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Nuclear quantum effects (NQEs) significantly influence many fundamental physical and chemical
phenomena. However, their impact on ultrafast dynamics remains poorly understood. Here, we
demonstrate that solid-state high-harmonic generation (HHG) provides a promising platform for probing
NQEs in attosecond processes. In particular, NQEs substantially modify HHG trajectories due to charge
density ripples (CDR) induced by nuclear quantum delocalization. Incorporating NQE-modulated CDR
shifts the oscillation phase of HHG, and thus introduces special properties and measurable signatures in the
harmonic features, including the emission symmetry and rotation angle of the harmonic polarization
ellipse, providing a plausible explanation for recent experimental observations. These findings enable all-
optical detection of NQE-driven charge fluctuations via HHG spectroscopy.
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Nuclear quantum effects (NQEs), such as zero-point
vibrations and quantum tunneling of atoms [1-6], emerge
to make a significant impact on many fundamental physical
and chemical phenomena, thereby affecting a variety of
material properties. These effects include quantum lattice
stabilization, quantum paraelectricity, and superconductiv-
ity [4—6]. In contrast, the impact of NQEs on the dynamic
processes—particularly those occurring at ultrafast time-
scales—remains poorly understood. Given the fact that
quantum distribution of nuclear wave function and nuclear
delocalization could alter the atomic structure and potential
energy surface, NQEs are expected to play a profound role
in the dynamic processes in solids.

Nevertheless, even in well-studied molecular systems,
the exploration of NQEs in ultrafast processes—such as
photoionization and charge migration [7—10]—remains in
its infancy, let alone in solids. Understanding the role of
NQE:s is thus crucial for gaining insights into various novel
quantum phenomena in attosecond science, including
decoherence and entanglement [10-12]. Moreover, given
that lasers are now a key tool for preparing quantum states,
studying NQEs in ultrafast dynamics could potentially offer
new solutions for quantum state manipulation in quantum
computing and communication [13-15].

As a prominent area of ultrafast science, solid-state high-
harmonic generation (HHG) arises from coherent collisions
between delocalized charge carriers and the lattice potential
[16-20], a process highly sensitive to NQEs. In this Letter,
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we demonstrate the significant and previously overlooked
influence of NQEs on the oscillation phase and angular
distribution of HHG in graphene, providing a plausible
explanation for the anomalous ellipticity of HHG observed
in recent experiments [19,20], which remains an open
question. While previous studies phenomenologically
revealed the dephasing effects on HHG ellipse [20], this
dephasing model fails under high laser intensities. In con-
trast, we reveal a fundamentally distinct and direct physical
picture that is conceptually distinct from dephasing. This
mechanism stems from the modulation of charge density
ripples (CDR)—spatial fluctuations in the charge density
distribution around nuclei—induced by nuclear quantum
delocalization. The NQE-modulated CDR acts as an effec-
tive polarization that alters the trajectory of electrons under-
going nonlinear scattering by the lattice potential. The results
enable an all-optical probe of NQE-induced charge density
redistribution via HHG.

The influence of NQEs on HHG has been investigated in
monolayer graphene [Fig. 1(a)], which serves as a proto-
type system where strong NQEs of carbon atoms signifi-
cantly affect the structural, vibrational, elastic and thermal
properties [21-24]. Ring-polymer molecular dynamics
(RPMD) and ab initio molecular dynamics (AIMD) are
employed at different temperatures (50-500 K) to account
for NQEs and classical thermal effects [25-28], respec-
tively. In our study, the zero-point vibration of C nuclei
constitutes the main NQEs which is not included in AIMD
but well described by RPMD [21,24,38]. The RPMD
accounts for zero-point vibration using a set of replicas
of the system, which are coupled together by harmonic

© 2026 American Physical Society
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FIG. 1. Probability distributions of C nuclei delocalization in graphene (AR2>1/ 2, without (a) and with NQEs (b) at 300 K. The

distribution peaks (labeled by black dotted lines) are the most probable nuclei delocalization <AR2>,1n/a2X and o, is the delocalization
width. HHG spectra of graphene with and without NQEs under lasers with ellipticity e = 0.0 (b) and € = 0.3 (c). The experimental data

are taken from Ref. [19].

interactions, to simulate the effect of a nuclear wave packet
based on Feynman’s path integral approach [21,24,38].
These effects were incorporated by sampling the distorted
lattice configurations generated from multiple molecular
dynamics trajectories [27,28].

To study HHG, we combine AIMD and RPMD with
first-principles time-dependent density-functional theory
(TDDFT) simulations [39—41]. An elliptical polarized
laser pulse with Gaussian envelope electric field
F(t)=Fy(1+&*) "2 exp(—(t—1ty)?/26%)(cos wt, esinwt)
is adopted in the graphene plane with @ ~0.26 eV,
c~128.0fs, to =100 fs, and F,~ 0.2 V/A. Here, ¢ is
the ellipticity. By adding the vector potential A(z) =
—c [F()dt in the Hamiltonian and evolving the elec-
tronic wave functions in real time, the HHG spectra are
obtained through the Fourier transform of time-dependent
current j(¢) = (1/2i) [drly*(r.t)Vy (r.1)+c.c.] [28,39,40].

Figure 1(a) shows the probability distributions of nuclear
delocalization (AR?)!/? of C atoms in graphene with NQEs
and with classical thermal effects only (without NQEs).
The distribution peaks indicate the most probable nuclear
delocalization (AR2>IIH/32X while 6,5 represents the delocal-
ization width. Here, (AR?)!'/? = (AR? + AR? + AR?)'/2,
where AR, , - denotes the nuclear displacement induced by
either NQEs or classical thermal effects along different
directions, following a Gaussian distribution centered
around the equilibrium position.

Because of the high zero-point energy of C atoms
(~0.1 eV), zero-point vibration—whose vibration fre-
quency can surpass its thermal energy by an order of
magnitude even at room temperature (300 K)—produce a
large superposition of nuclear wave packets, significantly

enhancing nuclear delocalization. Consequently, (AR2>,IH/.42X
increases from 0.04 A (without NQEs) to 0.07 A (with
NQEs), while 6, changes from 0.05 to 0.08 A when
NQEs are included.

The corresponding HHG spectra of graphene under both
linear (¢ = 0.0) and elliptical (¢ = 0.3) polarized laser are
shown in Figs. 1(b) and I(c), comparing cases with and

without NQEs. Compared to the classical framework
(without NQEs), the inclusion of NQEs suppresses the
noisy splits appearing in HHG peaks, resulting in clearer
better-resolved spectra. This effect is particularly evident
for higher harmonics (e.g., the 9th harmonic), consistent
with recent experimental observations [19].

More importantly, NQEs significantly affect the polari-
zation ellipse of HHG radiation, as shown in Figs. 2(a)
and 2(b), zero-point vibration of C modify the rotation
angle Oy of the HHG polarization ellipse—defined as the
angle between the major axis of the harmonic polarization
and that of the fundamental laser field. In particular, when
NQE:s are included, the Oy of the Sth and 7th harmonics
exhibit rotations of approximately 50° and 52°, respec-
tively, in good agreement with recent experimental results
where 6°*P% ~ 60° [19].

The Oyyg of the S5th and 7th harmonics are plotted as
functions of laser ellipticity ¢ in Figs. 2(c) and 2(d). The
Oxng in both classical (without NQEs) and quantum (with
NQEs) cases shows a similar ¢ dependence. However, the
Oy difference between classical and quantum framework,
ie., AOyug = Qﬁﬁ\éQE - GE{IOGNQE, becomes increasingly
pronounced at higher laser ellipticities [Figs. 2(c)-2(f)]
and lower temperatures (see Supplemental Material,
Fig. S4 [28]). Laser ellipticity affects both the electron
paths and excitation-induced dephasing during the HHG
dynamics. Through prior work links Afyyg to dephasing
effects [20], in our study the laser ellipticity is found to
mainly modify the electron paths while having a minimal
impact on excitation probability and thus the excitation-
induced dephasing (as shown in Fig. S10 [28]). The
dependence of Afypg on € here suggests the potential
contribution of a distinct new mechanism: the electron
dynamical trajectories play important roles on the NQE-
modulated HHG.

To explore the mechanism of NQEs on electron dynamical
trajectories in HHG, Fig. 3 shows the snapshot of the spatial
fluctuations of charge density distribution Ap at the field-
peaking time of laser pulse, induced by either zero-point
vibrations or classical thermal effects, respectively. The Ap,
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FIG. 2. Polar plots of normalized intensities for the Sth (a) and
7th (b) harmonic under ¢ = 0.3 laser with and without NQEs.
Orange dashed lines indicate the laser intensity profile, while gray
crosses denote experimental data from Ref. [19]. Rotation angle
Oyug for the 5th (c) and 7th (d) harmonic as functions of
ellipticity, comparing cases with and without NQEs. Gray crosses
show experimental data from Refs. [19,20], with solid lines
serving as guides to the eye. Rotation angle differences Afypg =

ORIRQE _ g%/ NOE o1 the 5th (e) and 7th (f) harmonic versus
ellipticity. Black dashed lines display fitting results from the

scattering model.

which we call CDR, is the charge density difference between
that with an ideal undistorted lattice and that with structural
distortions due to either zero-point vibrations (with NQEs) or
classical thermal fluctuations (without NQEs). As shown in
Figs. 3(a) and 3(b), within the classical framework, the CDR
snapshot displays an anisotropic distribution centered around
C nuclei equilibrium positions. This anisotropy originates
from instantaneous thermal fluctuations of graphene and
may average out in the long-time duration.

In contrast, zero-point vibrations introduce substantial
nuclear delocalization that dramatically reshapes both the
potential energy surface and electronic structure. These
quantum effects not only amplify charge fluctuations, but
also produce a more homogeneous, symmetric charge
distribution around C nuclei almost at each moment.
This NQE-driven transition in CDR is robust across various

wlo NQEs (300 K)

- = 1.0
a T T T T T T
(c) WOOK) :
| x3 : /\
KA j
5 & 1 2 3 4
v % % % w/ NQEs (300 Ky\
w/ NQEs (300 K) g < . :
ppEs O 4fs B S - a—
Ve 46— % o 5L ra
] 2
2
— M
Tk r(A)

X

FIG. 3. The snapshot of charge density ripples (the spatial
fluctuations of charge density distribution Ap) in graphene plane
at the field peaking time of laser pulse induced by (a) classical
thermal effects (w/o NQEs) and (b) NQEs. The green (yellow)
curve labels the electron trajectory in real space driven by laser
field with ellipticity e =0.7 (¢ =0.2). The black hexagon
outlines a carbon hexagonal ring. The charge density ripples
along the C-C bond direction [marked by solid gray line in (b)]
induced by (c) classical thermal effect (w/o NQEs) and
(d) NQEs. Black dashed lines mark carbon atom positions; solid
black lines denote Ap = 0. For comparison, the value of Ap
without NQE:s in (a) and (c) is multiplied by 3.0. (e) The charge
density ripples difference py = Ap™/NQE — ApW/oNQE The black
arrows schematize the effective polarization drived by charge
density ripples. The r. represnts average spatial length of the
effective polarization.

temperatures (Supplemental Material, Fig. S5 [28]) and is
clearly evident in the Ap profile along C-C bond directions
[Figs. 3(c) and 3(d)]. As shown in Fig. 3(e), the NQE-
mediated CDR reorganization—quantified by Ap differ-
ence, pg = ApV/NQE _ ApW/oNQE__acts as an effective
polarization Py that effectively eliminates the thermal
CDR anisotropy.

Compared to the classical case (without NQEs), similar
to the dynamic core polarization of solid HHG [42], the
NQE-modulated CDR alters electron dynamical trajecto-
ries and consequently affects HHG through the effective
polarization P.y. Within the real-space scattering frame-
work [16], solid-state HHG arises from nonlinear electron
scattering by the periodic lattice potential. For a laser
field F; (1) = Fysin(wt), the harmonics originate from
the time derivative of the induced current (d/dt)j(t),
which is governed by the charge-density-dependent
lattice potential V(r):(9/01)j(t) x =V >, Ve =) =
i kVel-k=(Fo/mo?)sin(@n]} Here k and V, represent
reciprocal lattice vectors and Fourier components of the
lattice potential, respectively. The electron trajectory
within a unit cell follows the laser electric field as
r(t) = —(Fy/mw?)sin(wt). Applying the Jacobi-Anger
expansion and considering the spatial inversion symmetry
of graphene, the N th-order harmonic current (N = 2n — 1)
in the classical regime (without NQEs) oscillates as
(0/00)jn (1) x >, kViJn(kFy/ma?) sin(Nwt), where Jy
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FIG. 4. The time oscillation of the 7th harmonic under € = 0.2 (a) and € = 0.7 (b) laser excitation, comparing cases with and without
NQEs. Corresponding oscillations from the scattering model with and without CDR-induced effective polarization are shown for
e =0.2 (c) and € = 0.7 (d) lasers. Gray solid lines indicate the laser field profile, while blue dashed and red dashed lines represent
harmonic phases without and with NQEs and effective polarization, respectively. Polar plots of normalized intensities of the 7th
harmonic for e = 0.2 (e) and &€ = 0.7 (f) laser, comparing cases with and without NQEs. Corresponding polar normalized intensities
from scattering model with and without CDR-induced polarization for e = 0.2 (g) and € = 0.7 (h) laser. Panels (a), (b), (e), (f) present
TDDFT calculations, while (c), (d), (g), (h) show scattering model results.

is the Bessel function of the first kind of order N
The corresponding HHG intensity is given by Iy =
Sk kVidy(kFo/ma?).

In the NQE regime, however, the effective polariza-
tion P.y acting on HHG can be treated as an additional
periodic potential with an average characteristic length r,
[Fig. 3(e)], expressed as Vi q(r) = Vpel=27r(0/r«)  The
modified current of the Nth harmonic trajectory becomes
Iysin(Nwt) — I'y sin(Nwt) where the additional term
I'y = Vp(2n/re)In(27Fy/remw?). For our system, the
HHG intensity modulation [’y induced by Py is quite
small compared to the 5th and 7th harmonics intensities
(Supplemental Material, Fig. S6 [28]), ie., I'y < Iy.
Thus, we can approximate (0/01)jy(t)oy[sin(Nwt)—
(I'y/Iy)sin(Nwt)|=Iy[sin(Nwt)—sinfysin(Nwt)], where
sinfiy & iy = (I'y/Iy) for (I'y/Iy) ~ 0. This expression
can be reformulated as (9/dt)jy(t) xIy[Ay+ Bysin(Not+
Agyng)), with Agyyg = (By/2) + (1/8), Ay=(V2—1)x
sin[Nwt—(x/4)] and By =2cos[(fy/2)+ (37/8)]. These
results demonstrate that the CDR modulated by zero-point
vibration of C introduces an additional phase shift Apyyg
in the HHG temporal oscillation. Since the polar plot
rotation angle Oy reflects the harmonic oscillation timing
[Oung « Nwt, Figs. 4(a), 4(b), 4(e), and 4(f)], the phase
shift Apypg directly corresponds to the observed angular
change Afypg. This mechanism fully explains the NQE-
induced rotation of polarization ellipse of HHG shown in
Figs. 2(a) and 2(b).

This scenario is further validated through direct com-
parison between TDDFT trajectories and the real-space
scattering model described above. Figures 4(a) and 4(b)
display the time oscillation of the 7th harmonic signal

under different laser ellipticity, comparing cases with and
without NQEs. The corresponding angular distribution of
harmonic polarization ellipse is shown in polar plots in
Figs. 4(e) and 4(f). Compared to the classical case, zero-
point vibrations introduce both a phase shift Agyyg in the
harmonic oscillation and a corresponding rotation Afypg
of the polarization ellipse. As ellipticity increases (from
e = 0.2t00.7), the magnitude of Apyyg (and consequently
AbBync) grows while its direction reverses. Remarkably, the
scattering model incorporating the effective polarization
successfully reproduces all key influences of NQEs on
HHG dynamics [Figs. 4(c), 4(d), 4(g), and 4(h)], achieving
quantitative reconstruction of both the magnitudes and
variation trends of A@yyg and AfGyyg-

This mechanism further explains the ellipticity depend-
ence of Afyyg. As ellipticity increases, electron dynamical
trajectories sample more regions of effective polarization
within the graphene lattice [Fig. 3(a)], thereby enhancing
the modulation of HHG dynamics and consequently
AOypg- On the other hand, the harmonic intensity [y
decreases with the increasing ellipticity, especially for & >
0.3 (as shown in Fig. S6 in Supplemental Material [28]).
Since the phase shift Agyyg o (I'y/Iy), reduction in Iy
gives more significant Agppg (ABupg) at larger e value.

Using the established relationship Apyyg o [I'y/Iy(€)]
where I'y = Vp(27/ry)In(2nFy/rema?) and Iy(e) is
derived from harmonic spectra, we fit the Afyyg versus
ellipticity € dependence [the black dash lines in Figs. 2(e)
and 2(f)] and estimate the average characteristic length
Fee ~ 1.6 A for P, showing good agreements with the
CDR difference results in Fig. 3(e). Given that r.. corre-
sponds to the spatial size of charge redistribution induced
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by zero-point vibration, these results imply that HHG
spectroscopy can be a direct probe for the characteristic
length of charge fluctuations induced by NQE:s.

Given the universality of zero-point vibrations, we
extended our study to various materials. We consistently
found that NQEs significantly modify HHG spectra and
polarization (Fig. S7 [28]), demonstrating their broad
applicability. More profoundly, NQEs can further alter
HHG selection rules and polarization outcomes under
circular excitation (Fig. S12 [28]), suggesting their role
in generating diverse and tunable HHG phenomena.

In conclusion, solid-state HHG has emerged as a prom-
ising platform for exploring NQEs such as zero-point
vibration in attosecond processes. This includes how
NQEs affect the HHG trajectory by modulating the CDR
and providing an effective polarization. These vital and
fundamental quantum effects, in turn, shift the oscillation
phase of HHG and thus introduce novel properties and
measurable signatures in the emission features of harmonics,
including the selection rules, emission symmetry, and
rotation angle of the harmonic polarization ellipse, which
are well observed in recent experiments [19,20]. Investiga-
tions into these features enable the direct probing of NQE-
induced charge fluctuations, thereby providing insights into
the future of attosecond quantum science.
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