mismatch
between X and Φ crossing zero will be smaller, leading to
a slight increase of the phonon amplitude. This explains
the non-monotonic behavior that occurs just above Fc in
Fig S2(a). After careful examination of the dynamics of
both channels at each pump fluence, we find that this
temporal mismatch occurs twice as the pump fluence is
increased, yielding the two “dips” above Fc in the over-
damped cases [Fig. S2(a) and (b)]. The “dips” finally
disappear after the pump fluence is high enough so that
Φ directly crosses zero without returning partially back
to the initial state. Thereafter X and Φ will not expe-
rience any mismatch and the phonon amplitude shows a
smooth monotonic dependence on fluence.

The non-monotonic behavior is stronger for the under-
damped case because Φ undergoes Higgs/Goldstone os-
cillations [Fig. S2(a)]. The feedback between the two
channels thus also lasts longer, creating more compli-
cated dynamics. In addition to the mismatch between
the time when X and Φ cross zero as discussed in the
overdamped case, the order parameters can now also os-
cillate back-and-forth between the minima on either side
of zero [Fig. S1(e)-(h)]. This makes the final state more
sensitive to pump fluence compared to the overdamped
case. In other words, the order parameter is more sus-
ceptible to reversal upon small changes in pump fluence,
leading to sharper modulations of the phonon amplitude.

We also note that in the overdamped case where we ac-
count for electronic heating and cooling, increasing pump
fluence will induce a greater number of reversals back
to the initial state within one phonon period (0.5 ps),
and the oscillations in Fig. S2(c) actually stem from
these back-and-forth reversals. In contrast, the reversal
only occurs once in the overdamped coherent pumping
case. This discrepancy reveals that the long-time dy-
namics of the coupled system is strongly influenced by
the dynamics immediately after the excitation. While
these differences lead to quantitatively different long time
behaviors, they do not alter the main conclusion of this
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work, i.e. the observation of the first reversal and the
non-monotonic behavior of the OPCP amplitude versus
fluence above Fc.

VI. ISRS/DECP PHONON SIMULATION

As mentioned in the main text, conventional Raman
active phonon modes are launched through the impulsive
stimulated Raman scattering (ISRS) or displacive excita-
tion of coherent phonons (DECP) mechanisms. Several
references have discussed and summarized the disparities
between and the unification of these two mechanisms [15–
18]. We simulated conventional ISRS/DECP phonons
using the simplified formula from [19]:

∂t
2X = −ωph2X − 2γph∂tX + F (t) (24)

where in the displacive case, F (t) = Dθ(t) and in the
impulsive case F (t) = Fδ(t). Convolving with the

Gaussian-envelope pulse we have F (t) = D
1+erf (

√
4 ln(2)

σ2
t)

2

for the DECP case and F (t) = F exp(− 4 ln(2)t2

σ2 ) for the
ISRS case, where D and F are normalized fluences. The
dynamics for both cases are generally the same except for
a π/2 phase shift. As shown in Fig. S2(a), the amplitude
of the ISRS/DECP-launched phonon has a linear fluence
dependence.

VII. EXPERIMENT AND FITTING DETAILS

Single crystals of Ta2NiSe5 were grown by chemical va-
por transport reaction. First, a powder of Ta2NiSe5 was
synthesized by the solid-state reaction from a stoichio-
metric mixture of its elements. They were sealed in an
evacuated quartz tube and heated at 900 ℃ for 5 hours.
Next, the powder (around 2 g) and chunks of iodine (50
mg) were loaded in a sealed quartz tube, which was put
in a two-zone furnace. The temperature for the growth
sides were kept at 875 ℃ and 800 ℃ respectively for one
month. The samples were cleaved along the (010) direc-
tion immediately before the experiment to obtain a fresh
and smooth surface.

For double-pump experiments, the sample tempera-
ture was fixed at 80 K. In the experimental setup, a
Ti:sapphire amplified laser operating at 1 kHz produces
800 nm pulses with 40 fs time duration. A small portion
of the power is used as the probe. The remainder seeds
an optical parametric amplifier (OPA) and generates near
infrared light tuned to 1200 nm with a duration of 80 fs,
which is used for the the pump pulse(s). The fluence of
each pump was set to ∼0.5 mJ/cm2, which is around Fc
at 80 K, considering the temperature dependence of Fc
[6]. Our simulation further substantiates that the fluence
is slightly below Fc as shown later. The polarizations of
both pulses were set to be perpendicular to the (100) axis

20

15

10

5

0

 Δ
R

/R
 (x

10
-3  )

86420
 Time (ps)

 Single Pump    3 THz IP
 1 THz IP            3.8 THz IP
 2 THz IP            3.8 THz OP

FIG. S3: Transient reflectivity in response to both a single
pump (black) and two pumps (other colors). In the double-
pump data, the delays between the two pumps are set to
be either in-phase (IP) or out-of-phase (OP) with a certain
phonon, as indicated in the legend. Each curve is vertically
offset for clarity.

of the sample, since pumping with a parallel polarization
was reported to generate phonons less efficiently [6].

Transient differential reflectivity curves with double-
and single-pump are shown in Fig. S3. All curves exhibit
a clear beat pattern. The quick rise upon the arrival of
the pump and the ensuing exponential decay (∼ 1 ps)
characterize photocarrier generation and recombination
respectively, in agreement with previous results [6, 12].
The beat pattern indicates the coexistence of multiple
coherent phonons. Three phonons centered at around 2
THz, 3 THz and 3.8 THz are identified after taking the
fast Fourier transforms (FFT) of the transient reflectivity
data, as depicted in Fig. S4. The reported 1 and 4 THz
phonons are missing [9, 10, 12].

To test whether we are able to amplify or suppress the
different observed phonons, we excite the sample with
two pump pulses with the time delay between them tuned
to be either in-phase (IP) and out-of-phase (OP) with
each phonon respectively. As such, there are six con-
figurations in total. Note that when the time delay is
IP with the 2 THz phonon, it is nearly OP with the 3
THz phonon. Similarly, when the time delay is IP with
the 3.8 THz phonon, it is nearly OP with the 2 THz
phonon. Therefore, two configurations are redundant
and we executed the double-pump experiment using 4
different fixed delays between the two pumps. The cor-
responding double-pump FFT spectra are displayed in
Fig. S4, together with the single pump FFT spectrum.
In Fig. S4(b), it is demonstrated that when the time
delay between the two pump pulses is resonant with the
3 THz phonon, the 3 THz phonon amplitude is ampli-
fied by almost two times. Simultaneously, the 3.8 THz
phonon is slightly enhanced because this time delay is
also partially IP with its period, while the 2 THz phonon
is suppressed due to the nearly OP time delay. Similar
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FIG. S4: FFTs of experimental double- and single-pump
transient reflectivity data taken on pristine and 5% S-alloyed
Ta2NiSe5. All FFTs are taken in the time interval between 0
ps and 8 ps. (a - e) FFT spectra of the traces shown in Fig.
S3. The black dots correspond to the spectrum of the single
pump excitation, shown in each panel as a reference, while
the dots of other colors indicate the spectra of the double-
pump data. The solid lines correspond to the Lorentzian fits.
(f) Single-pump FFT spectrum for a 5% S-alloyed Ta2NiSe5
(cyan) with the data on the pristine sample as a reference
(black).

analysis can be used to interpret the 3.8 THz IP and OP
pumping cases in Fig. S4(c) and S4(d). However, an
anomalous behavior is observed in the 2 THz IP pump-
ing configuration as shown in Fig. S4(a). Although the
3 THz phonon is suppressed due to the OP time delay,
and the 3.8 THz phonon is amplified due to nearly IP
pumping, the 2 THz phonon is not enhanced.

The reported 1 THz OPCP [6] is missing in our single-
pump spectrum. Fig. S4(e) displays the FFT spectrum
of the 1 THz IP pumping. 1 THz IP pumping should
be nearly IP with all the phonons, but only the 3 THz
and 3.8 THz phonon are amplified. There is still no 1
THz phonon after pumping resonantly with it, and the
enhancement of the 2 THz phonon is negligible, echoing
the 2 THz IP double-pump results. Similar results were
reproduced at different spots on two samples. This fur-
ther demonstrates the 2 THz phonon is an OPCP unlike
the 3 THz and 3.8 THz phonons.

We also conducted coherent phonon spectroscopy mea-
surement on 5% S-doped Ta2NiSe5. The FFT spectrum
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FIG. S5: FFT spectra of the 2 THz phonon obtained from
(a) experiment and (b) simulation of the microscopic model
at time delays equal to 2.14 × T2THz (green, corresponds to
the 1 THz IP pumping), 1 × T2THz (red, corresponds to the
2 THz IP pumping), 0.7 × T2THz (blue, corresponds to the
3 THz IP pumping), and 0.54 × T2THz (yellow, corresponds
to the 3.8 THz IP pumping). The single pump results are
displayed as a reference. Each curve is vertically offset for
clarity and normalized by the peak value of the single pump
FFT.

shows a much weaker 2 THz phonon than the undoped
case, but similarly intense 3 THz and 3.8 THz phonons,
as shown in Fig. S4(f). This observation is further evi-
dence that the 2 THz phonon is coupled to the EI order
while the 3 and 3.8 THz phonons are not, since S-doped
Ta2NiSe5 exhibits weaker EI order with a lower Tc [14].

In principle we can fit the time traces with damped
oscillations superposed atop an exponentially decaying
background:

∆R

R
= A exp (− t

τ0
)+C+

∑
i

Bi exp (− t

τph,i
) cos (νit+ φi)

(25)
where A denotes the electronic background amplitude
due to photocarrier generation with a decay time τ0, and
C characterizes the long heat escape time. Bi, τph,i, νi,
φi are the amplitude, lifetime, frequency and phase of
the ith phonon respectively. Here i runs from 1 to 3
corresponding to 2, 3 and 3.8 THz phonons.

Equivalently, we can also fit the peaks in the FFT spec-
trum. A damped oscillation in the time domain trans-
forms into a Lorentzian in the frequency domain. Thus,
we can fit the FFT data with three Lorentzians with the
same definition of the corresponding parameters as de-
fined above: ∑

i

Bi
(ν − νi)2 + (1/2τph,i)2

(26)
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FIG. S6: FFT spectra of the (a) 3 THz and (b) 3.8 THz
phonons obtained from experimental data with IP and OP
pumping. FFT spectra of the (c) 3 THz and (d) 3.8 THz
phonons obtained from simulation results with IP and OP
pumping. The single pump result is displayed in each panel
(black) as a reference. Each curve is normalized by the peak
value of the single pump FFT.

VIII. DETAILED COMPARISON OF
DOUBLE-PUMP EXPERIMENT AND

SIMULATION

Here we present a detailed comparison between exper-
iment and simulation of the complete pump time-delay
dependence of the 2 THz phonon in the double-pump
scheme. We zoom in on the 2 THz phonon FFT peak at
the aforementioned five different time delays as shown in
Fig. S5(a). Note that the time delays are expressed as
multiples of the 2 THz phonon period (T2THz). We sim-
ulated the time evolution of X upon two-pulse excitation
using the same time delays as in our double-pump exper-
iment and obtained a FFT spectrum for each delay. The
simulation results using a pump fluence F = 0.96Fc per
pulse reproduce the experimental data well [Fig. S5(b)].
Simulation with pump fluence F > Fc fails to reproduce
the experimental data even qualitatively.

As a comparison, the 3 THz and 3.8 THz phonons
exhibit enhancement with IP pumping and suppression
with OP pumping, resembling the ISRS simulation very
well [Fig. S6] and thus demonstrating their uncoupled
nature. Also note that the measured frequency of all
three phonons after double-pumping redshifts compared
with the single-pump case due to higher net pump-
ing fluences [Fig. S5 and Fig. S6]. This softening
may come from carrier-excitation-induced lattice soften-
ing and phonon anharmonicity [20–22], which are ignored

in our microscopic model and unrelated to the main re-
sults.
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