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High harmonic generation (HHG) have received significant attention for the exploration of material
properties and ultrafast dynamics. However, the lack of consideration for couplings between HHG and other
quasiparticles, such as phonons, has been impeding the understanding of many-body interactions in HHG.
Here, we reveal the many-body electron-phonon mechanism in the quasiparticle-coupled strong-field
dynamics by investigating the nonadiabatic (NA) coherent-phonon-coupled HHG. Coherent phonons are
revealed to effectively affect HHG via the adiabatic band modulation induced by phonon deformation effects
and the NA and nonequilibrium distribution of photocarriers in multiple valleys. The adiabatic and NA
mechanisms leave their fingerprint via influencing the phonon period and phase delay in the oscillation of
HHG intensity, both of which are experimentally measurable. Investigation of these quantities enables the
direct probing of the electron-phonon interaction in materials.
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High-harmonic generation (HHG) in solids represents
a new frontier that has spurred numerous advances in
attosecond science and strong-field condensed matter phys-
ics [1-5]. Recently, there has been considerable excitement
regarding the exploration of material properties through this
nonlinear laser-matter interaction [6—16]. Unfortunately, the
quasiparticle effect, such as phonon dynamics on solid HHG
is often ignored, despite the availability of laser-stimulated
coherent phonons (CPs) [17-20] and the nonlinear pho-
nonics that play vital roles in material dynamics [21-24].
The rigid separation of the combined electron-nuclear
dynamics hinders the further understanding of solid HHG
mechanism and stands in stark contrast to gas-phase
molecules, where the nuclear autocorrelation effects have
been illuminated in HHG [25-27], leading to the modulation
of the phase and amplitude of extreme ultraviolet emis-
sions [28].

When the response time of phonon and electron is
comparable, the electron-phonon interaction (EPI) and its
nonadiabatic (NA) effects become vital [29,30]. Moreover,
given the phonon deformations (PDs) alter the electron
potential, the Goldstone-Higgs mode coupling [31-33] may
introduce spontaneous symmetry breaking and provide
additional channels for electron excitation. Given that
solid HHG typically occurs in the presence of phonons,
CP-coupled HHG provides a representative example for
exploring particle-quasiparticle coupled dynamics and has
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demonstrated significant phonon modulations on the time-
dependent HHG recently [34-38]. However, the NA EPI
mechanism behind phonon-coupled HHG, and thus the
direct probing of the EPI—one of the most crucial inter-
actions in solids—and its nonadiabaticity is still lacking.

In this Letter, the NA dynamics of coherent-phonon-
coupled HHG in the two-dimensional transition-metal
dichalcogenide MoS, is investigated. We find that (i) the
oscillation of HHG yield with the phonon period is
attributed to the adiabatic modulation of the band structure
induced by PD. (ii) The observed phase delay between the
oscillation of harmonic yield and phonon motion originates
from the NA dynamics of photoexcited carriers in multiple
valleys. (iii) We propose the concept of directly probing the
EPI and its nonadiabaticity through analysis of the CP-
coupled HHG spectroscopy.

Our study is performed using the time-dependent ab initio
package based on the real-time time-dependent density-
functional theory (TDDFT) [39-41], which naturally
includes the NA feedback beyond the Born-Oppenheimer
approximation between electrons and phonons through
evolving both of them simultaneously. The laser pulses
used to excite the CPs and probe the HHG are linearly
polarized with a time-dependent electric field F(¢) =
F cos(wt) exp(—(t — ty)?)/20?) and o is the pulse dura-
tion. The HHG spectra are obtained by the Fourier transform
ofphotocurrent]( 1/21) Jdrly*(r.t)Vy(r,t) +c.cl,
ie., HHG(w) = |fa)] exp(—iwt)dt|>. More details on
the computatlon methodology can be found in the
Supplemental Material [41].
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FIG. 1. (a) The atomic structure and A} phonon mode of
monolayer MoS,. (b) Schematics showing the pump-probe setup
for CPs and HHG. (c) The CPs are excited and subsequently
probed by the HHG at a different pump-probe delay. The HHG
spectra and HHG yields oscillating with time are also shown. The
yellow shadow shows the HHG dynamics during a phonon
period.

The setup of phonon-coupled HHG is shown in Figs. 1(b)
and 1(c), where a ~3.0 eV, 6 ~ 20 fs pump pulse with peak
field strength of 0.09 V/ A, polarization along zigzag
direction is used to excite CPs in monolayer MoS,; then
subsequently an intense IR laser pulse (~0.3 eV, ¢ ~ 20 f5s)
is applied to probe the phonon dynamics by generating
HHG. The polarization of probe laser electric field is along
the armchair direction (I' — K direction). The photon energy
of pump and probe lasers we used here is identical to recent
experiments [17,42].

Figure S1 of Supplemental Material shows the laser-
induced CPs of monolayer MoS, [41]. The pump laser
primarily induces the A} mode with the S atom displaced
out of plane by AZ [inset of Fig. 1(a)], which has an
oscillation period ~78 fs, corresponding to a frequency
~420 cm™!, showing a near consistency with the exper-
imental observation [the period ~82 fs and frequency
~405 cm™!, the dashed line in Fig. S1(b)] [17]. The
resultant maximum atomic displacement is ~0.02 A.

With no phonon vibrations (fixed lattice), Figs. 2(a)
and 2(b) display the HHG spectra and harmonic intensity as
a function of field intensity of probe laser F,, which shows
good agreement with the previous experimental measure-
ments [41]. Given that the photon energy of the probe laser
(~0.3eV) is much lower than the MoS, band gap
(~1.8 eV), as previously investigated [42], the harmonics
[e.g., the third to seventh HHG (0.9-2.1 eV)] we focus on
primarily originate from the intraband mechanism [12,43]
of the first conduction band (CB).

This conclusion is further supported by the dominant
contribution of the intraband dynamics to HHG spectra,
and the consistency of the doping and field dependence of
HHG between the TDDFT and intraband model results
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FIG. 2. (a) The HHG spectra without A} CPs under a different
laser field. (b) The HHG intensity as a function of laser field
without CPs. The dashed gray lines denote the perturbative
nonlinear response [, ~ F(%”. The crosses represent the exper-
imental data in Ref. [42]. (c) The HHG spectra without (black)
and with (red) A| CPs. The blue line shows the signal of the pump
laser. (d) and (f) The AZ of A} CPs in one phonon period. The
oscillation of HHG intensity in one phonon period within NA (e)
and adiabatic (g) framework. The dashed lines are a guide to the
eyes. The yellow shadow shows the harmonic with a phase delay
compared to the AZ, and the phase delay is labeled by the red

arrows. The probe laser strength used in (c)—(g) is ~0.3 V/A.

(Figs. S2 and S3 of the Supplemental Material [41]), as well
as the time-frequency HHG spectrograms [Fig. S5(b) [41] ],
where low-order third to seventh harmonics are generated at
the peak of the electric field with no chirp [4,11,44].

With A} CPs pumped, aligning with the recent study [34],
the CP-coupled HHG spectra become noisy and less
frequency-comb-like, suggesting the interference of elec-
tron dynamics due to the interaction with CPs.

The influence of CPs dynamics on the HHG process can
be controlled by adjusting the pump-probe time delay
[Fig. 1(a)] [34,35]. With the excitation of A} CPs, we
intentionally vary the delay time of the probe laser from
~80 fs to ~160 fs, corresponding to one phonon period
and then investigate the time-dependent HHG. Considering
the weak intensity, different photon energy, and polariza-
tion, the phonon pump laser has almost no effects on the
HHG process [the blue line in Fig. 2(b)].

As shown in Figs. 2(d) and 2(e), two characteristics of
the time-dependent HHG coupled with A CPs are evident
alongside the phonon displacements AZ within one phonon
period: (i) the HHG yield for each order oscillates peri-
odically with the CPs; and (ii) an obvious phase delay
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(~10 fs) is observed for fifth harmonic oscillation com-
pared to the AZ.

According to the semiclassical intraband model (IM), the
electrons are excited at the minimum of the conduction
band (the K valley), and undergo laser-driven Bloch
oscillation in the band. HHG can be generated through
scattering with the nonlinearity of the band. For a laser field
with frequency w and strength F, the HHG intensity can
be represented as [12,41,43]

Mmax F 2
S map,, (M)
e ho

where f3,, is the Fourier coefficients of band dispersion
e(k) = > = f,, cos(mka) (a is lattice constant and m is
lattice site index) [12,16]. p is carrier population; J,, is n
order Bessel function of the first kind.

The phonon period and the phase delay of the oscillation
of HHG intensity primarily stem from the adiabatic
modulation of band dispersion f,, and the NA effects of
p, respectively. For f3,,, the modulation is induced by the PD
(such as bond compression/stretching) via EPI.

For phonon displacement oscillating with frequency €,
AZ ~ Zye™¥, the band modulation relies on the EPI matrix
element g;; adiabatically: e(k, 1) = ey(k) + g;;(k)AZ(1), &y
is the original band energy at AZ = 0. With the tight-
binding framework, e(k,t) = > " B, (1) cos(mka) =
Sorm Bmo + ¥mAZ(1)] cos(mka) and thus HHG intensity
In(t) & P(”w)2|2:zrldf ma[ﬂm,o + YmAZ(t)]JVL(mEFOa/
ho)|?, where f,, and v,, are Fourier coefficients of & (k)
and g;;(k), respectively.

The Fourier coefficients £, (1) = f,.0 + 7nAZ(t) and
HHG intensity oscillates synchronously with AZ(z) and
have the same phonon period [41]. This scenario is
supported by the consistent phonon period observed in
the oscillation of HHG intensity, obtained by the adiabatic
Born-Oppenheimer (labeled as A) dynamics, as well as the
IM of the first CB where the modulation of p is excluded
[Fig. 2(g) and Fig. S4 of the Supplemental Material [41] ].

On the other hand, both the adiabatic dynamics and the IM
fail to reproduce the phase delay between the oscillation of
the fifth harmonic and PD, implying a NA EPI mechanism of
photocarrier population p. By tracking the laser field
quasimomentum ky (t) = [(—e)/h] [ F(#')di applied on
electrons in reciprocal space during the generation time
of HHG (Fig. S5 of Supplemental Material [41]), the fifth
HHG dynamics is revealed to occur around the X valley.

Figure 3 and Fig. S6 of the Supplemental Material [41]
show the NA behavior of p on the first CB within K and X
valleys. During HHG, the laser-driven population forms a
time-dependent nonequilibrium distribution. When the S
atom displacement out of plane is compressed (stretched)
along the A/ phonon eigenvector, the band energy of X
valleys is reduced (enhanced), and thus the p at X increases
(decreases) [Figs. 3(a), 3(b), and 3(d)].

: (1)

I, x p(nw)?

In adiabatic regime (labeled by A), the carriers can fully
respond to phonons and move together with the band,
resulting in simultaneous population changes of carriers at
the X valley alongside the PD. However, in NA regime, the
carriers lag behind the phonon motion, causing a delay
between carrier population dynamics and the band modu-
lation. For the same stretched (compressed) band struc-
tures, the carrier distribution at X valley in the NA regime is
higher (lower) than that in the adiabatic regime, leading to a
significant residual (deficiency) of carrier population
differences Ap = pp — pna between adiabatic and NA
frameworks [Figs. 3(c) and 3(e)].

The adiabatic and NA dynamics of the photocarrier is
further validated by the population at K and X valleys
changing along with AZ(t) ~ Zye™ [Figs. 3(g) and 3(h)].
For K valley, the carriers oscillate adiabatically and
simultaneously with PD, while for X valley, a ~10 fs
NA delay identical with the fifth HHG, 7 is observed.

At initial time 7, the photocarriers are excited from the
valence band to the CB. The population p() on the ith CB,
which can be represented by the occupation coefficient c;,
i.e., p(t) = |c;(t)|*. After that, the carriers generate HHG
via the laser-driven Bloch oscillations modulated by CPs
via NA EPL

According to the NA dynamics theory [45], the carrier
occupation ih(d/dt)c; = c;e; — ih ), K,-]ch. R is the
nucleus velocity, €; and ¢; are eigenvalues of the ith and
Jth electron states. k;; is proportional to the EPI matrix
element and describes the NA coupling between electron
and nucleus, which explains the huge nonadiabaticity at X
valley.

In the adiabatic framework, k;; = 0, ¢;(f) o« ¢;(t = t5)x
expli [/ &[R(¢')]dr] and thus p(r) « [c;(t = £y)|*, which
only depends on the photocarrier population p(#,) at
initial time f,. Similar to Zener tunneling [46], p(7))
is proportional to the transition rate, and thus relies
exponentially on the band gap ¢, which is adiabatically
dependent on phonon displacement AZ ~ Zye™* via the
EPI matrix element g; between the valence band and CB,

ie., &g x el + goAZ. Therefore, p(ty) o« exp[—,/eg] «
exp [—\ /€0, + gGAZ} p oscillates synchronously with AZ,
there is no NA time delay.

On the other hand, in NA case, p(t) = [} 2 x;R x
(ciej+ cjc;)dt’. Considering the lattice configuration
R(1) ~ Zye™ and thus R ~ QZye®+(/2)] the relation-
ship eilQt+(x/2)] 4 el = 2\/26i[§2t+(7z/4)] gives p(t) x
— 30K Zoe ¥ (/4] [41]. The nonadiabaticity yields a
z/4 phase shift on p(r) oscillation. For A} mode phonon
with an oscillation period ~80 fs, the z/4 phase shift
corresponds to a 7~ 10 fs delay time (i.e., [(z/4)/2x] =

(7/80)), agreeing well with the TDDFT results [41].
For the HHG contributed by the photocarrier at X valley,

the NA population py o —%;g;;Zoe "+ #/4] provides the
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FIG. 3. (a) Schematic of band structure and photocarrier distribution (regions with color shades) of first CB in the adiabatic
(green color) and NA (yellow color) regimes and the difference between them. The red (blue) color shades in the right panel
label the increase (decrease) of population deducting the NA cases from adiabatic cases, respectively. The solid (dashed) lines represent
the compression (stretching) band structure displaced along the A} eigenvectors. The photocarrier population at the
laser field peak time of the first CB in adiabatic (left) and NA (right) cases with the stretching (b) and compression (d) band
structure. Ap with the stretching (c) and compression (e) band structure. The red arrows label the laser polarization. The color
and size of circles mark the sign and the number of populations. (f) AZ of A} CPs and the fifth HHG oscillation within NA framework
within one phonon period. The population at K and X valleys changing with AZ within adiabatic (g) and NA framework (h).

harmonic intensity an additional time delay with respect Although intraband HHG 1is used to show the NA
to AZ(t) by I, x pg|> ™ map,J,(meFya/hw)* ~  time delay here, c;(f) manifests itself in both the intra-
e/l o o7 which explains well the time delay ~ band and interband HHG through the carrier popu-
observed in the oscillation of the fifth harmonic. lation p(t) ~c}(t)c;(t) and transition dipole moment
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FIG. 4. (a) The band structure along I' — K direction without

and with PD, obtained from the density-functional theory and
HHG reconstruction. The first CB minimum without PD is set to
0 eV and used as an energy benchmark. (b) The distribution of the
EPI matrix element g;; along I' — K direction.

P;;(t) ~ cj(t)c;(t). Consequently, the NA effects [47-50],
persistent also in interband HHG oscillation, are indepen-
dent of the HHG mechanism [41,51,52]. A similar phe-
nomenon is also observed in recent work [34] without a
clear explanation.

We finally propose the phonon-coupled HHG spectra
as an all-optical approach to detect the EPI. According
to the definition of the EPI matrix element of the ith band
gii [593,54], g;; can be described by the first derivative
of the band energy ¢; with respect to phonon displacement
AZ(1), i.e., g; = 0¢;/0Z = A¢;/ AZ [53,54]. For a certain
AZ [55-58], the g;; relies on the measurement of band
change Ae; = €;(t;) — €;().

As shown in Eq. (1), the band coefficients f,, can be
obtained by fitting the field dependence of the intensity
of phonon-phase-matched HHG at different delay times
and t,, which is successfully used to retrieve the band
dispersion with static lattice in various materials [10,12,16].
Then g;; scales with g¢;;(k) > /™ B,.(7,) cos(mka) —
S B(t2) cos(mka).

Following the above strategy, by fitting the field depend-
ence of the third and seventh harmonics at 80 and 120 fs
with different AZ, the dispersion of the first CB along
I' — K without or with A} PD, as well as the EPI matrix
element g; of A| mode, is reconstructed in MoS, in
Figs. 4(a) and 4(b). The bands and g;; distribution recon-
structed from the phonon-coupled HHG agree well with
that obtained from density functional theory and density
functional perturbation theory, demonstrating the effective-
ness of the present approach.
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