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C O N D E N S E D  M A T T E R  P H Y S I C S

Imaging the coherent propagation of collective modes 
in the excitonic insulator Ta2NiSe5 at room temperature
Hope M. Bretscher1†‡, Paolo Andrich1*†, Yuta Murakami2, Denis Golež3,4,5, Benjamin Remez1, 
Prachi Telang6, Anupam Singh6, Luminita Harnagea6, Nigel R. Cooper1, Andrew J. Millis3,7, 
Philipp Werner8, A. K. Sood9, Akshay Rao1*

Excitonic insulators host a condensate of electron-hole pairs at equilibrium, giving rise to collective many-body 
effects. Although several materials have emerged as excitonic insulator candidates, evidence of long-range co-
herence is lacking and the origin of the ordered phase in these systems remains controversial. Here, using ultrafast 
pump-probe microscopy, we investigate the possible excitonic insulator Ta2NiSe5. Below 328 K, we observe the 
anomalous micrometer-scale propagation of coherent modes at velocities of ~105  m/s, which we attribute to the 
hybridization between phonon modes and the phase mode of the condensate. We develop a theoretical frame-
work to support this explanation and propose that electronic interactions provide a substantial contribution to 
the ordered phase in Ta2NiSe5. These results allow us to understand how the condensate's collective modes trans-
port energy and interact with other degrees of freedom. Our study provides a unique paradigm for the investiga-
tion and manipulation of these properties in strongly correlated materials.

INTRODUCTION
The excitonic insulator (EI) phase is a state of matter that was first 
proposed more than 50 years ago (1–3). It was theorized that below 
a critical temperature (Tc), weakly screened Coulomb interactions 
in small bandgap semiconductors and semimetals could lead to the 
formation of an exciton condensate in the ground state (Fig. 1A). In 
the proposed theoretical framework, condensation would result from 
the spontaneous breaking of a U(1) continuous symmetry, which 
describes the separate conservation of charges in the valence and 
conduction bands. Therefore, this macroscopic state would be ac-
companied by characteristic collective excitations, including an am-
plitude (Higgs) mode and a gapless phase (Goldstone) mode, as is 
the case for other correlated systems, like superconductors. The emer-
gence of the latter collective mode would lead to intriguing quantum 
phenomena, such as superfluidic transport (4, 5).

A number of small bandgap or semimetallic transition metal chal-
cogenide (TMC) compounds have recently attracted interest as prom-
ising EI candidates (6–14). The reduced dimensionality of TMCs 
results in weak screening of the Coulomb interaction and consequent-
ly large exciton binding energies, which could lead to condensation 
at noncryogenic temperatures. Among this family of materials, par-
ticular attention has been devoted to Ta2NiSe5 following hints of the 
potential existence of an EI phase below 328 K (8–10, 12–22). These 
works have provided insights into the properties in Ta2NiSe5, for in-
stance, by using equilibrium (8, 12) and time-resolved (9, 17, 18, 21, 23) 

angle-resolved photoemission spectroscopy (ARPES), by analyzing 
the effect of physical and chemical pressure (14, 22), by doping (16), 
and by detecting anomalies in charge transport (14), optical signa-
tures (24, 25), and phonon properties (10, 15, 19, 20, 22, 26) as a 
function of temperature.

However, despite numerous experimental and theoretical studies, 
the predominant driving mechanism of symmetry breaking in 
Ta2NiSe5, and thus the existence and character of the EI phase itself, 
remains controversial. In real condensed matter systems, contrary 
to the idealized picture presented above, the Hamiltonian’s contin-
uous symmetry may be further reduced to a discrete symmetry be-
cause of electron-phonon interactions or a hybridization between 
the conduction and valence bands (27, 28). The observed structural 
phase transition can be driven both by electronic interactions and 
by electron-phonon coupling (19–21, 24, 26). All these interactions 
are, in principle, present in a real system, and quantitative differ-
ences in their relative magnitudes have a substantial, qualitative im-
pact on the properties of the collective modes in the ordered phase. 
For instance, the presence of additional symmetry breaking terms 
in the Hamiltonian forces a gap at k ≃ 0 in the dispersion of the phase 
mode, suppressing the proposed supertransport properties (29). 
Theory suggests that if the transition is largely due to electron-phonon 
interactions, one would even expect the low-energy, acoustic-like 
phase mode to be largely suppressed, and an EI phase would not be 
supported by the material (28, 30). These different pictures could be 
untangled through the detection of the condensate’s collective modes 
and the analysis of their transport properties and real-space dynam-
ics. If the phase mode remains gapless or minimally gapped, then 
the continuous symmetry must remain largely conserved and the tran-
sition is predominantly driven by electronic interactions, meaning 
the system is close to the idealized EI phase.

In this work, we use ultrafast, spatially resolved pump-probe micro
scopy to study the real-space dynamics of Ta2NiSe5. We show that 
photoinduced excitations in Ta2NiSe5 propagate coherently over dis-
tances up to 1 m and with electron-like velocities, which we attribute 
to collective modes of the excitonic condensate and their hybridization 
with the lattice degrees of freedom. These results provide insights 
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toward understanding the nature of the ordered phase in Ta2NiSe5, 
potentially establishing a pathway for its manipulation.

RESULTS
We probe the spatiotemporal dynamics of Ta2NiSe5 following photo
excitation using a recently developed femtosecond optical pump-
probe microscopy technique (31–33), which provides sub–10-fs time 
resolution and 10-nm spatial precision (for a characterization of the 
sample with standard, nonspatially resolved pump-probe spectros-
copy, see section S1). In these measurements (see Fig. 1B), we per-
turb a small area of the sample using a diffraction-limited [≃400-nm 
full width at half maximum (FWHM)] optical pulse of ≃12-fs duration. 
We measure the resulting change in transmission using a wide-field 
(15-m FWHM), ≃10-fs probe pulse, which is projected onto an 
electron-multiplying charge-coupled device (EMCCD) camera. The 
large probe allows us to study both the area directly excited and the 
surrounding material, imaging how excitations propagate in space 

and time as the presence of quasiparticles (QPs) or oscillatory modes 
in the system modulates the probe transmission. Figure 1B displays 
a schematic of the microscopy setup at the position of the sample 
and an example of a two-dimensional (2D) plot of the photoinduced 
transmissivity change (T/T) as measured 300 fs after the arrival of 
the pump pulse. T/T is obtained from (Tpump on − Tpump off)/(Tpump off), 
where Tpump on and Tpump off indicate the transmission measured in 
the presence and absence of the pump pulse, respectively. Crucially, 
as we describe below, we primarily focus our analysis on the regions 
of the material where we do not directly inject hot QPs.

The kinetic recorded at the center of the excitation spot as a func-
tion of the pump-probe delay time is shown in the inset of Fig. 1D 
and is analogous to those obtained in previous works using non-
spatially resolved pump-probe spectroscopy (10, 15). The signal is 
characterized by an exponentially decaying electronic component 
superimposed with a strong oscillatory signal. In Fig. 1D, we addi-
tionally report the Fourier transform (FT) of this oscillatory com-
ponent. The main recognizable features are the peaks at 1, 2.9, and 

Fig. 1. Pump-probe microscopy of Ta2NiSe5. (A) Top: Crystal structure of Ta2NiSe5. The alternating chains of Ta and Ni atoms confer a quasi-1D nature to the material 
and independently host conduction and valence band states (8). Bottom: Schematic electronic band structure for a prototypical EI. Above the critical temperature (Tc), the 
material is close to the semiconductor-semimetal transition (portrayed here as a semiconductor of energy gap Eg). Below the Tc, the exciton binding energy (Eb) exceeds 
the single-particle gap (Eg), resulting in a macroscopic coherent state. (B) Schematic of the measurement setup at the location of the sample with the photoinduced 
transmissivity change (T/T) signal. The white dot and dashed circle are examples of pixel regions over which we average the signal in our analysis. (C) Schematic diagram 
of a possible low-energy excitation structure for an EI in the presence of electron-phonon coupling. The phonon modes of the material hybridize with the phase mode, 
resulting in mixed phonon phase modes as long as the energy gap in the phase mode dispersion at k = 0 is smaller than the phonon energy Eph,i. The phonon and phase 
content of the modes is represented as a color gradient from green (pure phase mode) to red (pure phonon mode). (D) Photoinduced transmissivity change (T/T) as a 
function of the pump-probe delay time collected at the center of the pump region (inset) and its FT power density.
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3.6 THz, which have been commonly associated with phonon modes 
in Ta2NiSe5 (10, 15).

The same FT analysis is now applied to the signal in areas away 
from the pump position, where no excitations are generated directly 
by the pump pulse. In this case, to focus on coherent propagation 
out of the photoexcited region and to maximize the signal-to-noise 
ratio, we average the T/T signal over rings of pixels equidistant from 
the center (see section S2 for details on the nearly isotropic nature 
of the signal). Through this procedure, we determine the spatial de-
cay of the oscillatory modes by plotting the FT power density as a 
function of the ring distance, as shown in Fig. 2A for the 1-, 2.9-, and 
3.6-THz modes. The resulting Gaussian shape is a convolution of 
the profile of the pump pulse (shown as a reference in Fig. 2, B to D) 
and of the spatial propagation of the excited modes.

In Fig. 2B, we show the dependence of the FT power density spatial 
profile for the 2.9-THz mode on the pump fluence. From a Gaussian 
fit of these curves, we extract the half width at half maximum 
(HWHM), which is plotted in Fig. 2C. We observe a highly nonlinear 
dependence of HWHM against the field strength, as the spatial ex-
tent of the FT grows after ≃0.55 mJ/cm2 and reaches twice its original 
size before finally saturating when we approach the material break-
ing point. This result suggests that at low fluences, the signal is 
dominated by the profile of the pump pulse and the propagation of 
the mode outside the pumped region becomes visible only at high 

fluences. While an analogous behavior is observed for the 3.6-THz 
mode (see section S3), a rather different fluence dependence emerges 
for the 1-THz mode (Fig. 2C). This result hints at different micro-
scopic mechanisms underlying the excitation of the oscillations, 
indicating that nonlinear effects may be required to excite the higher-
frequency modes.

We next compare (Fig. 2D) the spatial distribution of the FT 
power density of the 2.9-THz mode above and below Tc (see section 
S3 for analogous behavior in the 1- and 3.6-THz modes). While the 
data are normalized for ease of comparison, the fluence, the overall 
T/T signal, and the absolute FT power density at the center of the 
pumped region are comparable for all these measurements. As Tc is 
approached from below, the FT profile narrows. Once the tempera-
ture surpasses Tc, the FT profile has shrunk to the size of the pump 
spot size, suggesting that above Tc, the coherent propagation of the 
mode breaks down.

Returning to room temperature data, we further analyze the time 
traces for the different rings by performing continuous wavelet 
transforms (CWTs) (see section S4 for more details). This proce-
dure allows us to determine the amplitude of the oscillatory compo-
nents as a function of time and distance from the photoexcited area. 
In Fig. 3A, we show the results of this analysis for a few rings. It can 
be seen that the strongest amplitude for the 2.9-THz mode (the only 
one that is clearly traceable within the signal-to-noise limit) progressively 

Fig. 2. Temperature- and fluence-dependent propagation. (A) FT power density as a function of the distance of the ring over which we average the signal from the 
center of the pump region. These data were collected using a pump fluence of 0.3 mJ/cm2. The dataset for the 1-THz mode is magnified by a factor of 15 to improve its 
visibility. (B and D) Spatial dependence of the normalized FT power density for the 2.9-THz mode as a function of pump fluence (measured at room temperature) (B) and 
of temperature (each measured at a comparable fluence of ≃1.2 mJ/cm2) (D). The dashed line indicates the profile of the pump pulse. (C) HWHM of the phonon spatial 
extension as a function of the pump fluence for the 1- and 2.9-THz modes.
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shifts toward later times as we move farther away from the pump 
region. The position of this region in time is represented in Fig. 3B 
for all the rings. By performing a linear fit of this curve focusing on 
ring radii residing outside of the directly pumped region, we extract 

a propagation velocity of 1.51 ± 0.11 × 105 m/s. This means that below 
Tc, the 2.9-THz mode propagates coherently, at a velocity charac-
teristic of electronic excitations, for distances of up to 1 m.

DISCUSSION
We now discuss possible origins of the anomalous spatial propagation 
at room temperature. First, we note that the measured propagation 
velocity is orders of magnitude larger than typical values for both 
optical phonons, which are commonly characterized by rather flat 
energy dispersions, and acoustic phonons, whose velocity is typical-
ly below 103 m/s (34). This suggests that the propagating signal does 
not have a purely phononic origin. Another potential explanation 
for the observed behavior is the excitation of rapidly propagating 
bulk or surface phonon-polaritons (35, 36). However, as a result of 
the crystal inversion symmetry, the bulk phonon modes are Raman 
and not infrared (IR) active, and therefore cannot participate in the 
formation of phonon-polariton modes. In addition, for this type of 
excitation, we would expect to measure higher propagation veloci-
ties (>5 × 106 m/s) because of the light-like nature of these modes 
(see section S8). Last, the disappearance of the propagation above Tc 
is unlikely to be explained by this scenario, as the observed phonon 
modes characterize both the low- and high-temperature phase of 
this material, which several recent works suggest being an insulator 
even above Tc (25, 37). We next consider the possibility of the prop-
agation of QPs emanating from the excitation spot with velocity 
vk = (∂ϵk/∂k) of the order of 105 m/s, which can excite phonons 
in their wake. However, at room temperature, the carrier relaxation 
time of QPs is usually only of the order of a few tens of femtoseconds, 
corresponding to a mean free path of a few nanometers (38, 39). In 
addition, the emission of phonons by the QPs would generate oscil-
lations that are not in phase as we average rings around the photo-
excited region. In our experiments, coherent behavior is observed 
on a much wider spatial range and on time scales extending to a few 
picoseconds. We contend that more coherent electronic oscillations 
(such as the case of plasmons) are unlikely to be excited in this ex-
periment as the material is an insulator at equilibrium. Even after 
photoexcitation, we therefore do not expect the probed region to 
host the required carrier population to support these modes. An 
exciton-polariton, formed by uncondensed excitons at the conduction-
band edge, is a final potential candidate that could explain the observed 
behavior without requiring the existence of any exotic ground state 
in the system. Yet, long-range and long-lived (several picosecond) 
excitations, such as the ones that we detect, require considerable cou-
pling between the light and matter modes and substantial confine-
ment. Considering that for comparable van der Waals materials the 
estimated Q factors for a 60-nm flake are ≤5 (36), we would not ex-
pect to observe modes with lifetimes longer than ∼10 fs in our sys-
tem (see section S8). Very strong light-matter coupling (resulting in 
a Rabi splitting of the excitonic line larger than 100 meV) would also 
be required to achieve experimentally relevant velocities, yet no hints 
of this are observed in equilibrium measurements (40). Last, we are 
unaware of a mechanism by which these modes could be coherently 
excited with our pumping scheme, where the injection of QPs with 
energies much larger than the bandgap will relax to the band edge 
through successive stochastic relaxation processes. We therefore be-
lieve that these considerations make the exciton-polariton scenario 
rather remote, but analogous measurements in the mid-IR would be 
useful to more conclusively address this scenario.

Fig. 3. Temporal characterization of the oscillatory modes’ propagation. (A) CWT 
of the oscillatory component of the T/T signal at three different distances (333, 
555, and 777 nm) from the center of the pump region and measured at a fluence 
of ≃1.6 mJ/cm2. The color map represents the magnitude of the CWT. The white 
dotted lines approximately mark the location of the strongest phonon oscillations. 
The periodic oscillations in the CWT are clearly resolved, and their possible origins 
are discussed in the main text. (B) Time delay of the region of strong oscillations as 
a function of the ring distance. The orange dashed line represents the linear fit of 
the data in the region outside the pump area and has an inverse slope of 1.51 × 105 m/s.
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One remaining possibility for the anomalous propagation is the 
coupling between the phonon modes and the EI’s collective phase 
mode. A phase mode is characterized by a linear dispersion and group 
velocities on the electronic scale. If electron-phonon coupling is 
present, the phase and phonon modes can hybridize, resulting in 
excitations of mixed electronic and phononic nature, which can prop-
agate at velocities close to that of the pure phase mode (see Fig. 1D). 
The presence of long-range exciton-phonon complexes supporting 
acoustic-like low-energy excitations is consistent with recent mea-
surements of the optical response functions of Ta2NiSe5 (40, 41). 
We expect that the lifetime of the phase mode can be substantially 
longer than that of QPs, as is supported by a theoretical calculation 
of the effects of the possible disorder on the QPs and the phase 
mode [see section S9 and (42)]. While the overall relaxation rate of 
the phonon phase mode might not differ drastically from that of the 
phonons, the considerably higher speed can result in long propaga-
tion lengths (≃ m) for these excitations. The hybrid modes can then 
carry a phononic signature ballistically over long distances. This 
coupled phonon phase mode scenario is also consistent with the 
suppression of propagation above Tc, where the collective phase mode 
should disappear. We note that a hybrid phonon phase mode with 
an electronic-like group velocity is realized as long as the gap of the 
phase mode is comparable or smaller than the phonon energy. This 
occurs regardless of the origin of the gap, even where additional 
electronic terms directly breaking the symmetry (27, 28) also con-
tribute to the formation of the gap.

Returning to Fig. 2C, we can tentatively interpret the different 
behavior of the two oscillatory modes as the result of a different 
coupling process between these phonons and the phase mode (see 
section S6). As the hybridization between the two modes occurs at 
larger wave vector with increasing phonon frequency, we expect 
that a higher-order process, like Raman scattering involving multiple 
phonon modes, could be required to excite the more energetic modes 
at wave vectors that are not provided by the focused laser beam (see 
section S5). The saturation and drop in the 1-THz extension at high 
fluences could be the signature of the enhancement of the gap in the 
phase mode dispersion. If raised above the phonon energy, the phase 
mode would not contribute to the formation of the hybrid modes. 
Further studies that go beyond the scope of this work are required 
to address these hypotheses.

To support our interpretations, we develop a theoretical model 
within a two-band approximation. We start from a typical Hubbard-
type Hamiltonian with additional terms accounting for the electron-
phonon coupling and the phonon energy

	​ H  = ​ H​ kin​​ + ​H​ int​​ + ​H​ el−ph​​ + ​H​ ph​​​	 (1)

where Hkin represents the electronic bands, Hint is the electron-electron 
interaction, Hel−ph is the electron-phonon coupling, and Hph is the 
phonon Hamiltonian. This approach is analogous to that used in 
previous theoretical works on Ta2NiSe5 (8, 37, 43), and like there, 
we use a form of Hel−ph that explicitly breaks the symmetry of H 
[see section S7 and (44) for more details, calculations at various tem-
peratures, and an analysis of the opposite case with no explicit sym-
metry breaking]. The microscopic parameters corresponding to the 
band structure and the electron-electron interaction were estimated 
by fitting previous experimental ARPES results (8) (see section S7B). 
In Fig. 4A, the calculated linear response function shows the disper-
sion of the massless phase mode in the absence of electron-phonon 

coupling. Using this dispersion, the estimated group velocity is 
vPM = 1.0 × 105 m/s for this mode, which is of the same order of mag-
nitude of the velocity observed in the experiments. In Fig. 4B, we 
show the result in the presence of the electron-phonon coupling 
term, where the phase mode becomes massive and a hybridization 
between the phase and phonon mode occurs.

To determine whether the phonon oscillations induced by the ex-
citation can propagate at velocities of the order of vPM (an electronic-
like velocity), we perform a real-space time-dependent mean-field 
simulation (see section 7A). Here, we use a larger phonon frequency 
(indicated by the red dashed line in Fig. 4, B and D to F) than those 
observed in the experimental data, and we correspondingly consider 
a smaller excitation area. These assumptions do not affect the con-
clusions that we can draw from these calculations, and they are ad-
opted only for the sake of simplifying the numerical simulation. In 
Fig. 4C, we show the propagation of the phonon displacement after 
a spatially confined excitation. The signal propagates with a velocity 
of about 0.6 × 105 m/s. We can visualize the time evolution of the 
phonon displacement at different distances from the excitation by 
performing a spatially windowed FT, analogous to a CWT analysis. 
The results are shown in Fig. 4 (D to F), where the orange dashed 
line indicates the frequency associated with the gap in the phase 
mode dispersion for the parameters used in our simulations. These 
plots illustrate the spreading of the hybrid mode at the phonon fre-
quency with a velocity comparable to the phase mode velocity and 
further support the above scenario that mixing between the phase 
mode and the phonon mode leads to the fast propagation of the 
phonon oscillations.

We note that in Fig. 4 (D to F), oscillations in the phonon dis-
placement as a function of time contain information about the gap of 
the phase mode at k ≃ 0 (see section S7B for details). While the data in 
Fig. 3A show analogous oscillations, we presently cannot determine 
whether their origin is connected to the gapped phase mode or to a 
more trivial frequency beating between the 2.9- and 3.6-THz modes.

Using ultrafast pump-probe microscopy, we image the spatial 
dynamics of oscillatory modes in the EI candidate Ta2NiSe5. Below 
328 K, we observe the anomalous propagation of these modes, which 
remain coherent up to ≃1 m at a velocity of 1.5 × 105 m/s. After 
carefully considering various scenarios, we attribute this propaga-
tion to the hybridization of dispersionless phonon modes with the 
dispersive, low-lying phase mode of an excitonic condensate, which 
are excited through the abrupt change in the QP density in the exci-
tation region (45). Further studies are required to establish the pre-
cise processes by which these collective modes are excited. Our results 
and interpretations have several implications. First, the experimen-
tal observation of the signature of a phase mode provides us with 
important insight into the nature of the excitonic order in Ta2NiSe5. 
Namely, if the gap of the phase mode was much larger than the pho-
non frequency, the mixing between the modes would be suppressed. 
Hence, the effects of the electron-phonon coupling and of possi-
ble electronic terms that explicitly break the continuous symmetry 
(27–29, 43) should be weak, indicating that the ordered phase in 
Ta2NiSe5 is an EI phase primarily driven by interband Coulomb in-
teractions (see section S7). Second, a notable experimental observa-
tion is the small anisotropy in the mode propagation. This may seem 
counterintuitive because Ta2NiSe5 is a quasi-1D system, and previ-
ous density functional theory calculations found that the bandwidth 
of the valence band along the direction perpendicular to the atomic 
chains should be almost five times smaller than in the direction 
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along the chains (13). However, we show theoretically that even in 
the presence of anisotropic hopping between the lattice sites, when 
the system approaches the Bardeen-Cooper-Schrieffer (BCS)–Bose-
Einstein condensation (BEC) crossover regime, the anisotropy of 
the phase mode velocity becomes small (see section S7B3). Hence, 
the small experimentally observed anisotropy indicates that the system 
is close to the BCS-BEC crossover regime, as suggested in a previous 
work (14). Last, our results showcase the possibility of using spatially 
resolved, femtosecond pump-probe measurements to gain crucial 
insights into the properties of condensed matter systems manifesting 
emergent many-body phenomena. By exciting and detecting coher-
ent collective modes and by studying their propagation properties, 
important information can be gathered on the microscopic origin 
of these effects. Femtosecond pulses could thus provide a means to 
control and read out the properties of these systems in future quan-
tum information applications.

MATERIALS AND METHODS
Sample preparation
Ta2NiSe5 crystals were grown using the procedure outlined in (22). 
To prepare samples for optical measurements, flakes were exfoliated 
using gold-assisted exfoliation (46) onto glass coverslips and subse-
quently encapsulated with a second glass slide while inside a nitro-
gen glovebox.

Pump-probe microscopy
A Yb:KGW laser system (Pharos, Light Conversion) delivers 1030-nm 
light with pulses of 200-fs duration and 30-J power at a repetition 

rate of 200 kHz. The output beam is split to seed two broadband 
white-light continuum generation stages used to create pump and 
probe pulses. The broadband probe beam is generated using a 
3-mm yttrium-aluminum-garnet (YAG) crystal, and a fused-silica 
prism is then used to select the spectral range of interest (from 650 
to 950 nm). The white-light continuum used for pump pulses is in-
stead generated using a 3-mm sapphire crystal, delivering pulses cov-
ering the wavelength range from 500 to 650 nm [a long wavelength 
cutoff is achieved using a short-pass filter (FESH650, Thorlabs)]. 
The pulses are temporally compressed using chirped mirrors and 
fused silica wedges to achieve <12-fs pulses. In particular, two sets 
of Layertec (109811) mirrors are used on the pump path to also com-
pensate for the glass elements contained in the objective; Venteon 
(DCM9) (Venteon) mirrors are instead used in the probe path. The 
pulse length is verified using a frequency-resolved optical gating 
technique (47). A mechanical chopper (Thorlabs, MC2000B) is 
used to modulate the pump pulse stream at a frequency of 30 Hz, 
and a 40-m pinhole is used to spatially clean the laser mode. The 
pump beam is finally expanded to achieve proper filling of the back 
aperture of an oil-immersion, 1.1 numerical aperture (NA) objec-
tive, which finally focuses the pulses onto the sample to a spot size 
of ∼400-nm FWHM. Reflected components of the pump are re-
moved from the collection path using a long-pass filter. The probe 
pulses are mechanically delayed with respect to the pump excitation 
using a closed-loop piezo translation stage (P-625.1CL, Physik In-
strumente) and then focused onto the sample to a size of ∼15-m 
FWHM using a spherical mirror. The transmitted probe pulse is 
collected by the objective, sent through a 10-nm bandpass filter 
(Thorlabs) to select the wavelength range of interest, and finally imaged 

A B

E  F 

C 

D 

Fig. 4. Time-dependent mean-field model. (A and B) Response function of the order parameter for the microscopic two-band model on the 1D lattice with purely ex-
citonic behavior (A) and in the presence of electron-phonon coupling (B). The coupling is small with respect to the Coulomb interaction and explicitly breaks the contin-
uous symmetry of the system. (C) Spatial and temporal evolution of the phonon displacement, X, for the case of nonzero electron-phonon coupling following an 
excitation at the center of the system at time t = 0, calculated within the mean-field description. (D to F) Windowed FT of the results in (C) at specified lattice sites, where 
r indicates the distance from the center of the excitation area. The red and orange dashed lines indicate the bare phonon frequency used in these calculations and the 
size of the phase mode gap, respectively. The bandwidth of the conduction and valence bands is set to 1.6 eV and the Coulomb interaction to 0.84 eV. The corresponding 
bandgap is about 0.32 eV.
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onto an EMCCD camera (Rolera Thunder, QImaging). For further 
details on the experimental apparatus, see (32).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabd6147/DC1
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