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Yaxin Liu,"" Bingbing Zhu,"’ Shicheng Jiang 2 Shenyang Huang,l’6 Mingyan Luo,' Sheng Zhang,]
Hugen Yan,1 Yuanbo Zhang,m’5 Ruifeng Lu ,3’1 and Zhensheng Tao
'State Key Laboratory of Surface Physics and Key Laboratory of Micro and Nano Photonic Structures (MOE),
Department of Physics, Fudan University, Shanghai 200433, People’s Republic of China
*State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, People’s Republic of China
3Institute of Ultrafast Optical Physics, MIIT Key Laboratory of Semiconductor Microstructure and Quantum Sensing,
Department of Applied Physics, Nanjing University of Science and Technology, Nanjing 210094, People’s Republic of China
4Shanghai Qi Zhi Institute, Shanghai 200232, People’s Republic of China
New Cornerstone Science Laboratory, Shenzhen 518054, People’s Republic of China
®Institute of Optoelectronics, Fudan University, Shanghai 200433, People’s Republic of China

® (Received 15 January 2024; revised 24 March 2024; accepted 31 May 2024; published 12 July 2024)

Understanding dephasing mechanisms of strong-field-driven excitons in condensed matter is essential
for their applications in quantum-state manipulation and ultrafast optical modulations. However,
experimental access to exciton dephasing under strong-field conditions is challenging. In this study,
using time- and spectrum-resolved quantum-path interferometry, we investigate the dephasing mechanisms
of terahertz-driven excitonic Autler-Townes doublets in MoS,. Our results reveal a dramatic increase in the
dephasing rate beyond a threshold field strength, indicating exciton dissociation as the primary dephasing
mechanism. Furthermore, we demonstrate nonperturbative high-order sideband generation in a regime
where the driving fields are insufficient to dissociate excitons.
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Introduction.—Ultrafast manipulation of electronic
states in quantum materials is essential for quantum-state
engineering and ultrafast optical modulation. Recently,
strong-field-driven materials have exhibited fascinating
tailored properties, including modification of topological
states [1-6], modulation of optical properties [7-9], and
band-structure engineering [10]. Among different methods,
a classical approach for engineering light-matter inter-
actions is to coherently drive a quantum three-level system
with electromagnetic fields, inducing the Autler-Townes
(AT) effect [11] and enabling strong and ultrafast modu-
lation of material optical properties. In condensed matter,
the AT effect has been extensively studied on excitons in
GaAs quantum wells [12-15], and more recently, in
transition-metal dichalcogenides which exhibit much larger
binding energies [16-18].

Understanding the dephasing mechanisms of excitonic AT
effects is essential for their applications in precise quantum-
state manipulation and high-resolution optical spectroscopy,
particularly under intense driving fields where giant optical
modulations can be achieved. However, experimental
methods for accessing exciton dephasing properties under
strong-field excitation are lacking. Furthermore, the status of
laser-dressed excitons under nonperturbative conditions also
remains an unresolved question.

While phonons and many-body environments are rec-
ognized for their significant role in exciton dephasing under
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low-field conditions, resulting in typical dephasing times
(T5) of 0.1-1 ps and 10-100 fs, respectively [19-22],
dephasing under strong-field conditions remains a subject
of controversy. Recent studies on high-order harmonic
generation (HHG) and sideband generation (HSG) from
solids have revealed a surprisingly short 7, of 0.1-4 fs for
strong-field-dressed electrons [23-28]. The dephasing rates
in these studies were often determined by comparing the
decay of harmonic spectra with simulations assuming
constant or k-dependent dephasing rates [23,24,27].
However, this approach may be inadequate, as the con-
tributions from electrons and holes in high-energy bands
can obscure the actual dephasing dynamics of the low-
energy charge carriers.

In this work, we employ the quantum-path interferom-
etry to investigate the dephasing of an excitonic AT doublet
in bulk MoS, driven by intense terahertz fields. The
contribution of the AT doublet is distinguished by the
spectrum-resolving capability of our method. The resonant
transitions to the dressed excitonic states result in ampli-
tude and phase modulations in the spectrotemporal inter-
ferograms, allowing the extraction of dephasing rates. To
our knowledge, this represents the first extraction of the
dephasing rates of a strong-field-driven AT doublet in
condensed matter. Our findings reveal a field-strength-
dependent dephasing rate for dressed excitons, with its
zero-field value consistent with the relaxation pathway of
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(a) Experimental setup: A strong THz field is applied to drive the excitons in bulk MoS,, and the dephasing time (7’,) is probed

by HSG with a NIR probe pulse arriving at a time delay of z. Inset: illustration of the excitonic states. (b) HSG spectrum excited by
Fry, = 5.0 MV/cm. Inset: a typical electro-optic-sampling trace of the THz pulse. (c) Absorbance spectra of bulk MoS, with and
without THz-field excitation. The absorption peak of |1s,0) is labeled. (d) Normalized difference spectrum of absorbance for
Fry, = 2.4 MV /cm. The absorption peak of |2p, —1) is labeled. (¢) Summary of the |1s, 0) and |2p, —1) energies as a function of Fry,.

exciton-phonon interaction. Remarkably, we observe a
significant increase in the dephasing rate beyond a thresh-
old field strength of approximately 2.1 MV /cm, which
allows us to identify that exciton dissociation plays a
dominant role. Our results demonstrate nonperturbative
HSG in a regime where the driving fields are not strong
enough to dissociate the excitons.

Dressed excitonic states in bulk MoS,.—The experiment
involves exciting a 50-nm thick MoS, with a strong
multicycle terahertz (THz) pulse (Fryy,, red waveform)
featuring a center frequency of 21 THz and a photon energy
of 7Q = 86.6 meV [Fig. 1(a)]. The peak electric field
inside the material can reach 5.6 MV /cm, with its polari-
zation along the I'-K direction of the Brillouin zone. A
near-infrared (NIR) probe pulse (F,, blue pulse) with
varying frequencies and bandwidths induces phase-locked
HSG [28-30] with a photon energy of #(w + nQ), where w
is the probe-pulse frequency and 7 is the sideband order. A
typical HSG spectrum under Fryy, = 5.0 MV/cm is shown
in Fig. 1(b), where spectral components up to the 16th order
(n = 16) can be observed. The inset of Fig. 1(b) depicts a
typical waveform of the THz driving field. Details of the
experimental setup and sample preparation are summarized
in the Supplemental Material [31], Sec. S1.

In Fig. 1(c), we show the absorbance, a(w, Fry,), of
MoS, with and without the THz-pump excitation, probing
the AT doublet with a broadband NIR pulse. Under the

field-free condition, the resonant feature at 448 THz
(~1.85 eV) can be attributed to the transition energy of
|1s) of the type-A exciton (Ex,) [43,44]. The THz field
induces strong absorbance change, including the reduction
and broadening of the absorption peak and a blueshift in
energy (see the Supplemental Material, Sec. S3).

Because the dressing THz field oscillates at a frequency
significantly lower than the bandgap, it strongly couples the
|1s) and |2p) states of the Wannier-Mott excitons [inset of
Fig. 1(a)]. According to the Floquet theorem [5,45], the
dressed excitonic state is a superposition of equidistant
energy state manifolds, containing two states, |1s,/) and
|2p, I — 1), in each Floquet Brillouin zone (FBZ), where [ is
an integer denoting the number of dressing photons (see the
Supplemental Material, Fig. S7). Owing to the selection
rule, |2p, 0) is not directly accessible, but [2p, —1) can be
measured under the THz-field dressing. Experimentally, the
absorption feature of |2p,—1) can be resolved by the
difference spectrum Aa(w, Fry,) = a(w, Fry,) — ag(w)
[Fig. 1(d)] [16,18]. In Fig. 1(e), the energy shifts
(¢ + AE) of |1s,0) and |2p, —1) under different Fry, are
summarized, revealing clear AT-splitting features. These
results can be well reproduced by simulations considering
the hybridization of |1s, /) and |2p,/ — 1) (the solid lines),
indicating resonant contributions of the dressed excitonic
states in the spectral range of 430-460 THz (see the
Supplemental Material, Sec. S4).
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(a) Mustration of QPI between HSG photon states |@; + nQ) and |w, + (n + 2)Q). The quantum path of |w; + nQ) is on

resonance with a dressed excitonic state |m,[). QPI results in the Iygg oscillation as a function of 7z with a period of z/Q.
(b) Spectrotemporal interferogram obtained from a 50-nm WSe, sample with F,. bandwidth Aw ~ 95 THz. Right: 1D lineouts of /7,
spectra, upshifted by n€ to illustrate the spectral regions for different HSG orders. Gray arrows show the quantum-path-overlapping
regions. Upper: 1D lineout of /g in the selected spectral range. (c) Similar to (b), but with a narrower bandwidth of Aw ~ 65 THz.

Quantum-path interferometry.—A weak NIR probe
Fp(w,7), with 7 representing the time delay between the
THz and probe pulses, induces polarization corresponding
to the n th order sideband, denoted by Pw,,,(a) +nQ,7) =
(@ +nQ)F,(w,7). Here, y(w+nQ) is the effective
susceptibility given by

SmEFBZ I—n *
Vo' (Von)
o+ nQ) = —, 1
x( ) 2 e, — o= A(I + @) — T, (1)
where V), denotes the Fourier component of the transition

dipole (m, I|r|0) with m € {1s,2p}, and T'? is a phenom-
enological n-dependent dephasing rate of the dressed
excitons (see the Supplemental Material, Sec. S4).

As illustrated in Fig. 2(a), when the probe bandwidth Aw
is larger than 2Q, two quantum paths with equal energy
lead to the transitions from the vacuum state (|0)) to two
degenerate states: |o; + nQ) and |w, + (n + 2)Q2), where
w; and w, fall within the bandwidth Aw. The interference
between these paths results in the Iygg oscillation as a
function of = with a period of z/€Q. The intensity oscillation
can be described by

IHSG(E, T) = |P (E T)lz + |Pa)2 n+2(E’ T)|2
+ 2| P, (E 1) [POR, 5 (E 7))
x cos[2Qr + AP(E) + Ag, , 2(E)], (2)

where E = oy +nQ = w; + (n +2)Q, P§ , and P)X, .,
respectively denote the polarization corresponding to the
resonant (R) and nonresonant (NR) transitions respectively,
Aqb ¢(w) — ¢p(w,) is the phase difference induced by

Fy, and Ag,, 1> = ¢, — ¢,» denotes the dipole phase
difference. Detailed derivations are provided in the
Supplemental Material, Sec. S4.

The quantum-path interferometry (QPI) scenario in
Fig. 2(a) becomes evident when examining the /ygg oscil-
lations as a function of Aw. The experiments were conducted
on a 50-nm thick WSe, sample to avoid exciton resonance
(see below). In Fig. 2(b), with Aw ~ 95 THz (>4Q), fully
overlapped spectra of the neighboring HSG orders exhibit
2Q oscillation of Iygg across the entire spectral range,
consistent with previous work [28]. However, at reduced
Aw (~65 THz, with 2Q < Aw < 4Q), both the oscillating
and nonoscillating spectral regions are simultaneously
observed [Fig. 2(c)]. Remarkably, the oscillating spectral
regions precisely align with the regions where the quantum
paths overlap (see the Supplemental Material, Sec. S6).

Our results highlight the quantum nature of transient HSG
dynamics [15,46], offering a unique opportunity to access the
phase of coherently driven states. In particular, when one of
the interfering quantum paths resonantly couples a dressed
quantum state [e.g., PR ..» inFig. 2(a)], the resulting interfero-
gram can provide important information about the time-
domain dipole response. While a similar idea has been
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(a) Envelope of the THz field. (b) Experimental 2€2 components driven by Fyeu ~3 MV/cm. (bl) 2Q oscillation for 7

between —260 and —220 fs. The dashed line highlights the phase shifts in this spectral region. (b2) Similar to (b1), for = between —40
and O fs. (c) Experimental amplitudes of the 2Q components. (d) Spectral phase of 2Q oscillations at different 7 extracted from the
experimental and simulation results using the temporally resolved analysis. (e) Illustration of the phase variations and oscillation
amplitudes induced by the resonant transitions to |1s, 0) and |2p, —1). Dashed lines represent individual resonant transitions, and solid
black lines depict the combined results. (f1),(f2) 2€ oscillations extracted from the numerical simulations, with yellow dots labeling the
shifts of |1s,0) and |2p, —1) energies. (g) Amplitudes extracted from the numerical simulations.

successfully implemented in laser-driven gas atoms [47,48]
and solids [49,50], these studies have mainly focused on the
high-energy region. It is noteworthy to mention that various
QPI effects have attracted great attention in recent HSG
studies [51-53]. Our work presents a unique opportunity to
directly access the dephasing dynamics of strong-field-
dressed excitons using the concept of QPI.

Dephasing of strong-field-dressed excitons.—In Fig. 3,
we plot the spectrotemporal interferogram measured on the
MoS, sample. The experimental THz-field envelope is
shown in Fig. 3(a). To cover the exciton resonance, the F,
spectrum spans from 330 to 465 THz. The observed 2Q
oscillation results from the overlapping n =0 and 2
quantum paths (see the Supplemental Material, Sec. S7).
Consequently, the I35 oscillation carries the dipole phase
difference of Ag,. To illustrate the phase shifts more
clearly, we remove the nonoscillating contributions by
appropriate frequency filtering (see the Supplemental

Material, Sec. S5). Figure 3(bl) shows the phase shifts
of 2Q oscillation for E in the range between 430 and
460 THz when 7 is between —260 and —220 fs, corre-
sponding to weak dressing fields. This energy range aligns
with the resonant energies of |1s, 0) and |2p, —1) at the low-
field limit [Fig. 1(e)]. Notably, as z approaches the pulse
temporal center (r between —40 and O fs), where Fyy,
reaches the maximum, the phase shifts in the same spectral
range gradually diminish [Fig. 3(b2)]. The complete
interferogram showing this evolution is provided in the
Supplemental Material, Fig. S12. Correspondingly, Fig. 3¢
shows two peaks of the oscillation amplitudes within this
spectral range.

The experimental phase variations are further supported
by a temporally resolved analysis [Fig. 3(d)]. Specifically,
for each sampled 7, we perform a Fourier transform in
a temporal window of 25 fs and the spectral range
of 435-460 THz to extract the 2Q-component phase.
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(a) Summary of the dephasing rates, I'.,, under different THz-field strengths, Fy,. Predictions from different mechanisms are

shown for comparison, with the solid line representing I'g;ss + I, the dashed line for I, and the dashed-dot line for Iy, Error bars
for I, result from the fitting errors, while those for Fy, stem from the experimental uncertainties. (b) Illustration of different dephasing
mechanisms. (c) Model results of the eigenenergies of 1s and 2p (E | and E»,,) as a function of Frry,. Red arrows represent the transitions
induced by a THz photon (7). The dashed-dot line illustrates the upshift of E;, by 7.

When 7 = —270 fs, we observe a robust phase shift Ag,
of —1.8rad at E~445THz, returning to 0 at
E ~ 460 THz. In stark contrast, the phase shift vanishes
when 7 = —10 fs. Notably, the results at 7= —10 fs
demonstrate that the contribution of probe-pulse dispersion
(Ag) is negligible here.

According to Eq. (1), the phase shifts and amplitude
peaks can be attributed to the F-induced resonant tran-
sitions from |0) to |Is,0) and |2p,—1) [Fig. 3(e)].
Whenever F induces a resonant transition, a z phase
shift arises, and an “S”-shape phase shift emerges when

consecutive resonant transitions occur in the spectral range.
Correspondingly, the spectral amplitude peaks around the
resonant energies.

The diminishment of phase variations under a strong
driving field can be attributed to the increased dephasing
rate (I'.,). When I',, becomes much larger than the energy
separation between the two resonant states, the twisting
phase shifts become no longer observable due to the
dephasing-induced spectral smearing. From a different
perspective, the observation of phase variations under weak
driving fields here indicates that I';, must be less than the
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energy separation between |1s, 0) and [2p, —1) (|AQ — hA|~
10 THz), corresponding to 7 > 100 fs.

In Fig. 4(a), we summarize the field-strength dependence
of I'.s. The experimental I',, was obtained by fitting the
delay-dependent phase variations using a model that con-
siders multiple resonant transitions (see the Supplemental
Material, Sec. S4). The field strength Fry, was extracted at
different 7 of the THz transients with varying peak-field
strengths, Fpe,. The results indicate that T, is ~300 fs
(I'ex = 3.0 THz), when the THz field is absent, consistent
with previous low-field studies where exciton-phonon
scattering is the main dephasing channel [54-56]. An
intriguing observation is the significant increase in the
dephasing rate when Fpp, exceeds a threshold strength
(Fy) of ~2.1 MV /cm. Notably, the threshold field strength
has already reached the nonperturbative region (see the
HSG-intensity measurement in the Supplemental Material,
Sec. S2) [23,24,27,28].

To understand our results, we explore three potential
exciton dephasing mechanisms [Fig. 4(b)]: multiparticle
scattering (I'y,y¢) [27], exciton-phonon scattering (I'y,)
[19], and field-induced dissociation (I"y) [57,58]. The total
dephasing rate is given by I'ex = 'y + Iph + Laige- The
multiparticle and phonon environments can be theoretically
evaluated using the non-Markovian semiconductor Bloch
equations [59] (see the Supplemental Material, Sec. S8). The
dephasing rate due to exciton dissociation is evaluated by the
dissociation rate (y ;s ), obtained from the imaginary part of
the eigenvalues in the Kramers-Henneberger frame [60] (see
the Supplemental Material, Sec. S8).

Among different dephasing mechanisms, we find that only
[giss + I'pn can capture the threshold behavior [Fig. 4(a)].
Our model indicates that the THz field induces an energy
upshift in the stable 1s state (nonionizing), resulting in a
dramatic increase in y 4, When the THz photon energy (A£2)
aligns with the resonant transition to the continuum state
[Fig. 4(c)]. In contrast, due to the accumulation effect of the
THz-induced carrier density, the rise of I',;; is much slower.
In our simulations [Figs. 3(d), 3(f), and 3(g)], the dephasing
rate of [y, + 7, is employed, which exhibits excellent
agreement with the experimental results.

Here, our exciton-dissociation model predicts a thresh-
old-field strength of ~1.2 MV /cm, which is lower than the
experimental value [Fig. 4(a)]. This discrepancy could be
attributed to the experimental uncertainties in measuring
THz field strength (see the Supplemental Material, Secs. S1
and S2), as well as the dielectric screening of the material.
Despite these uncertainties, our exciton-dissociation model
can clearly reproduce the threshold behavior [Fig. 4(a)],
which is the key to distinguish among various mechanisms.

Discussion and conclusion.—Our study employs the QPI
method revealing the field-strength-dependent dephasing
mechanism of excitons in bulk MoS,, which can be
attributed to the strong-field-induced exciton dissociation.
Our findings demonstrate that nonperturbative HSG can

occur even when the applied fields are insufficient to
dissociate the excitons. Further simulations, considering
field-dressed three-level excitons, indeed can reproduce
HSG features, but the intensity decays dramatically beyond
the second order, with band contributions dominating for
higher HSG orders (see Sec. S9). Correspondingly, we no
longer observe resonant amplitude or phase features asso-
ciated with the AT doublet in QPI with higher HSG orders
(see the Supplemental Material, Fig. S13). While previous
theories have predicted HHG from bound two-level sys-
tems [61], our results indicate that signals associated with
bound excitons are mainly observed in low harmonic
orders, whereas higher orders are primarily contributed
by band electrons.
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