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Abstract Condensates are a hallmark of emergence in quantum materials with superconductors 

and charge density wave as prominent examples. An excitonic insulator (EI) is an intriguing 

addition to this library, exhibiting spontaneous condensation of electron-hole pairs1. However, 

condensate observables can be obscured through parasitic coupling to the lattice2-6. Time-resolved 

terahertz (THz) spectroscopy can disentangle such obscurants through measurement of the 

quantum dynamics. We target Ta2NiSe5, a putative room-temperature EI where electron-lattice 

coupling dominates the structural transition (𝑇𝑐 = 326 K), hindering identification of excitonic 

correlations6-15. A pronounced increase in the THz reflectivity manifests following photoexcitation 
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and exhibits a BEC-like temperature dependence. This occurs well below the 𝑇𝑐, suggesting a 

novel approach to monitor exciton condensate dynamics. Nonetheless, dynamic condensate-

phonon coupling remains as evidenced by peaks in the enhanced reflectivity spectrum at select 

infrared-active phonon frequencies. This indicates that parametric reflectivity enhancement arises 

from phonon squeezing, validated using Fresnel-Floquet theory and density functional 

calculations. Our results highlight that coherent dynamics can drive parametric stimulated 

emission with concomitant possibilities, including entangled THz photon generation.  
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In small bandgap semiconductors or semimetals, coulomb interactions between electrons 

and holes can result in pairing correlations, leading to ground-state exciton condensation that 

exhibits macroscopic phase coherence with an associated interaction-induced insulating gap1. 

While exciton condensates have been observed in quantum Hall bilayers16 and semiconductor 

quantum wells17, a pure excitonic insulator (EI) of intrinsic origin remains elusive. Electron-lattice 

interactions play a primary role both in disrupting the purity of an EI state and in hiding observable 

consequences of exciton condensation. For example, charge density modulation can arise from 

exciton condensation as recently shown in indirect-gap transition metal dichalcogenides18,19. It is 

imperative, therefore, to delineate the full ramifications of electron-phonon coupling which 

includes dynamical attributes20.  

The layered quasi-1D direct-gap semiconductor Ta2NiSe5 (TNS) has drawn considerable 

interest as a potential EI material2-13. Excitons in TNS arise from charge transfer between parallel 

chains of Ta and Ni atoms along the 𝑎-axis (Fig. 1a). A second order monoclinic-orthorhombic 

phase transition occurs at 𝑇𝑐 = 326 K, with the formation of a direct gap (~160 meV, Fig. 1b) that 

increases in magnitude as the temperature is lowered2-10. A plethora of experiments have been 

performed to clarify the structural or electronic dominance of the phase transition, albeit with 

contradictory results and interpretations2,4,5,10-15,21-34. The accumulated evidence suggests that TNS 

might harbor a room temperature EI phase which is driven by a structural 

instability7,10,12,13,21,22,27,29,31-35.  

A full accounting of interactions in TNS necessitates experiments capable of monitoring 

condensate-lattice dynamics20,33 and progress investigating TNS utilizing various time-resolved 

optical techniques has been made3,7,9,21. In this report, we utilize time-resolved terahertz (THz) 

spectroscopy as this technique is uniquely suited to probe condensate dynamics with 
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discriminatory power arising from the temporal response coupled with broadband spectral access 

of the low energy electrodynamics. As Higgs mode and pair density wave studies of 

superconductors have shown, THz experiments can access nonlinear optical phenomena that do 

not manifest in the linear response36,37. We demonstrate that time-resolved THz spectroscopy 

reports unambiguous condensate signatures while simultaneously clarifying the dynamical 

repercussions of electron-phonon coupling in TNS. 

 We performed time-resolved reflection-based broadband THz spectroscopy on TNS single 

crystals, measuring the dynamics following above-gap photoexcitation (Fig. 1b) with 0.5 eV 

infrared pump pulses with 45 fs pulse width (Extended Data Fig. 2). Previous studies3,7,21 indicate 

a stronger condensate response parallel to the atomic chains (along the 𝑎-axis), irrespective of 

pump polarization. For our measurements, the probe polarization is along the 𝑎-axis, while the 

pump is polarized along the 𝑐-axis. The black line in Fig. 1c shows the equilibrium 𝑎-axis 

reflectivity of TNS at 90 K, revealing multiple phonons in the spectrum (positions indicated by 

vertical gray dashed lines) in accordance with infrared measurements8,30. Figures 1c – e show the 

corresponding pump-induced relative reflectivity enhancement (𝑅 + Δ𝑅)/𝑅 at three different 

temperatures, 1 ps after photoexcitation. A broadband fluence dependent signal is evident with a 

magnitude that decreases with increasing temperature, nearly vanishing at 270K. Importantly, the 

reflectivity enhancement peaks in the vicinity of the phonon resonances. For example, at 90K (Fig. 

1c), an increase of approximately 25% is evident at 4.7 THz (corresponding to a 𝐵3𝑢 phonon) that, 

as described below, plays a prominent role in the dynamics through preferential coupling to the 

band structure in the monoclinic phase. There is also a 9% increase centered at 1.8 THz (orange 

arrows) which does not overlap with any phonons.  
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 Figures 2a and 2b plots the temperature dependence of the peak pump-induced reflectivity 

change Δ𝑅/𝑅 at frequencies 1.8 THz and 4.7 THz, revealing a clear roll-off with increasing 

temperature. Focusing on the 4.7 THz data, the temperature dependence of Δ𝑅/𝑅 is fit using 

Δ𝑅/𝑅(𝑇) =
𝐴/Δ𝐸

1+𝐵 𝑒𝑥𝑝 (−
Δ𝐸

𝑘𝐵𝑇
)
 (dashed curves in Fig. 2b), where A and B are parameters and 𝛥𝐸 is a 

temperature-independent energy scale22,38,39. The fits – shown in Fig. 2b as dashed lines – yield 

Δ𝐸 = 113 ± 7 meV (Δ𝐸 = 120 ± 13 meV) for a fluence of 0.2 mJ/cm2 (0.4 mJ/cm2), in 

reasonable agreement with the gap (~160 meV) from optical conductivity and ARPES studies7,10. 

Moreover, specific heat analysis reveals that the pump-induced temperature rise is small (<5K for 

0.4 mJ/cm2), ruling out a thermal origin of the signal (Extended Data Fig. 6a – b). The absolute 

reflectivity increase Δ𝑅 can be obtained by multiplying Δ𝑅/𝑅 by the equilibrium reflectivity as 

shown in Fig. 2c. Δ𝑅 is proportional to the increase in the number of reflected THz photons. The 

integral of Δ𝑅 over the spectral range 0.5 – 7.5 THz (shaded areas in Fig. 2c; Δ𝜂 =

1

2𝜋
∫ Δ𝑅(𝜔)

7.5 THz

0.5 THz
𝑑𝜔) is plotted in Fig. 2d and exhibits similar temperature behavior as Δ𝑅/𝑅. 

Fitting Δ𝜂(𝑇) with the same equation we used for Δ𝑅/𝑅(𝑇), we obtain, Δ𝐸 = 115 ± 14 meV.  

 Collectively, the data in Fig. 2 suggests photoinduced perturbation of a BEC-like condensate 

response which results in broadband electronic dynamics encoded in the enhanced THz 

reflectivity, occurring well below the structural transition temperature. The spectra also reveal 

dynamic condensate-phonon coupling as indicated by peaks in the enhanced reflectivity spectrum 

at select infrared-active phonon frequencies. Furthermore, that the Δ𝑅/𝑅 temperature behavior 

resembles that of an underdoped cuprate with a pseudogap where preformed pairs exist above 𝑇𝐶 

but condensation takes place only below 𝑇𝐶
38. The gap represents the pair binding energy and is 

temperature-independent, a key ingredient for a BEC-like phase transition. Similarly, in terms of 



 

6 
 

exciton picture in TNS, the notion of preformed excitons and BEC-like phase transition is 

consistent with previous near-infrared and ARPES studies4,10,21,27,29,31,35.  

 The data showing the temporal response of the photoinduced condensate perturbation are 

presented in Fig. 3. Fig. 3a – b display one-dimensional pump-probe scans of the pump-induced 

change in the peak electric field of the THz pulse as a function of pump-probe delay time for 

different temperatures and fluences. The recovery dynamics exhibit a short-lived response of ~2 

ps and were fitted with a single-exponential decay. The temperature dependence of the recovery 

time 𝜏 from the fits for 0.2 mJ/cm2 and 0.4 mJ/cm2 fluences are plotted in Fig. 3c and 3d. With 

decreasing temperature 𝜏 increases, akin to dynamics associated with a gap as observed in 

superconductors and related materials22,38. The dashed lines in Fig. 3c, 3d are fits to 𝜏(𝑇) utilizing 

a phenomenological temperature independent BEC gap model38,39 yielding Δ𝐸 = 110 ± 5 meV, 

consistent with Δ𝐸 as obtained from the Δ𝑅/𝑅 data. Deviation from the model at higher 

temperatures can be attributed to opening of additional decay channels due to phonon scattering 

or BCS-like partial closing of the gap22,29. The dynamics obtained from the spectral response (i.e., 

full two-dimensional scans) are consistent with the 1-d scans. Fig. 3e and 3g display Δ𝑅/𝑅(𝑇) and 

Δ𝜂(𝑇) at different pump-probe delays for two different temperatures (90 K and 180 K) at 

0.2 mJ/cm2 fluence, while Fig. 3f and 3h plot the 0.4 mJ/cm2 fluence results. All data have been 

rescaled and plotted on the same figure with the left and right panels representing Δ𝑅/𝑅(𝑇) (at 4.7 

THz, solid squares) and Δ𝜂(𝑇) (open circles), respectively. The dashed black lines correspond to 

the single-exponential decay fits at respective temperatures and fluences obtained from Fig. 3a, 

3b. We see that both Δ𝑅/𝑅(𝑇) and Δ𝜂(𝑇) closely match the fits. Overall, the fast dynamics of 

Δ𝑅/𝑅(𝑇) and Δ𝜂(𝑇) further confirms the electronic origin of the reflectivity enhancement. 
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 Insight into the experimentally observed reflectivity dynamics can be obtained from a 

minimal phenomenological model based on Fresnel-Floquet theory40. Briefly, the sample 

permittivity 𝜀 acquires an oscillatory component upon photoexcitation given as 𝛿𝜀(𝑡) ∝ cos(𝜔𝑑𝑡), 

where 𝜔𝑑 is the driving frequency (importantly, 𝜔𝑑  is distinct from the pump photon energy). 

Plugging the dynamic permittivity (i.e., 𝜀 = 𝜀𝑒𝑞 + 𝛿𝜀(𝑡), where 𝜀𝑒𝑞 is the equilibrium permittivity) 

into the dispersion relation determined from Maxwell’s equations and applying the appropriate 

boundary conditions (see Eqns. 1 – 9 in Methods) enables calculation of Δ𝑅/𝑅. To fit the 

experimental Δ𝑅/𝑅 data, 𝜀𝑒𝑞 is obtained from the experimentally measured reflectivity and taking 

𝜔𝑑= 9.4 THz. This is twice the frequency of the 4.7 THz (𝜔) Bu phonon and is fully justified using 

an effective Hamiltonian description and DFT calculations below. The fit of Δ𝑅/𝑅 is shown in 

Fig. 4a and is in good agreement with experiment, highlighting that the dominant contribution to  

𝜔𝑑  is the 4.7 THz phonon. The deviation from experiment likely arises from neglecting other IR 

phonons that participate (to a lesser degree) in the dynamics. We note that no coherent oscillation 

was observed in the transient electric field response as depicted in Fig. 3a – b. The reason is that 

although the pump pulses have the necessary bandwidth (~ 9.8 THz) to drive the 9.4 THz 

oscillations, the THz probe does not have enough bandwidth to be able to fully resolve the fast 

oscillations. 

 Our analysis reveals that the dynamically evolving material properties act as a parametric 

drive at 𝜔𝑑 = 2𝜔  (depicted in Fig. 4b). Specifically, an incident THz probe photon at frequency 

𝜔𝑠 interacts with the dynamic interface to generate reflected photons at the signal (𝜔𝑠) and idler 

frequencies (𝜔𝑖𝑑 = 𝜔𝑑 − 𝜔𝑠). Thus, Δ𝑅/𝑅 is effectively the stimulated parametric emission 

spectrum. Importantly, our results show that Fresnel-Floquet analysis provides an approach to 

describe coherent nonlinear effects, in contrast to analysis of the dynamics as “frozen snapshots” 
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of the optical conductivity at each pump-probe delay. Thermal shift of phonons and phonon 

screening by photoelectrons were considered as an alternative explanation for the reflectivity 

enhancement. However, shifting of phonon frequency leads to both negative and positive changes 

in reflectivity (See Methods and Extended Data Fig. 7). In contrast, an overall reflectivity increase 

in THz regime was observed which was symmetrically centered around 4.7 THz, indicating that 

parametric drive at twice the IR phonon frequency is the most natural mechanism that can support 

the experimental observation. 

 While Fresnel-Floquet theory provides a good fit to the data, further analysis is required to 

justify 𝜔𝑑 = 9.4 THz since IR-active phonons are not directly excited by the pump. Electron-

phonon coupling provides a mechanism whereby photoexcitation with above-gap 0.5 eV pulses 

polarized along the a-axis can couple to the IR modes. This is captured by an effective electron-

phonon Hamiltonian 𝐻𝑒−𝑝ℎ,𝑒𝑓𝑓 = ∑ 𝑔𝑘 𝑄𝐼𝑅
2  (𝑛𝑐𝑘 − 𝑛𝑑𝑘)𝑘  where 𝑄𝐼𝑅 is the phonon coordinate, 

(𝑛𝑐𝑘 − 𝑛𝑑𝑘) represents the photoexcited electron occupation and 𝑔𝑘 is the effective electron-

phonon coupling. Since IR phonons are not directly excited by the off-resonant pump, the 

expectation value of the phonon mode is zero (i.e., 〈𝑄𝐼𝑅〉 = 0). However, above-gap 

photoexcitation (see Eqns. 10 – 14 in Methods) leads to squeezed phonons that coherently oscillate 

at twice the phonon frequency 2𝜔, 〈𝑄𝐼𝑅
2 (𝑡)〉 = 〈𝑄𝐼𝑅

2 〉0 + 𝐴 𝑐𝑜𝑠(2𝜔𝑡), as shown in Fig. 4c. 

Although, this 2𝜔 overtone does not have a dipole due to its symmetry and thus, cannot emit THz 

radiation, it can create stimulated emission (Extended Data Fig. 8). In short, the 2𝜔 phonon 

squeezing oscillation serves as the driving frequency 𝜔𝑑, creating a photon pair with opposite 

momenta whose frequencies satisfy the parametric resonance relation, 𝜔𝑠(𝑘) + 𝜔𝑖𝑑(−𝑘) = 𝜔𝑑 =

2𝜔. To sum up, above-gap photoexcitation initiates phonon dynamics that result in enhanced THz 

reflectivity. 
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 In principle, any of the IR phonons can couple to the electrons to enable parametric 

enhancement of the reflectivity as discussed in the previous paragraph. To investigate this, DFT 

calculations were performed in the frozen phonon limit where the band structure is calculated for 

lattice displacements corresponding to various phonon eigenmodes. Further details and discussion 

are provided in Methods which includes Extended Data Fig. 10a – b and Table 1 for clarity. The 

DFT results are pictorially shown in Fig. 4d and 4e in the vicinity of  point. The calculations 

reveal that for the 4.7 THz 𝐵𝑢 phonon, electron-phonon coupling in the low-temperature 

monoclinic phase is the strongest (Extended Data Fig. 9) with small displacements of the phonon 

coordinate 𝑄𝐼𝑅 leading to a band shift as in Fig. 4d and Extended Data Fig. 10a. The other phonons 

in the vicinity of 4.7 THz do not couple nearly as strongly. Moreover, the calculations reveal no 

significant phonon-induced band shift in the high-temperature orthorhombic phase (Fig. 4e, 

Extended Data Fig. 10b). Thus, DFT calculations provide a microscopic basis for the 

experimentally observed THz stimulated emission spectrum in Fig. 2c and 4a described using 

phonon squeezing and Fresnel-Floquet theory. Furthermore, DFT reveals that the electron-phonon 

coupling is very sensitive to the phase transition in TNS. 

 This framework, in conjunction with the temperature dependence of the parametric 

reflectivity enhancement (Fig. 1, 2), reveals that the phonons are strongly coupled with the exciton 

condensate. In particular, the experimental temperature dependent results are consistent with 𝑔𝑘 ∝

Δ𝑇𝑁𝑆
2 . That is, the electron-phonon coupling 𝑔𝑘 is proportional to the square of the order parameter 

Δ𝑇𝑁𝑆 as embodied in the interaction induced gap. This may involve a contribution from a structural 

order parameter intertwined with the excitonic order parameter10,20,24, though we note that the 

observed temperature dependence of the enhanced reflectivity occurs well below Tc. Thus, while 
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the monoclinic phase promotes strong electron-phonon coupling, we expect the dominant 

contribution to originate from the exciton condensate.  

 These results, combined with previous reports about formation of an exciton condensate at 

monoclinic phase3-7,10,13,21,26,27,29,32,35, demonstrate that nonlinear THz parametric stimulated 

emission serves as a sensitive reporter of condensate dynamics and the coupling to dynamically 

fluctuating degrees of freedom. Our results also unveil the first spectral fingerprints of an exciton 

condensate in terms of an IR phonon response. Notably, phonon squeezing provides a route to 

drive the condensate without direct excitation of the Higgs mode. In addition, the momentum 

dependence of 𝑔𝑘 motivates future experiments to measure the reflectivity enhancement as a 

function of pump photon energy. Our experimental technique and the application of Fresnel-

Floquet theory are applicable to a host of other quantum materials to gain new insights into subtle 

interactions that modify the condensate response from textbook expectations. Moreover, 

condensate-driven THz parametric amplification may lead to novel photon sources and 

optoelectronic devices using EIs. Further, our results suggest intriguing potential for novel single-

photon THz quantum optics, paving the way towards EI-based THz lasers that can drive innovation 

in quantum information and sensing technology. 
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Fig. 1| Experimental study of 𝐓𝐚𝟐𝐍𝐢𝐒𝐞𝟓. a, Structure of Ta2NiSe5 (TNS) – alternating chains of 

Ta and Ni are aligned along the 𝑎-axis, and schematic of 2.4 μm pump (0.5 eV) THz probe 

experiment. Charge transfer between adjacent Ta and Ni chain forming excitons across the chain 

(represented with brown ellipse). b, Band structure of TNS showing the excitonic gap 2Δ, the 

dashed lines represent the band structure at 𝑇 > 𝑇𝐶. The pump pulse is parallel to the 𝑎-axis. c, 

Photoinduced enhancement of reflectivity (𝑅 + Δ𝑅)/𝑅 at 90 K as a function of fluence, 1 ps after 

photoexcitation (left panel). Solid blue curves are for a pump fluence of 0.2 mJ/cm2 while red 

curves display 0.4 mJ/cm2 results. Right panel shows equilibrium reflectivity at 90 K (black 

curve) with phonon locations in the spectrum denoted by dashed vertical gray lines. d – e, (𝑅 +
Δ𝑅)/𝑅 data for 180 K and 270 K, respectively. Orange inverted triangles serve as a guide to the 

eye to demonstrate the peaks in the reflectivity enhancement. 
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Fig. 2| Temperature dependence of the reflectivity enhancement. a, b, Temperature 

dependence of % change in reflectivity Δ𝑅/𝑅 at ~1.8 THz and ~4.7 THz for both 0.2 mJ/cm2 

(solid blue squares) and 0.4 mJ/cm2 (solid red squares) and the corresponding fits (dashed lines). 

Error bars represent standard deviations in fit values. c, Photoinduced change in reflectivity Δ𝑅 

for excitation fluence of 0.4mJ/cm2 (top panel) and 0.2mJ/cm2 (bottom panel). The shaded 

regions represent the integrated change in the reflectivity. Phonon locations are indicated by 

vertical gray dashed lines as a guide to the eye. d, Temperature dependence of photoinduced 

change in integrated reflectivity Δ𝜂(𝑇) for each fluence. Dashed lines are fits as described in the 

text. 
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Fig. 3| Reflectivity enhancement dynamics. a, b, Photoinduced changes in peak THz probe 

electric field (solid circles) as a function of pump-probe delay time for 0.2 mJ/cm2 (a) and 

0.4 mJ/cm2fluence (b). Solid lines indicate a single-exponential decay fit. c, d, Temperature 

dependence of decay time as a function of fluence. Error bars represent the 95% confidence region 

from the single-exponential fits. e – f, Temporal evolution of Δ𝑅/𝑅(𝑇) (left panel, solid squares) 

and Δ𝜂(𝑇) (right panel, open circles) at different pump-probe delays, as a function of fluence for 

90 K and g, h, 180 K. Error bars represent maximum uncertainties from the fits. 
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Fig. 4| Description of parametric amplification at 4.7 THz. a, Theoretical analysis (black 

dashed line) using Fresnel-Floquet analysis and experimental data (red and blue) showing good 

agreement. b, Incoming THz photon 𝜔𝑠 interacting with 2𝜔 drive and creating signal (𝜔𝑠) and 

idler (𝜔𝑖𝑑) photons, resulting in enhanced reflected signal at 𝜔𝑠. c, Photoinduced modulation of 

electron-phonon coupling for dominant 4.7 THz phonon. Squeezed phonons oscillating at 

frequency 2𝜔, act as the drive for parametric photon generation. d, Schematic summary of DFT 

calculations for 4.7 THz phonon revealing strong electron-phonon coupling resulting in a band 

shift in the monoclinic phase. e, In the high-temperature orthorhombic phase, no significant band 

shift arises from electron phonon coupling. 
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Methods 

Sample preparation and characterization 

 Single crystals of Ta2NiSe5 (TNS) were grown by a vapor transport method with iodine as 

the transport agent.  Stoichiometric amounts of Ta, Ni, and Se powders were first pre-reacted at 

900 °C before the vapor transport process, which was performed across a temperature gradient 

spanning 835 ℃ to 850 ℃. The resultant crystals had lateral dimensions of 1 mm × 0.6 mm along 

the 𝑎 and 𝑐 axes, respectively, with a thickness of ~80 μm. The structure and single-phase purity 

of the resulting crystals was confirmed by powder X-ray diffraction. Extended Data Fig. 1 displays 

the temperature-dependent resistivity of TNS. A sudden drop in resistivity is observed at 326 K 

(indicated by the blue triangle), indicating a phase transition. 

Optical pump – broadband THz probe measurement 

 Extended Data Fig. 2a shows a schematic of our experiment. For our near-infrared optical 

pump – broadband THz probe experiment, we used a regenerative amplified Ti:sapphire laser 

system with pulse energy of 3 mJ, pulse duration of 35 fs, 1 kHz repetition rate and 800 nm central 

wavelength as the main light source. The light source is split into three ways: one beam for the 

pump pulse and two beams for the generation and detection of the THz pulse. Horizontally 

polarized 2.4 μm pump pulses were generated after 1mJ 800 nm laser pulse was injected into a 

commercial TOPAS-C optical parametric amplifier (OPA). The beam diameter was 3 mm FWHM. 

The pulse width out of the OPA, 2 mirrors before the sample was measured to be 45 fs. 2.4 μm 

(0.5 eV) pump was chosen for 2 reasons: (1) this was the lowest pump energy in our pump-probe 

setup, and (2) it is the closest energy to the insulating gap of TNS measured by ARPES and FTIR 

measurements (0.16 — 0.18 eV)4,8. 



 

24 
 

For the broadband THz generation, 800 nm pulses go through a type-I 𝛽-Barium Borate 

(BBO) crystal which generates vertically polarized second harmonic (400 nm) waves41,42. Then 

the fundamental and the second harmonic signals are passed through a 40 μm dual wave plate 

(DWP) which rotates the polarization of the 800 nm and 400 nm waves by 90° and 180° 

respectively. DWP behaves as a quarter wave plate (QWP) and half wave plate (HWP) with respect 

to 800 nm and 400 nm wavelengths, respectively. As such, both 800 nm and 400 nm waves become 

vertically polarized. Then both beams are focused into air to generate an air-plasma that radiates 

vertically polarized THz waves. The incident angle for the THz probe on the sample is 30° and the 

beam diameter is ~1 mm. To detect the THz beam, we employed electro-optic sampling (EOS). 

For this purpose, we used a 300 μm-thick 〈110〉 GaP detection crystal that enabled spectral 

measurements from 0.5 – 7.5 THz. Extended Data Fig. 2b displays a detailed schematic of our 

broadband THz generation setup. We also show a THz time-domain signal from a gold mirror used 

as a reference and the corresponding Fourier transform amplitude (Extended Data Fig. 3a, 3b). 

We used a 1 MHz bandwidth Newport 2307 balanced photodetector to detect the signal. 

For the data acquisition, a NI PXIe-5122 Data Acquisition (DAQ) system with 100 MHz maximum 

sampling rate and 100 MHz bandwidth was used. The DAQ was triggered by the output from an 

optical chopper used to modulate the pump pulse (For details, see Ref. 43).   

 The TNS and gold reference samples were mounted inside a Janis ST-300 cryostat with a 

36 mm-diameter, 600 μm-thick diamond window custom-made by Diamond Materials GmbH®. 

Integrating the diamond window to the cryostat gave us access to the broad THz spectrum at low 

temperatures owing to the broadband transmission properties of diamond. Since the pump and 

probe are horizontally and vertically polarized respectively, we oriented the sample in a way that 

the 𝑐-axis is along the horizontal direction, while the 𝑎-axis is oriented vertically. This setup 
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enables us to photoexcite the sample along the 𝑐-axis and observe the dynamics along the 𝑎-axis 

(details shown in Fig. 1a).  

Equilibrium data 

 To obtain equilibrium reflectivity of the sample, we measured 𝐸𝑔𝑜𝑙𝑑(𝑡) and 𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝑡). 

Here 𝐸𝑔𝑜𝑙𝑑(𝑡) and 𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝑡) are the reflection of the incident probe field from the gold reference 

and the TNS sample respectively, with t being the electro-optic gate time. Fast-Fourier 

transforming (FFT) the signals yield the frequency-domain 𝐸𝑔𝑜𝑙𝑑(𝜔) and 𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝜔). The 

frequency-dependent reflectivity R is given as: 𝑅 = |𝑟|2 = |𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝜔) / 𝐸𝑔𝑜𝑙𝑑(𝜔)|2. Extended 

Data Fig. 4a, b display the temperature-dependent equilibrium 𝑎-axis reflectivity and optical 

conductivity of TNS, respectively. From the figures, it is clear that there are multiple IR-active 

phonons in TNS along the chain. The locations of the phonons are consistent with previous infrared 

measurements8,28.  

 It was also observed that at lower temperatures, the conductivity displays sharper peaks, 

and with increasing temperature, the sample exhibits larger optical conductivity values. As we 

approach the room temperature, the conductivity starts developing flat features, similar to that in 

ref. 8, in harmony with the equilibrium reflectivity data. 

Pump-probe data 

 We measured the pump-induced transient change Δ𝐸(𝑡, 𝑡𝑝𝑝) in the reflected electric field 

of the probe pulse as a function of pump-probe delay time 𝑡𝑝𝑝 over the THz temporal window t. 

The signal Δ𝐸(𝑡, 𝑡𝑝𝑝) can be expressed as, Δ𝐸(𝑡, 𝑡𝑝𝑝) = 𝐸 𝑠𝑎𝑚𝑝𝑙𝑒,𝑝𝑢𝑚𝑝𝑒𝑑(𝑡, 𝑡𝑝𝑝) −

𝐸 𝑠𝑎𝑚𝑝𝑙𝑒,𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝑡, 𝑡𝑝𝑝). From this, the total complex reflection coefficient, 𝑟(𝜔, 𝑡𝑝𝑝) =
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𝑟0(𝜔)[1 +
Δ𝐸(𝜔,𝑡𝑝𝑝)

𝐸𝑠𝑎𝑚𝑝𝑙𝑒,𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜔,𝑡𝑝𝑝)
] is determined44, where 𝑟0(𝜔) is the equilibrium reflection 

coefficient previously obtained from equilibrium measurement. To measure the transient THz 

signal without any artifacts, the standard Kindt and Schmuttenmaer scanning scheme was used44,45. 

To determine the complex optical parameters of the photoexcited region, we need to also 

consider the penetration depth mismatch of the 2.4 μm pump (~250 nm) and the THz probe (50 

– 300 μm). Integrating the photoexcited change in reflectivity Δ𝑅(𝜔) over the total spectral range 

in our experiment (0.5 – 7.5 THz), the total pump-induced reflectivity spectral weight change Δ𝜂 

was further extracted. Using this formalism, we also determine the reflectivity enhancement (𝑅 +

Δ𝑅)/𝑅 as well as the pump-induced percent change in reflectivity Δ𝑅/𝑅.  

Extended Data Fig. 5 displays the temperature and fluence-dependent dynamics of the 

reflectivity enhancement Δ𝑅/𝑅 (left panel, closed squares) and photoinduced change in spectral 

weight Δ𝜂 (right panel, open circles) at different 𝑡𝑝𝑝. All the data were plotted on the same scale 

in order to facilitate a detailed comparison of the dynamics. The black dashed lines denote single 

exponential fits using the function, 𝑓(𝑡𝑝𝑝) = 𝑎 (erf (𝑏(𝑡𝑝𝑝 + 𝑐)) + 1) e−
𝑡𝑝𝑝+𝑐

𝜏 . Here, 𝑎, 𝑏 and 𝑐 

are fitting parameters while 𝜏 denotes the relaxation time. As evident from the figures, Δ𝑅/𝑅 and 

Δ𝜂 exhibit similar dynamics which verifies our observation that the reflectivity enhancement is 

attributed to an electronic origin arising from the photoexcitation in TNS. It was also noted that 

the dynamics of both Δ𝑅/𝑅 and Δ𝜂 closely match the dynamics shown in Fig. 3a, 3b. 

Specific heat analysis 

 We estimate the lattice temperature after photoexcitation. For a given pump fluence, we 

estimate the absorbed energy over the pumped volume and calculate the effective temperature after 
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electron-phonon thermalization using the relation, 𝑄𝑝𝑢𝑚𝑝 = ∫ 𝑁 𝐶(𝑇)𝑑𝑇
𝑇𝑓

𝑇𝑖
, where 𝑄𝑝𝑢𝑚𝑝 is the 

total absorbed energy, 𝑁 is the number of moles in the excited volume, 𝐶(𝑇) is the temperature-

dependent lattice specific heat of TNS, and 𝑇𝑖 and 𝑇𝑓 are the initial and final temperature after 

electron phonon thermalization, respectively. 𝑄𝑝𝑢𝑚𝑝 is derived from the relation, 𝑄𝑝𝑢𝑚𝑝 =

𝐹 𝐴 (1 − 𝑅). Here F is the pump fluence, 𝐴 is the area of the pump beam on the sample with a 

diameter ~3 mm (pump beam FWHM diameter), and R is the reflectivity at 2.4 μm (0.5 eV) which 

is ~0.4530. 𝑁 can be written as 𝑁 = 𝑉𝑒𝑥𝑐𝑖𝑡𝑒𝑑/𝑉𝑚𝑜𝑙𝑎𝑟, where photoexcited volume 𝑉𝑒𝑥𝑐𝑖𝑡𝑒𝑑 is 

estimated as a cylindrical disk with a diameter of ~3 mm and height equal to the penetration depth 

d, and molar volume 𝑉𝑚𝑜𝑙𝑎𝑟 was calculated as 106 cm3/mol. We used the temperature dependent 

specific heat 𝐶(𝑇) data from Ref. 6 and fitted it using Debye model (Extended Data Fig. 6a).  

The final temperature was calculated numerically and plotted as a function of fluence. 

Extended Data Fig. 6b displays temperature raise Δ𝑇 as a function of fluence for different initial 

temperatures 𝑇𝑖 . We note that, upon photoexcitation the temperature change is very small; even 

for the highest fluence in our experiment (0.4 mJ/cm2), the temperature rise is only ~5 K for an 

initial temperature of 90 K and ~3 K for an initial temperature of 300 K. This eliminates the 

possibility of any significant thermal heating effect and further confirms that our experimental 

findings are largely due to electronic (excitonic) correlations. Since the insulator-semiconductor 

phase transition temperature for TNS is 326 K, the specific heat analysis also shows that the sample 

remains in excitonic insulator phase (below 𝑇𝑐) after photoexcitation. 

Parametric reflectivity amplification  

In this section we provide additional details of the phenomenological Fresnel-Floquet 

analysis. To compute the material reflectivity at the probe pulse frequency, a better understanding 
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of the character of light propagation inside the material is needed. It requires solving Maxwell 

equations with the frequency-dependent refractive 𝑛̃(𝜔) to find the wavevector of light 𝑘 inside 

the medium. This satisfies the equation, 

(
𝑛̃(𝜔)2𝜔2

𝑐2
− 𝑘2) 𝐸(𝜔) = 0. (1) 

 Here 𝐸(𝜔) is the electric field of the probe. Boundary conditions at the interface of the 

material for electric and magnetic fields lead to the usual Fresnel equations which relates 𝑛̃(𝜔) to 

the complex reflection coefficient 𝑟(𝜔). For normal incidence, it has the simple form, 

𝑛̃(𝜔) =
1 − 𝑟(𝜔)

1 + 𝑟(𝜔)
. (2) 

 A similar approach can be used to in the presence of an oscillating field at frequency 𝜔𝑑. 

We model the effects of the oscillating field on the photons phenomenologically through an 

oscillating permittivity: 

𝛿𝜀(𝑡) = 2𝐴𝑑 cos(𝜔𝑑𝑡) . (3) 

This gives rise to a parametric drive with frequency 𝜔𝑑 and a subsequent mixing of signal 

(𝜔𝑠) and idler (𝜔𝑖𝑑) frequency components, satisfying the relation 𝜔𝑠 + 𝜔𝑖𝑑 = 𝜔𝑑 (For more 

details, see Ref. 46). Hence, light eigenmodes inside the material should be understood as the 

Floquet states that take the form, 

𝐸(𝑡) = 𝑒𝑖𝑘𝑥(𝐸𝑠𝑒−𝑖𝜔𝑠𝑡 + 𝐸𝑖𝑑𝑒𝑖𝜔𝑖𝑑𝑡 + 𝑐. 𝑐. ), (4)  

where the wavevector 𝑘 was found from the solving the Maxwell equations. Using (1), (3) and (4) 

the new equations in the presence of the parametric drive term are, 
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(
𝑛(𝜔𝑠)2𝜔𝑠

2

𝑐2
− 𝑘2) 𝐸𝑠(𝜔) + 𝐴𝑑𝐸𝑖𝑑 = 0, (5a) 

(
𝑛(𝜔𝑖𝑑)2𝜔𝑖𝑑

2

𝑐2
− 𝑘2) 𝐸𝑖𝑑(𝜔) + 𝐴𝑑𝐸𝑠 = 0. (5b) 

 Because of the coupling between signal and idler components, every frequency will have 

two transmission channels associated with different wavevectors, and two eigenmodes inside the 

material for an incoming field 𝐸0: 

𝐸𝑗 = 𝑡𝑗𝐸0𝑒𝑖𝑘𝑗𝑥(𝑒−𝑖𝜔𝑠𝑡 + 𝛼𝑗𝑒𝑖𝜔𝑖𝑑𝑡), (6) 

where 𝑗 =  1, 2, 𝛼𝑗 is the relative amplitude given by the eigenvector with 𝑘𝑗, while 𝑡𝑗 is the 

transmission coefficient of the j-th channel. The reflectivity is computed by solving the Fresnel-

Floquet equations which involve matching electric and magnetic fields parallel to the sample 

surface for both signal and idler frequencies. Inside the sample the total electric field becomes, 

𝐸𝑠𝑎𝑚𝑝𝑙𝑒 = ∑ 𝑡𝑗𝐸0𝑒𝑖𝑘𝑗𝑦(𝑒−𝑖𝜔𝑠𝑡 + 𝛼𝑗𝑒𝑖𝜔𝑖𝑑𝑡)

2

𝑗=1

, (7) 

and the electric field in the air becomes, 

𝐸𝑎𝑖𝑟 = 𝐸0 (𝑒
𝑖𝜔𝑠𝑦

𝑐 −𝑖𝜔𝑠𝑡 + 𝑟𝑠𝑒−
𝑖𝜔𝑠𝑦

𝑐 −𝑖𝜔𝑠𝑡 + 𝑟𝑖𝑑𝑒
𝑖𝜔𝑖𝑑𝑦

𝑐 +𝑖𝜔𝑖𝑑𝑡) . (8) 

 Here 𝑟𝑠 and 𝑟𝑖𝑑 denote the complex reflection coefficient at signal and idler frequencies, 

respectively. Using Maxwell’s equations, the magnetic field and matching boundary condition are 

determined at 𝑦 = 0 (sample-air interface). This yields the equations for the driven system: 

1 + 𝑟𝑠 = 𝑡1 + 𝑡2, (9a) 
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1 − 𝑟𝑠 =
𝑘1𝑡1

𝜔𝑠
+

𝑘2𝑡2

𝜔𝑠
, (9b) 

𝑟𝑖𝑑 = 𝑡1𝛼1 + 𝑡2𝛼2, (9c) 

𝑟𝑖𝑑 =
𝑘1𝑡1𝛼1

𝜔𝑖𝑑
+

𝑘2𝑡2𝛼2

𝜔𝑖𝑑
. (9d) 

 From these equations, it is possible to determine the complex reflection coefficients at 

signal and idler frequencies. To fit the data, the complex refractive index is determined from the 

equilibrium reflectivity. A 9.4 THz oscillation in the permittivity is used as the primary drive 

providing a time-dependent transient change in the optical properties of the sample upon 

photoexcitation. Combining the drive with the equilibrium properties of the sample yields the 

photoexcited optical parameters along with the photoexcited reflectivity. The fit of Δ𝑅/𝑅 is shown 

in Fig. 4a which shows a very good agreement between experiment and theory. However, that the 

experimental data has a larger value than the theoretical fit. 

Theory of parametrically amplified reflectivity in TNS 

Optical pumping at 0.5 eV excites electron-hole pairs and is off-resonant with respect to 

the phonons. From symmetry arguments, the photo-excited electron occupation couples to IR 

active modes through a phonon squeezing Hamiltonian:  

𝐻 = ∑ 𝑔𝑘 𝑄𝐼𝑅
2  𝑐𝑘

†𝑐𝑘

𝑘

. (10) 

In (10), 𝑔𝑘 is the electron-phonon coupling strength and 𝑄𝐼𝑅 is the IR phonon coordinate. 

It can be shown how such a term can naturally arise through a dipole-dipole interaction between 

IR active phonon dipole moments linearly coupled to electron dipole transitions. Squeezing of IR 

active phonons by photo-excited electrons through this type of interaction has been explored in 
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previous studies in the context of photo-induced superconductivity47. We use ab-initio DFT 

calculations outlined below to calculate 𝑔𝑘 and find a very strongly coupled IR phonon at 4.7 THz.  

Phonon squeezing 

 In this section a detailed account of the IR-phonon squeezing process and the coherent 

oscillation at twice the phonon frequency is presented. Phonon squeezing provides a route to 

generate phonons at frequency 𝜔 with higher energy (i.e., > 𝜔) pump photons. In this case, the 

expectation value of the phonon coordinate is zero (i.e., 〈𝑄𝐼𝑅〉 = 0). However, phonon fluctuations 

can be excited through a Raman process, 〈𝑄𝐼𝑅
2 (𝑡)〉 = 〈𝑄𝐼𝑅

2 〉0 + 𝐴 𝑐𝑜𝑠(2𝜔𝑡). To clarify this, the 

effective Hamiltonian for a phonon system can be written as, 

𝐻𝑝ℎ =
Π2

2𝑀
+

𝑀(𝜔0
2 + 𝑓(𝑡))𝑄𝐼𝑅

2

2
+ 𝑍𝐸𝑄𝐼𝑅 , (11) 

where Π is the momentum of the phonon coordinate 𝑄𝐼𝑅, 𝜔0 is the bare phonon frequency (in this 

case, it is 4.7 THz), 𝑀 is the phonon mass, Z is the IR activity of the phonon, 𝐸 is the electric field, 

and the effective parametric drive 𝑓(𝑡) is given by the photoexcited electron population coupled 

to the phonon, 

𝑓(𝑡) = ∑
𝑔𝑘

𝑀
𝑛𝑘(𝑡)

𝑘

. (12) 

 Here, 𝑔𝑘 is the electron-phonon coupling (as above) and 𝑛𝑘(𝑡) is the photoexcited electron 

occupation. The electron occupation dynamics was modeled as a fast photoexcitation process that 

thermalizes back to equilibrium on a characteristic timescale and the parametric drive 𝑓(𝑡) is 

written as 𝑓(𝑡) = 𝑓0𝜃(𝑡) e−γt. If the characteristic thermalization time is of the order of ~2 ps, 

then 𝑓(𝑡) can be taken as a theta function. In contrast, for timescales much smaller than 100 fs, 
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the period of phonon oscillations, 𝑓(𝑡) is a delta function. In both cases, fast electron dynamics 

provide an impulsive Raman drive with a broad frequency spectrum which linearly excites phonon 

fluctuations 〈𝑄𝐼𝑅
2 (𝑡)〉. The equations of motions of the phonon field fluctuations are: 

𝜕𝑡〈𝑄𝐼𝑅
2 〉 =

〈𝑄𝐼𝑅Π + Π𝑄𝐼𝑅〉

𝑀
, (13a) 

𝜕𝑡〈𝑄𝐼𝑅Π + Π𝑄𝐼𝑅〉 = −2𝑀(𝜔0
2 + 𝑓(𝑡))〈𝑄𝐼𝑅

2 〉 + 2
〈Π2〉

𝑀
− 2𝑍〈𝐸𝑄𝐼𝑅〉, (13b) 

𝜕𝑡〈Π2〉 = −𝑀(𝜔0
2 + 𝑓(𝑡))〈𝑄𝐼𝑅Π + Π𝑄𝐼𝑅〉 − 𝑍〈𝐸Π + Π𝐸〉, (13c) 

At 𝑘 = 0, we substitute 𝐸 =
𝑍𝑄𝐼𝑅

𝜀𝜀0
, and rewrite the equations (13b) and (13c) as, 

𝜕𝑡〈𝑄𝐼𝑅Π + Π𝑄𝐼𝑅〉 = −2𝑀(𝜔2 + 𝑓(𝑡))〈𝑄𝐼𝑅
2 〉 + 2

〈Π2〉

𝑀
, (13d) 

𝜕𝑡〈Π2〉 = −𝑀(𝜔2 + 𝑓(𝑡))〈𝑄𝐼𝑅Π + Π𝑄𝐼𝑅〉, (13e) 

where 𝜔2 = 𝜔0
2 +

𝑍2

𝜀𝜀0𝑀
 is the renormalized phonon frequency at 𝑘 = 0. Expanding the phonon 

fluctuations gives 〈𝑄𝐼𝑅
2 〉 = 〈𝑄𝐼𝑅

2 〉0 + 〈𝑄𝐼𝑅
2 〉1. Here 〈𝑄𝐼𝑅

2 〉0 is the thermal fluctuation and 〈𝑄𝐼𝑅
2 〉1 ∝

𝑓(𝑡). To linear order in 𝑓(𝑡), the equations of motion are  
〈Π2〉1

𝑀
= 𝑀𝜔2〈QIR

2 〉1 + 𝑀𝑓(𝑡)〈𝑄𝐼𝑅
2 〉0 +

𝒪(𝑓2). Combining equations (13a), (13d) and (13e) yields: 

(𝜕𝑡
2 + 4𝜔2)〈𝑄𝐼𝑅

2 〉1 = −4𝑓(𝑡)〈𝑄𝐼𝑅
2 〉0. (14) 

Equation (14) provides insight about the IR phonon driving and the relevant phonon 

fluctuation frequency. It shows that parametric resonance of the phonon coordinate at twice the 

phonon frequency 2𝜔 appears as a regular resonance for the phonon fluctuations 〈𝑄𝐼𝑅
2 〉48. It is also 

significant that the resonance of the phonon fluctuations acts as a filter for the broadband electron 



 

33 
 

dynamics leading to coherent oscillations. These oscillations are responsible for parametrically 

amplifying the TNS reflectivity at select IR phonon frequencies. It can also be noticed that the left 

side of (14) resembles the simple harmonic oscillation equation of phonon fluctuation 〈𝑄𝐼𝑅
2 〉1 

where the frequency of the oscillation (2𝜔) is twice the phonon frequency 𝜔. This mathematical 

formulation demonstrates the source of the 2𝜔 driving frequency in the parametric amplification 

process and further justifies the excellent agreement between theory and experiment as depicted 

in Fig. 4a. 

To show that this phenomenon is related to squeezing from a quantum mechanical 

perspective, we now expand 〈𝑄𝐼𝑅
2 〉 in terms of creation and annihilation operators. Using the 

definition 𝑄𝐼𝑅 =
𝑎+𝑎†

√2𝑀𝜔
, we find the expression,  

〈𝑄𝐼𝑅
2 〉 =

〈𝑎†(𝑡)𝑎†(𝑡)〉 + 〈𝑎(𝑡)𝑎(𝑡)〉 + 〈𝑎†(𝑡)𝑎(𝑡)〉 + 〈𝑎(𝑡)𝑎†(𝑡)〉

2𝑀𝜔
. (15) 

 

Here, expectation values of 𝑎(𝑡)𝑎†(𝑡) and 𝑎†(𝑡)𝑎(𝑡) do not oscillate rapidly while the 

anomalous pairs 𝑎†(𝑡)𝑎†(𝑡) and 𝑎(𝑡)𝑎(𝑡) oscillate at twice the phonon frequency 2𝜔. As a result, 

a state with phonon fluctuation that oscillate at twice the phonon frequency implies the existence 

of a condensate of phonon pairs  〈𝑎†(𝑡)𝑎†(𝑡)〉 ≠ 0. This creation of anomalous phonon pairs is 

associated to the squeezing process.  

Thus, our temperature dependent reflectivity enhancement data, together with this 

mathematical analysis, and phenomenological modeling establishes the phonon squeezing as the 

dominant effect, suggestive of a parametric process. 

Possibility of thermal phonon shift as an alternative interpretation 
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 There are two experimental signatures that favor a parametric amplification scenario: (1) 

as a function of frequency, the photoinduced change in the reflectivity is positive owing to energy 

extracted from the oscillating drive inside the material into the reflected beam40,49, and (2) it is 

centered around 4.7 THz in a symmetric way. This indicates that parametric amplification arising 

from Raman-type modulation at 9.4 THz is the most natural mechanism that fits the data. To 

further verify, we considered other plausible scenarios that might support the experimental 

observation. As a result, we took into account the possibility of thermal phonon shifting as a 

competing mechanism.  

 Extended Data Fig. 7a shows equilibrium reflectivity at 90 K (black curve) as well as the 

reflectivity red shifted by 0.1 THz (red dashed curve), assuming that thermal effects red shifts the 

reflectivity. If thermal phonon shift was responsible for the reflectivity enhancement, the 

difference between equilibrium reflectivity and thermally red shifted reflectivity should ideally 

match Δ𝑅, the pump-induced change in reflectivity. As seen in Extended Data Fig. 7b, there is an 

unambiguous difference in trend between the photoinduced reflectivity change (red curve) and the 

reflectivity change due to red shift of phonons (orange curve). It was noted that, thermal shift of 

phonons results in both negative and positive changes in reflectivity. Whereas according to 

Fresnel-Floquet parametric amplification theory, an overall positive change in reflectivity is 

expected. 

 In addition, blue shift of phonons was also considered (Extended Data Fig. 7c), and as 

depicted in Extended Data Fig. 7d, negative and positive changes in reflectivity were observed 

similar to the red shifted case. It is evident that there is no similar pattern between photoinduced 

reflectivity enhancement (red curve) and reflectivity change due to blue shifted phonons (purple 

curve). This is contradictory to our experimental observation of a universally positive value Δ𝑅 as 
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a function of frequency. However, this phenomenon is well captured by the parametric 

amplification formalism which proves to be the most natural explanation for the data. 

Possibility of THz emissions 

Possibilities of THz emission from the condensate were considered as another alternate 

scenario. To confirm whether there is THz emission, the THz probe was blocked to see if the 

detector picked up any THz signal emitted from the sample due to photoexcitation. However, no 

THz emission was observed. TNS is a centrosymmetric crystal with inversion symmetry, resulting 

in the exciton condensate having inversion symmetry as well. As a result, radiation is not expected 

by optical rectification method, as seen in ZnTe or LiNbO3, without a current or magnetic field 

bias.  

Extended Data Fig. 8 pictorially elucidates the excitation process. When pumped with an 

intense IR pulse, electron-phonon coupling triggers the squeezing of the IR-active phonons and 

results in the overtone (squeezing oscillation) at twice the phonon frequency. This overtone cannot 

emit radiation owing to the fact that it does not have any dipole (Extended Data Fig. 8a). 

Rather we propose the stimulated THz emission scenario (Extended Data Fig. 8b), where 

the probe THz is amplified by the oscillating material parameters (phonon squeezing effect in our 

case) upon pumping. Although the 2𝜔 squeezing overtone has no dipole and hence, cannot emit 

THz, it can emit stimulated radiation. This can be explained by parametric amplification. First, the 

optical pump initiates the material dynamics at frequency 2𝜔 (= 𝜔𝑑) oscillation which is twice 

the IR phonon frequency 𝜔. Then the probe THz pulse reaches the sample. Since it is a broadband 

pulse, it consists of every frequency component from 0 to 7.5 THz (including 𝜔 that coincides 

with the IR phonon frequency). When the signal pulse frequency 𝜔𝑠 pulse interacts with the 
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interface that is oscillating at 𝜔𝑑 frequency and satisfies the parametric resonance condition, it 

emits a pair of photons at 𝜔𝑠 and 𝜔𝑖𝑑 = 𝜔𝑑 − 𝜔𝑠, respectively. As we can see, from this stimulated 

emission process we get an extra photon at 𝜔𝑠 frequency, which results in the amplification of the 

signal picked up by the detector.  

DFT calculations 

The details of the DFT calculations are as follows: The phonon spectrum at the Γ point was 

computed using the Density Functional Perturbation Theory routines of the VASP code50-53 

employing the vdW-opt88 functional54,55 on a 48 × 4 × 6 mesh. The Born effective charges were 

calculated on a similar k-mesh while the IR-activity was derived using phonopy56 and the phonon 

spectroscopy code by described in Ref. 57. The electronic band structure plots have been obtained 

using a 24 × 4 × 6  k-mesh and a 320 eV cutoff using the standard PBE functional.  

For the monoclinic geometry there are 21 symmetry allowed IR-active modes, 11 𝐵𝑢 and 

10 𝐴𝑢 modes. Among these, only four modes are in the frequency range near 4.5 THz, listed in 

Table 1. Upon displacing the phonon coordinates 𝑄𝐼𝑅 in the positive or negative direction about 

the equilibrium positions, we recalculated the electronic band structure. From the calculation, it is 

evident that only mode 26 (frequency ~4.7 THz) shows a strong modulation of the conduction 

bands upon a small displacement of the phonon coordinate, suggesting a strong coupling of this 

mode to the electronic degrees of freedom (Extended Data Fig. 9). The other phonons do not 

display significant coupling to the band structure. As a result, no shift in the band structure was 

observed for the phonon displacements along their eigenmodes. Since we observe the reflectivity 

enhancement at ~4.7 THz where there is a 𝐵3𝑢 phonon, the DFT calculation supports our 

experimental data as well as the theoretical formalism of parametric amplification. Extended Data 
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Fig. 10 displays the evolution of the electron-phonon coupling for the 4.7 THz mode for 

monoclinic (Extended Data Fig. 10a) and orthorhombic (Extended Data Fig. 10b) phases. It is 

shown from the ab initio calculation that the electron-phonon coupling for the 4.7 THz phonon is 

strong in the monoclinic phase. This results in a large band renormalization. On the contrary, the 

band shift almost disappears in the orthorhombic phase. This underscores the relation of the IR-

active mode with the order parameter of TNS which is also evident in our experimental 

observations.   
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Extended Data Fig. 1| Transport properties of 𝐓𝐚𝟐𝐍𝐢𝐒𝐞𝟓. Resistivity of Ta2NiSe5 single crystal 

plotted against the temperature. The blue triangle emphasizes an anomaly at 𝑇 = 326 K, 

corresponding to the temperature of the phase transition.  
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Extended Data Fig. 2| Experimental setup and THz generation. a, Experimental setup for near-

infrared pump – broadband THz probe spectroscopy. DWP: dual wave plate, OPA: optical 

parametric amplifier, BBO: 𝛽-Barium Borate, QWP: quarter wave plate, PD: photodiode. 2.4 μm 

pump beams are generated as idler beams from the OPA while broadband THz probe pulses are 

generated from a two-color laser-induced air plasma. GaP crystal is utilized as the EO sampling 

crystal. b, Horizontally polarized 800 nm pulses generate vertically polarized 400 nm pulses after 

passing through the BBO crystal. The DWP rotates the 800 nm polarization from horizontal to 

vertical. Both beams are focused into the air and create an air plasma which radiates broadband 

THz waves. Arrows indicate the polarization directions. Inset shows a detailed schematic of the 

THz generation process from the air plasma.  
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Extended Data Fig. 3| Time-domain THz signal and corresponding spectrum. a, Reflected 

time-domain signal (TDS) from a gold mirror (reference), a 300 μm-thick 〈110〉 GaP was used to 

detect the signal. b, The corresponding normalized spectrum showing a broadband spectral regime 

of 0.5 – 7.5 THz. 
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Extended Data Fig. 4| Equilibrium reflectivity and optical conductivity. a, Equilibrium 

reflectivity and b, optical conductivity along the a-axis as a function of temperature. Phonon 

locations are denoted by gray dashed lines. 

  

    

    

    

    

    

    

    

               

 

       

   

   

   

   

     

  
 
 
 
 
  
  
  
 
  
 
 
 
  

  
  

  
 

   

   

   

       

               

 

 



 

42 
 

 

Extended Data Fig. 5| Dynamics of the reflectivity enhancement. Dynamics of reflectivity 

enhancement Δ𝑅/𝑅 at 4.7 THz (left panel, closed squares) and integrated pump-induced change 

in reflectivity spectral weight Δ𝜂 (right panel, open circles) as a function of temperature and 

fluence. Both sets of data were plotted on the same scale for comparison. The dotted lines represent 

single-exponential decay function utilized to determine the relaxation time 𝜏. Error bars represent 

maximum uncertainties determined from the fits.  
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Extended Data Fig. 6| Specific heat analysis. a, Specific heat of TNS obtained from Ref. 6, then 

modeled with a Debye fitting. b, Fluence-dependent temperature increase Δ𝑇 for different initial 

temperatures 𝑇𝑖. It is observed from the plot that the photoinduced temperature rise is minimal, 

ruling out a thermal origin of the signal.   
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Extended Data Fig. 7| Possibility of thermal phonon shift. a, Equilibrium reflectivity at 90 K 

(black line) and reflectivity red shifted by 0.1 THz (red dashed line). b, Photoinduced reflectivity 

change 𝑅𝑝𝑢𝑚𝑝𝑒𝑑 − 𝑅𝑒𝑞 (red curve) along with reflectivity change due to red shift of phonons 

(orange curve) showing very different trends. We used 0.4 mJ/cm2 pump fluence. c, Equilibrium 

reflectivity at 90 K (black line) and reflectivity blue shifted by 0.1 THz (blue dashed line). d, 

Photoinduced reflectivity change 𝑅𝑝𝑢𝑚𝑝𝑒𝑑 − 𝑅𝑒𝑞 (red curve) along with reflectivity change due to 

blue shift of phonons (orange curve). The shaded regions under the curves are guide to the eye.   
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Extended Data Fig. 8| THz emission possibilities. Schematic of the squeezing process. a, The 

9.4 THz 2𝜔 overtone is Raman active and thus cannot emit THz, resulting in no THz emission. b, 

On the contrary, it can emit stimulated radiation with the photon provided by the THz probe. As 

such, the THz probe is parametrically amplified. 
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Extended Data Fig. 9| DFT calculation. Recalculated band structures in the monoclinic phase 

after displacement of the IR-phonon coordinate along the positive (red dashed line) and negative 

(dark blue dashed line) directions with respect to the equilibrium structure (black solid line) for a, 

mode 21, b, mode 22, c, mode 25 and d, mode 26 using the PBE functional. Green ellipses 

represent the shift in bands. Phonon mode 26 shows the largest renormalization and thus the 

strongest coupling to the band structure upon displacement along its eigenmode. Insets show the 

zoomed in profiles of the renormalized band structures. Blue arrows signify the direction of the 

energy shift. 
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Extended Data Fig. 10| Evolution of the 4.69 THz mode. The temperature-dependence of the 

electron-phonon coupling for 4.69 THz 𝐵𝑢 mode and (mode 26) in the a, monoclinic and b, 

orthorhombic phases using the PBE functional. For the monoclinic phase, the electron-phonon 

coupling is strong and thus the shift in the bands owing to the displacement of the phonon 

coordinate along its eigenmode is large. Contrary to this, the band shift almost disappears for the 

orthorhombic phase. This demonstrates that the electron-phonon coupling is mediated by the low-

temperature order parameter. 
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Phonon 

 

Symmetry Frequency (THz) 

21 

 
𝐵𝑢 4.24 

22 

 
𝐴𝑢 4.31 

25 

 
𝐴𝑢 4.63 

26 

 
𝐵𝑢 4.69 

 

Table 1| IR-active phonon modes near 4.5 THz. Here there are four phonons with frequency 

close to 4.5 THz, frequency regime of our interest. Only the 4.69 THz 𝐵𝑢 mode is observed to be 

strongly coupled to the band structure.  
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