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Identifying efficient pathways to modulate quantum coherence is a crucial step toward realizing ultrafast
switching of macroscopic orders, which requires the microscopical understanding of the interplay between
multidegrees of freedom. Here, we demonstrate an all-optical method to control the coherent electron and
lattice excitation in a prototypical nodal-line semimetal ZrSiS. We show the displacive excitation of two
coherent Raman-active phonon modes, which results in a mode-selective renormalization of its topological
band structure comparable with previous experimental observations. We subsequently realize an effective
manipulation of the coherent lattice vibration, not only for their amplitude, but also a z-phase shift by
tuning the laser intensity and frequency. We pinpoint that such a phase shift originates from the
photoinduced carrier redistribution and can, in turn, determine the quasiparticle renormalization, for
example, to induce an ultrafast topological Lifshitz transition, which we anticipate can be detected by
pump-probe transport measurements. These results address the requirements for a directional pumping of
coherent phonons with laser fields and provide the opportunity to explore exotic nonequilibrium physics.
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Driving lattice vibration with a high degree of spatial and
temporal coherence via strong light-matter interactions has
evolved into a unique knob to control ultrafast phenomena
and exotic physical phases [1-6]. In stark contrast to the
thermal fluctuation in equilibrium, the vibrational coher-
ence often produces a nonthermal change in macroscopic
quantum states such as topology [7-11], magnetism
[12,13], and superconductivity [14-16]. For example,
ultrafast nonthermal engineering of the band topology
has been experimentally realized via light-induced coherent
phonon excitation in several typical topological semimetals
such as WTe,, MoTe,, and ZrTes [7,8,17-19], bringing us
closer to the horizon of unprecedentedly fast and efficient
information process technologies [2]. In this context, the
phonons are primarily launched in terms of a “displacive”
excitation, where the photoexcited carriers exert a non-
equilibrium force onto the atoms, resulting in coherent
oscillation around a new distorted structure (Fig. 1). Within
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this picture, the responses of atomic and electronic degrees
of freedom are closely intertwined and mutually dependent
[3,20]. In particular, the lattice geometry can be pumped to
distort either “positively” or “negatively” along the phonon
coordinate, in which the atoms are relocated into different
configurations as depicted in Fig. 1, consequently inducing
disparate electronic properties such as oppositely polarized
ferroelectricity and magnetization [21,22]. It is, thus,
important to disentangle the coupled dynamics not only
to decode the experimental observations, but also to
identify effective pathways toward the ultrafast manipula-
tion of the coherent response.

Meanwhile, in comparison with other characterization
methods such as transport and angle-resolved photoemis-
sion spectroscopy (ARPES), the ultrafast dynamics upon
optical excitation offers a great opportunity to resolve the
strengths of electron-electron correlation and electron-
lattice interaction [14,18,23], which is of great significance
for topological electronic phases. For example, it has been
observed in another family of quantum matter, i.e., topo-
logical nodal-line semimetals (NLSMs), that the Dirac
quasiparticles are strongly renormalized by the changes
in electronic screening after photoexcitation [24-26].
However, despite the previously proposed electron-electron
interactions, it remains to be addressed how optical
excitation modulates the lattice and how it interplays
with the electrons under far-from-equilibrium conditions.
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FIG. 1. Light-induced coherent control of the lattice geometry
through the displacive excitation of coherent phonons (DECP).
The photoexcitation induces a metastable lattice distortion along
a specific phonon coordinate, as a result of the modification of the
potential energy surface minimum from 0 to Q.. The direction
of Q. determines the effective lattice geometry and the corre-
sponding nonequilibrium electronic properties.

Although contributing to the understanding of the displa-
cive excitation of coherent phonons (DECP), theoretical
methods based on phenomenological models are severely
limited in describing the nonequilibrium dynamics for the
lack of information at a truly excited state [27,28]. In this
regard, a microscopic study that includes the interactions
with external field and treats the nonequilibrium electron
and lattice dynamics on the same footing, for example, by
real-time time-dependent density functional theory in
combination with Ehrenfest molecular dynamics simula-
tion (TDDFT-MD), is urgently needed.

In this work, we aim to predict coherent phonon
excitation without ad hoc assumptions and disentangle
the coupled lattice and electron dynamics upon photo-
excitation in a prototypical nodal-line semimetal ZrSiS
using TDDFT-MD simulation [29-34]. By monitoring the
time evolution, we obtain a displacive excitation of two
coherent Raman-active phonons. Such light-induced
atomic motion provides a dynamic driving field for the
electrons, leading to a nonthermal modulation in the
topological band structure, the amplitude of which is
comparable with previous time-resolved ARPES experi-
ments. Moreover, the ultrafast band renormalization exhib-
its a sensitivity in the phase of the collective atomic motion.
We subsequently elucidate in detail the effects of various
parameters, including the laser intensity and frequency,
to achieve nonequilibrium states with desired features.
Remarkably, when we vary the pump frequency, we
observe a z-phase shift in the coherent phonon oscillation
and, meanwhile, a completely different behavior in the
electronic state, undetected in previous studies. Based
on these, we propose an ultrafast topological Lifshitz
transition under certain pump conditions, which we antici-
pate can be detected by time-resolved multidimensional
photoemission spectroscopy and transport measurements.
Finally, we pinpoint the pivotal role of photoinduced

charge carrier redistribution and provide a general protocol
for the DECP process to determine the coherent lattice
responses.

I. MODE-SPECIFIC AND COHERENT
LATTICE EXCITATION

Bulk ZrSiS crystallizes in a tetragonal structure with
the P4/nmm symmetry (space group No. 129) [35]. As a
prototypical material in the family of nodal-line semimet-
als, its band structure features the Dirac loops formed by
the crossing of the conduction band and valence band near
Fermi level (E) [36,37], shown in Fig. 2(a). These linearly
dispersed Dirac quasiparticles featuring a unique Fermi
velocity are dominant in determining the ground state
properties. Besides, we note the electron pocket at I" that
sits about 0.1 eV above Ey might also interact with the
Dirac quasiparticles through delicate band engineering,
suggesting possible topological Lifshitz transition and
interfering in, for instance, the transport process [38].

We use a Gaussian enveloped laser pulse centered at
1.55 eV with an intensity 3.91 mJ/cm? [yellow curve in
Fig. 2(b)], to pump the system out of equilibrium (see
Supplemental Material Sec. S1 for a detailed description of
our theoretical framework [39]). To resolve the coherent
phonon excitation, we track the transient response of the
ZrSiS lattice by projecting the real-time atomic motion onto
its vibrational eigenmodes. As shown in Fig. 2(b), only two
phonon modes are driven to large amplitudes and show
nearly perfect coherent motion. These two modes oscillate,
respectively, with a frequency of 5.67 and 8.59 THz,
displaying a slight softening of approximately 2% com-
pared with their ground state values. Such dressed coherent
atomic motions can be attributed to a sudden change in the
screening effect after photoexcitation and, subsequently,
the feedback of the phonon excitation upon the electron
states, which are expected to be closer to the experi-
mental observations (see Supplemental Material Sec. S2
for details [39]). While microscopic models can be
designed to capture similar effects [40], most of them rely
on phenomenological parameters and are, thus, less pre-
dictive and inaccurate in some cases. By analyzing the
phonon spectrum, we find these two modes are fully
symmetric with their corresponding atomic motions shown
in Fig. 2(e), in consistent with the polarized Raman
measurement of the A} , and A2 , phonons [41].

Given that the lattice vibration is in a highly coherent
manner, we can describe its dynamics in the time
domain with a normal mode cosine function: Qy,(t) =
Ay cos(@g,t + ¢g,) + Qguer» Where Ay, g, and ¢,
refer, respectively, to the amplitude, frequency, and phase
of the coherent phonon oscillation with wave vector ¢ and
mode index v. Here, we choose A,, to be positive and
set the peak time of the laser pulse as ¢t = 0. Besides, the
lattice geometry also experiences a shift in its quasiequili-
brium coordinate from 0 to Qg . as in the DECP
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(a) Transient band structure at O (i.e., the ground state) and 120 fs, with the states of our interest (SOIs) highlighted by squares.

The two pump energies used in our simulations and the corresponding interband transitions are illustrated by the colored arrows.
(b) Real-time atomic motion upon photoexcitation projected onto the eigenvectors of all phonon modes after pumping with a 1.55 eV

laser pulse (yellow). While all other modes keep almost silent (gray curves), only two Raman-active A} ; (blue) and A?

(red) modes are

excited to oscillate coherently around a metastable distorted structure Q. denoted by the curved arrow (c),(d) Tlme evolution of the
SOIs showing a clear periodic oscillation with a time-averaged modulation e.;. The experimentally observed renormalization of the
Dirac quasiparticles AE in a similar NLSM ZrSiSe is also shown for comparison [24]. (e) Vibrational eigenvectors of the two dominant
phonon modes. (f) Fourier amplitude spectra of the oscillatory component of the electronic response shown in (c) (top) and (d) (bottom).
The gray-shaded area corresponds to the Fourier spectrum of the periodic atomic motion with the arrows indicating the frequency of the
A, phonons. The broadening of the peaks is a numerical outcome of the Fourier transformation instead of a physical indication of

damping effects.

mechanism (Fig. 1). It should be noted that the oscillation
phase is a unique and significant information available
only in the nonequilibrium coherent regime, which is
smeared out under thermal equilibrium when atoms oscil-
late in a phase-random manner [42]. Moreover, the phase
shows a one-to-one correspondence with the direction of
Qeis» 1.€., ¢ = 0 (¢p = &) at negative (positive) Q. (Fig. 1).
In particular, Q. is positive for A{g but negative for
A%q mode, and, accordingly, their oscillation develops a
z-phase shift.

II. COHERENT-PHONON-DRIVEN BAND
RENORMALIZATION

Now we come to the ultrafast renormalization of the
electronic structure, for which we show the transient band
dispersion before (t =0 fs) and after (r = 120 fs) the
optical excitation, shown in Fig. 2(a). We label the near-
Fermi-level electrons as states of our interest (SOIs) for
simplicity, marked by the colored square in Fig. 2(a), with a
special focus on the Fermi velocity of the Dirac quasipar-
ticles and the energy level of the zone-center electron
pocket. On top of the ultrafast response to the external field
within the laser duration, we uncover an after-pulse
periodic oscillation of the SOI energies. From performing
a fast Fourier transform analysis, we reveal that the Dirac
state vibrates at a frequency of 5.57 THz close to the
frequency of the Al , mode, while the electron pocket at I'

oscillates concomitantly with the A%g mode with a fre-
quency of 8.42 THz [Fig. 2(f)], indicating the lattice and

electrons are coupled in a highly selective manner. Notably,
such coherent-phonon-induced renormalization of the
Dirac quasiparticles has transiently reached approximately
80 meV on an ultrafast timescale after photoexcitation,
which is comparable with previous experiment observa-
tions of about 30 meV in another similar NLSM ZrSiSe
[24], shown in Fig. 2(c). Moreover, the Fermi velocity of
the Dirac particles, a fundamental quantity essential for the
material functional properties, is also substantially modi-
fied (see Supplemental Material Sec. S3 for the structure
dependence of the Fermi velocity [39]). While the band
renormalization in experiment was mainly ascribed to the
change in the couplings among electrons, our results
suggest a similar effect can be achieved in these NLSMs
through coupling with the coherent lattice vibration.

On the other side, such band renormalization is stronger
than that induced by thermal phonons, which we estimate
to be around 10 meV (see Supplemental Material Sec. S4
for the estimation of electron self-energy [39]). In the
nonequilibrium coherent-phonon regime, the dynamical
modulation on the electronic state can be described as

[43] gi,k( ) - gl k1 un V 2a)qv g Qqu , Where

g‘il,’jC represents the mode-resolved electron phonon coupling
matrix element (see Sec. S3 for details [39]). Under
equilibrium, the incoherent atomic motions are canceled
out by each other, namely, Q,,(f) = 0, and, consequently,
lead to no net contribution to the band structure renorm-
alization [44,45]. Therefore, such coherent and mode-
specific phonon excitation offers a compelling nonthermal
route to achieve unconventional optical modulation.
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Aside from the periodic oscillations, we find the SOIs
also accumulate a time-averaged effect arising from the
displacive nature of the coherent phonons, which we
characterize as

; 204, 4,
geﬁ‘ = <8i.k(t)> ~ E?,k + hq g‘iI,quv,eff (1)

where (---) indicates the time average and we drop the
summation since the coupling here is highly selective. The
effective lattice distortion and, thus, the dressed state, for
example, Dirac quasiparticles with well-tuned Fermi veloc-
ity, could have a lifetime of hundreds of femtoseconds
depending on the relaxation rate of the excited electrons
and induce measurable nonequilibrium effects (see Secs.
S5 and S6 [39] for our detailed analysis on the effect of the
decay processes).

III. OPTICAL MANIPULATION

We emphasize that, in the regime of electron-coherent-
phonon coupling, the single-particle eigenvalue is pro-
portional to Q., i.e., highly sensitive to the phase of
the collective atomic motion. This effect is absent in the
conventional electron-phonon coupling pictured by the
perturbation theory and, thus, provides a unique advantage
in optical manipulation. While a “positive” direction of a
phonon mode is arbitrarily defined in theory, it physically
corresponds to the expansion or compression of specific
bonds and the relocation of the charge distribution as in
Fig. 1 [46], thus leading to a different behavior in the
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FIG. 3.

electronic states (see Supplemental Material Sec. S3 [39]).
Therefore, it is necessary to identify effective ways to
manipulate the phase, amplitudes, and effective displace-
ment of the displacively excited coherent phonons, in order
to access nontrivial state inaccessible in equilibrium.

On the ground of this, we study the dependence of the
coherent phonon dynamics on the pump laser wavelength,
using 800 (1.55 eV) and 514 nm (2.41 eV) as showcases,
with a wide range of pump fluences. We find the A} , mode

always exhibits a z-phase oscillation, with an enhanced
amplitude A and effective lattice distortion Q¢ upon strong
field excitation at both frequencies of 1.55 and 2.41 eV
(Supplemental Material Sec. S7 [39]). Notably, the behav-
ior of the phonon amplitude and the effective distortion
deviates from the linear trend especially upon strong field
excitation. More importantly, the increased amplitude
and Q. can lead to an enhanced renormalization of the
Dirac quasiparticles, particularly their Fermi velocity,
resulting in an effect much stronger than that induced by
purely electron-electron interactions (for details, see
Supplemental Material Secs. S3 and S8 [39]). However,
while a similar fluence dependence is observed on the
magnitude of A and Q. for Afg mode [Fig. 3(b)], it is
rather fascinating that the phase undergoes a sudden shift
from O to # and Q. flips its direction from negative to
positive, when we increase the photon energy as shown in
Figs. 3(a) and 3(b). Meanwhile, the zone-center electron
pocket is renormalized into different effective values e
as shown in Fig. 4(a). This suggests that, accompanying
the phase shift, the lattice is rectified into different
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Ultrafast control of the phonon phase, amplitude, and the effective lattice distortion in DECP. (a) Coherent phonon dynamics

of the A%g phonon under various pump conditions. The phase undergoes a sudden phase shift and, meanwhile, the quasiequilibrium
lattice coordinate is displaced to the opposite direction, when we increase the photon energy from 1.55 (bottom) to 2.41 eV (top). On the
other side, the amplitude grows with enhanced pump intensity at all frequencies. (b) A detailed dependence of the oscillation amplitude
A (top) and the metastable lattice distortion Q. (bottom) on the laser parameters. The color shading is a guide to the eye to show the
trend, highlighting the double-sided displacive excitation of the A%g mode.
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FIG. 4. Quasiparticle renormalization. (a) The oscillation of the zone-center electron pocket, which also develops a z-phase shift with
increased pumping frequency and, meanwhile, the band renormalization accumulates an opposite time-averaged effect e, as indicated
by the colored arrows. (b) The distinct electronic structure dictated by the lattice dynamics. When the A% , mode oscillates with a 0 phase

(7 phase) under a 1.55 eV (2.41 eV) pumping, the distance between the adjacent Zr layers experiences a net compression (elongation),
driving the electron pocket farther from (closer to) the Fermi surface. (c) Light-induced ultrafast engineering on Fermi surface topology.
The zone center electron pocket would decrease its energy when pumped at frequencies near 2.41 eV. The ultrafast light-induced
Lifshitz transition could be observed upon a suitable pump condition, for example, at 2.47 eV and 16.2 mJ/cm?. The color shading
corresponds to a change in the Fermi surface topology and the Hall conductivity py (d) before and (e) after the quantum Lifshitz

transition.

configurations and, thus, induces distinctive electronic
behavior as shown in Fig. 4(b). Intriguingly, when the
net lattice distortion along A? , mode involves an elongation

of the adjacent Zr layers as in the z-phase case at 2.41 eV
pumping, the zone-center electron pocket is driven closer to
Er, with a possibility to penetrate the Fermi surface and
triggering topological Lifshitz transitions [Fig. S2(c) in
Supplemental Material Sec. S3 [39] ]. Although the coher-
ent phonon excitation has been observed in the pump-probe
experiment [14,18], such phase-sensitive electronic behav-
ior has rarely been reported in the context of DECP before.

For a detailed analysis, we calculate the ultrafast Fermi
surface engineering with light. In Fig. 4(c), we show that
the effective band renormalization gradually saturates with
respect to the pump fluence and the zone-center electron
pocket remains above the Fermi level at 2.41 eV excitation
(see Supplemental Material Sec. S9 for details [39]).
However, we find that slight tuning of the photon energy
near 2.41 eV enables further control over the electron and
lattice dynamics without disrupting the z-phase excitation
of the A% p mode. Particularly, the band renormalization can
be significantly enhanced at 2.47 eV excitation, where an
abrupt change in the Fermi surface topology is predicted to
occur above certain pump fluence (for more details, see
Supplemental Material Sec. S10 [39]). In practice, such a

dynamical Lifshitz transition can be probed directly by
time-resolved multidimensional photoemission spectros-
copy and has been demonstrated in T, — MoTe, [38].
Meanwhile, a light-induced phonon excitation accompany-
ing a circular photogalvanic effect arising from the sym-
metry breaking in ZrTes is observed [47]. However, in our
case, the excitation of A;, phonons inherits the lattice
symmetry. As transport signatures, for example, the mag-
netoresistance and Hall conductivity, are a general metric to
probe the charge polarity in a conductor [48,49], we
simulate the in-plane Hall resistivity py with respect to
lattice distortion, which is found to exhibit a sign flip from
positive to negative, manifesting the reconstruction of the
Fermi surface and the switch of the dominant carrier types
(see Supplemental Material Sec. S11 for detailed analysis
[39]). Although characterizing the transport signal with a
picosecond resolution is challenging, the light-induced
anomalous Hall effect in graphene [50] makes it an
intriguing direction to bridge the nonequilibrium band
topology with transient macroscopic properties.

IV. DISCUSSION

As introduced in the beginning, the direction of the
DECP is phenomenologically dictated by the electron-
phonon coupling strength of the excited electron-hole pairs;
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we now seek to pin down the physical origin for the
phase shift and the sign switch of the time-averaged
displacement Q.. The photoexcited potential energy sur-
face (PES) along the A? , Phonon coordinate can be, in theory,
described by the lattice potential containing electron-phonon
coupling:

1 Rwg, 4.,
V(qu) = Ea);yQ(%u + Z h‘l g?’k Afi,quzn (2)
ik

where Af; ;. denotes the distribution function change before
and after excitation. A straightforward definition of phonon
displacement as Qg ~ — >, ¢ g7 ¢ Af i from Eq. (2) reveals
that the total electron-phonon coupling strength carried by all
the photoexcited electron-hole pairs determines the direction
and magnitude of the PES shift. To verify our phenomeno-
logical model, we first calculate the excited energy landscape
of A? , mode by artificially redistributing one electron from

its valence band to the conduction band. In this case,
the expression of Q. can be further simplified into
Oett ~ 9ok — Jex» Where v and c refer to the valence and
conduction band, respectively. As shown in Figs. 5(a) and
5(b), we indeed observe Q. with opposite directions depend-
ing on the electron-phonon coupling strength of the selected
electron-hole pairs, namely, negative at g, ; — g., < 0 and
contrarily positive at g,  — g.x > 0. Furthermore, we find in
our TDDFT simulations the carriers are redistributed into
different energy levels for laser frequency at iw = 1.55 and
2.41 eV, where the dominant interband transitions are
schematically denoted by the colored arrows in Fig. 2(a).
We then extract the transient occupation number and sum
up the electron-phonon coupling strength from all the photo-
excited electron-hole pairs, from which we obtain the net
lattice displacement with opposite signs, to be Q. =
—0.0483 and 0.0287 A\/amu, respectively, in well
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FIG. 5. Microscopic nonequilibrium control of DECP. The
direction of the lattice distortion is determined by the mode-
resolved electron-phonon coupling strength ¢;, (navy open
circles) and carrier redistribution. In the special case of relocating
only one electron from valence to conduction band, Q. is
determined to be negative at (a) g, — g.x < O and contrarily
positive at (b) g, — g.x > 0. The carrier population can be
effectively modulated by the photon frequency.

(a)
9v,k-9c k<0

consistency with our TDDFT simulations. Taken together,
the opposite displacive excitation of coherent phonons and,
correspondingly, the phase shift are ascribed to different
interband electron transitions that are tunable with light,
which could be properly identified only at the inclusion of
realistic excitation channels based on a precise description of
the interaction with external laser field. Based on the above
analysis, we attribute the sublinear fluence dependence
observed in both the electron and phonon dynamics at
2.41 eV excitation primarily to the saturated electronic
excitation at high laser intensity. Furthermore, in the case
of 2.47 eV excitation, the saturation effect occurs at a much
higher fluence, due to the fact that enhanced local density of
state enables additional excitation channels, and, thus, both
the coherent phonon oscillation and the band renormalization
can be strengthened (see Secs. S9 and S10 for more
details [39]).

More importantly, we have also demonstrated the ability
to realize similar phase control in a completely different
kind of compound of semiconducting WSe,, which not
only further validates our microscopic description of
DECP, but also provides an effective way toward the
ultrafast engineering of nonequilibrium states across
diverse quantum materials (see Sec. S13 for details [39]).

In conclusion, we take the nodal-line semimetal ZrSiS as
a paradigmatic system to show the mutual dependence of
the coherent atomic and electronic dynamics after photo-
excitation. The displacive excitation of Raman-active A,
phonons simultaneously modulates the topological band
structure at the same frequency, as a direct manifestation of
mode-resolved electron-phonon coupling beyond equilib-
rium. Intriguingly, we reveal an unreported dependence of
the ultrafast electronic response on the phase of the
collective atomic motion, where the time-averaged sin-
gle-particle energy can be either lifted or reduced reliant on
the oscillation phase, leading to distinctive macroscopic
properties. We subsequently realize the effective manipu-
lation of the coherent lattice dynamics with switchable
phases by tuning the laser frequency and propose a non-
trivial topological Lifshitz transition under certain pump
conditions, which we anticipate can be detected by time-
resolved transport measurements. Finally, we provide an
explicit description on the microscopic origin of the
directional pumping of coherent phonons, which can be
generalized into other quantum materials. Our work offers a
microscopic understanding of the ultrafast and mode-
selective band renormalization via light-driven coherent
phonons and provides insights into the optical control of
structure-sensitive materials properties such as ferroelec-
tricity, topology, charge density waves, and metal-insulator
transitions.
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