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Layered van der Waals ferroelectrics are conventionally switched by sliding the different layers between
stacking orders with opposing electric polarizations. Ultrashort laser pulses have been proposed to launch
shear modes and induce switching, with often unfeasible large pulse energies, however. Here, we
demonstrate switching of ferroelectricity in bilayer hexagonal boron nitride through nonlinearly excited
phonons. We show that the efficiencies of conventional coherent phonon excitation mechanisms, including
infrared absorption and Raman scattering techniques, are too low to overcome the energy barrier separating
the two ferroelectric states. We demonstrate instead that excitation of high-frequency intralayer modes
leads to a tilting of the interlayer potential-energy landscape that enables changing the stacking order. Our
results provide an avenue toward efficient phononic slidetronics, enabling ultrafast control of the stacking
order in van der Waals materials.
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Ultrafast control of ferroelectricity promises applications
in advanced data processing devices operating on femto-
and picosecond timescales. Recent advances have focused
on the manipulation of the crystal structure itself through
coherent and nonlinear excitation of lattice vibrations
(phonons) with ultrashort laser pulses, which achieved
transient switching [1–6] and inducing [7–10] of ferro-
electricity. A major challenge in bulk ferroelectric materials
is posed by the electric depolarizing field that prevents
permanent reversal of the ferroelectric polarization in these
excitation protocols [2,11,12]. Layered van der Waals
ferroelectrics, in contrast, may circumvent this problem
due to the reduced dimensionality of bi- and multilayer
systems [13,14].
Layered van der Waals ferroelectrics can be switched by

changing the stacking configuration when sliding the
different layers with respect to each other, which has lead
to the emergent field of sliding ferroelectricity [15–21].
From a phononic perspective, the sliding motion can be
expressed in terms of low-frequency shear modes that can
be launched with ultrashort laser pulses [22–25]. Recent
theoretical studies have since suggested that these light-
driven shear-mode dynamics could be utilized to switch the
stacking order and thus ferroelectric polarization in various

van der Waals materials [25–30]. A major challenge is
posed by the weak light-matter couplings that make
ferroelectric switching unfeasible with experimentally
achievable pulse energies.
Here, we demonstrate switching of ferroelectric polari-

zation in bilayer hexagonal boron nitride (h-BN) through
nonlinearly driven phonons. Using a combination of first-
principles calculations and phenomenological modeling,
we show that all common mechanisms of coherent phonon
excitation for large band-gap semiconductors and insula-
tors, including infrared absorption (IRA), ionic Raman
scattering (IRS) [31,32], impulsive stimulated Raman
scattering (ISRS) [33], and terahertz sum-frequency exci-
tation (THz SFE) [34,35], do not yield sufficiently large
shear-mode amplitudes to overcome the energy barrier
between the stacking orders. We then in contrast show how
coherently excited intralayer modes tilt the interlayer
potential-energy landscape and enable switching for exper-
imentally achievable pulse energies. This involves a
dynamical modification of the shear modes potential
beyond conventional phononic rectification [32,36–38].
Our calculations show that nonlinear phononic slidetronics
provides efficient and ultrafast control over the stacking
order in van der Waals materials.
Properties of h-BN—We begin by calculating the proper-

ties of h-BN from first principles using density functional
theory. We computed phonon eigenfrequencies, eigenvec-
tors, Raman tensors, and nonlinear phonon couplings. We
obtain a large band gap of 6.3 eV, consistent with previous
calculations [39,40] and suitable for phonon driving using
strong pulses. We find the eigenfrequency of the doubly
degenerate shear mode with E symmetry to be Ωs=ð2πÞ ¼
0.94 THz. For the full list of phonon modes and comp-
utational details, see Supplemental Material [41] and

*Contact author: p.rani@tue.nl
†Contact author: dominik.juraschek@unifr.ch

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW LETTERS 137, 196901 (2026)

0031-9007=26=137(19)=196901(8) 196901-1 Published by the American Physical Society

https://orcid.org/0009-0002-0725-3468
https://orcid.org/0000-0002-7210-8411
https://ror.org/02c2kyt77
https://ror.org/04mhzgx49
https://crossmark.crossref.org/dialog/?doi=10.1103/5kfl-11m1&domain=pdf&date_stamp=2026-11-02
https://doi.org/10.1103/5kfl-11m1
https://doi.org/10.1103/5kfl-11m1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


references therein [42–48]. We show the calculated poten-
tial energy landscape formed by the two orthogonal shear-
mode components, Qs;a and Qs;b, in Fig. 1(a). The minima
correspond to AB and BA stacking orders with opposing
ferroelectric polarizations, illustrated in Fig. 1(b). There,
we show the double-well potential corresponding to the
dashed linecut in (a).
The goal of this Letter is to find an efficient mechanism

that allows us to switch between the two stacking orders by
the means of shear-mode excitation. We investigate two key
aspects of the shear-mode dynamics: first, we compare the
efficiency of different coherent excitation mechanisms for
the shear mode while remaining within one stacking order.
Second, we demonstrate switching along the pathway
represented by the dotted white line in Fig. 1(a) by
considering the full double-well potential.
Shear-mode excitation mechanisms—We consider four

prominent excitation mechanisms for the shear modes,
IRA, IRS, ISRS, and THz SFE in the AB-stacked ferro-
electric phase (dashed yellow circle) in Fig 1. We do not
consider above-band-gap excitation mechanisms such as
displacive excitation of coherent phonons (DECP) that
would require ultraviolet pulses and lead to additional
electronic dissipative effects [28,30,49]. The coherent
phonon dynamics can be described by semiclassical equa-
tions of motion, for which we compute the parameters from
first principles [32,35,36,50],

Q̈s þ κQ̇s þΩ2Qs þ FðtÞ ¼ 0: ð1Þ

Here, Qs ¼ ðQs;a; Qs;b; 0Þ contains the amplitudes of the
two orthogonal components of the shear mode. We set the
damping to κs ¼ 0.1 ×Ωs=ð2πÞ for the shear mode,

in agreement with typical shear-mode dampings found
in h-BN [51]. FðtÞ ¼ −∇QV int is the driving force that
is given by the interaction potential V int, containing
both light-matter and nonlinear phonon couplings. We
model the laser pulse with Eðt;ϕ; θÞ ¼ Ẽ0 exp ½−t2=ð2ðτ=ffiffiffiffiffiffiffiffiffiffiffi
8 ln 2

p Þ2Þ�½cosðω0tÞ cosðθÞ; cosðω0tþ ϕÞ sinðθÞ; 0�, where
Ẽ0 ¼ 2E0=ð1þ ffiffiffiffiffiffiffi

ϵ2D
p Þ is the reduced electric field of the

pulse, accounting for electronic screening in the material
from the in-plane dielectric function, which we compute to
be ϵ2D ¼ 4.77, consistent with literature values [52–54]. τ
is the full width at half maximum pulse duration and ω0 is
the center frequency. ϕ and θ control the polarization state
and orientation of the pulse and their respective values for
the different mechanisms are provided in Supplemental
Material [41]. We list E0, τ, and ω0 to be used for the four
mechanisms in Table I. We chose parameters for a strong,
yet experimentally achievable pulse for IRA as a reference
and adjust pulse duration and peak electric field for the
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FIG. 1. Phononic sliding in hexagonal boron nitride. (a) Potential energy landscape as a function of shear-mode amplitude. The sixfold
rotationally symmetric minima correspond to AB and BA stacking orders with opposing out-of-plane ferroelectric polarizations, PFE, the
local maxima correspond to AA stacking (paraelectric phase), and SP is a saddle point with in-plane polarization). The white dashed line
corresponds to the double-well potential shown in (b). Double-well potential of the ferroelectric AB and BA stacking orders. In AB
stacking, nitrogen atoms from the upper layer are centered over the hexagonal ring, whereas boron atoms from the upper layer are
located over nitrogen atoms from the lower layer—vice versa for BA stacking. The red dots are calculated data and the blue line is a fit.
Gray arrows denote motion of the layers along the shear mode.

TABLE I. Parameters for the comparison of the shear-mode
excitation mechanisms. ω0 is the center frequency, τ the full
width at half maximum duration, and E0 the peak electric field of
the laser pulse. The pulse energy ∝ E2

0τ is constant in all cases.
jQsj denotes the maximum shear-mode amplitude. For IRS and
ISRS, two pulses are used each.

Mechanisms IRA IRS ISRS THz SFE

ω0=ð2πÞðTHzÞ 1 40.5 374 0.5
τ (ps) 1 0.05 0.05 2
E0ðMV=cmÞ 12.7 40.2 40.2 9
jQsjðpm

ffiffiffi
u

p Þ 11 8 0.09 0.04
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other mechanisms so that the total pulse energy ∝ E2
0τ

remains constant.
The first mechanism we investigate is IRA, which is

described by the direct coupling of the electric dipole
moment of the phonon mode to the electric field of light,
V int ¼ Qs;a=bZ · EðtÞ. Here, Z ¼ P

α Z
�
αqs;α=

ffiffiffiffiffiffiffi
Mα

p
is the

mode effective charge vector, where Z� is the Born effective
charge tensor, qs;α is the phonon eigenvector, and Mα the
atomic mass of atom α in the unit cell. The atomic
displacements along the phonon eigenvectors of the shear
modes are shown in Fig. 2(e). This mechanism requires
resonant excitation of the phonon mode, ω0 ¼ Ωs, and
corresponds to a one photon absorption process by the
phonon, illustrated in Fig. 2(a). In semiconductors and
insulators, IRA is generally the most efficient mechanism
to induce coherent phonon oscillations with large ampli-
tudes, leading to the field of nonlinear phononics within the
past decade [31,32,55]. While in bulk oxides, jZj ∼ 1e=

ffiffiffi
u

p
[38,56,57], where e is the elementary charge and u the
atomic mass unit, we find the mode effective charge of
the shear modes in h-BN to be only jZsj ¼ 0.002e=

ffiffiffi
u

p
. The

dynamics according to Eq. (1) yield a maximum phonon
amplitude of jQsj ¼ 11 pm

ffiffiffi
u

p
, which we show in Fig. 2(a).

This weak light-matter coupling explains why giant pulse
energies were needed to predict switching of a van der Waals
ferroelectric with infrared absorption in a previous
study [27].
The second mechanism we investigate is IRS. Because

of the lack of inversion symmetry, the shear modes are both

infrared and Raman active. In IRS, the laser pulse first
excites high-frequency intralayer phonon modes through
infrared absorption that then couple to the shear modes
through nonlinear phonon interactions [31,32,58]. At the
same time, the phonon excitation leads to rectification of
the coupled phonon mode, also called phononic rectifica-
tion, see Fig. 2(b). In bulk ferroelectrics, phononic
rectification has been previously used to transiently switch
ferroelectricity [1,3,11,12,58]. The interaction potential
is given by V intðtÞ ¼ 2cnQn;xQn;yQs;a þ cnðQ2

n;x−
Q2

n;yÞQs;b þQn;x=yZn ·EðtÞ, where Qn ¼ ðQn;x; Qn;y; 0Þ
is the amplitude vector of a high-frequency intralayer
mode, n, Zn is its mode effective charge vector, and cn
is the nonlinear phonon coupling. The calculated eigen-
frequencies of the two high-frequency E modes are
Ω1=ð2πÞ ¼ 40.45 THz and Ω2=ð2πÞ ¼ 40.5 THz and the
corresponding atomic displacements are shown in Fig. 2(e).
We find the mode effective charges to be jZ1j ¼ 1.4e=

ffiffiffi
u

p
and jZ2j ¼ 0.7e=

ffiffiffi
u

p
, as well as the nonlinear phonon

couplings to be c1 ¼ 0.93 meV=ðÅ ffiffiffi
u

p Þ3 and c2 ¼
5.3 meV=ðÅ ffiffiffi

u
p Þ3, respectively. The damping for high-

frequency mode we took is κn ¼ 0.02 ×Ωn=ð2πÞ which is
in good agreement with the literature [59–61]. To evaluate
the phonon dynamics, Eq. (1) is expanded to include
equations of motion for the high-frequency phonon modes,
see Supplemental Material for details [41]. In order to
achieve circular excitation, two linearly polarized laser
pulses have to be applied with a time delay of Δt ¼
1=ð4ΩsÞ and a relative angle of θ ¼ 45°. Both pulses are

(a) (c) (d)(b) (e)

FIG. 2. Shear-mode excitation mechanisms for circular polarization in AB stacking. Energy diagrams (top row) depict the scattering
processes, where red pulses indicate incoming and outgoing photons and dashed lines mark intermediate electronic jei and phononic
jphi states in the Raman-type processes. We plot the time evolutions of the amplitudes of the two orthogonal shear-mode components
following the excitation for a time window up to 3 ps. (a) Infrared absorption (IRA), (b) ionic Raman scattering (IRS), (c) impulsive
stimulated Raman scattering (ISRS), and (d) terahertz sum-frequency excitation (THz SFE). (e) Visualization of eigenvectors of the
0.9 THz interlayer shear mode (Qs), as well as the 40.45 THz (Q1) and 40.5 THz (Q2) intralayer modes in AB stacking. The intralayer
modes exhibit similar displacement patterns in terms of direction, however, differing magnitudes of relative displacement in the two
layers that interchange between AB and BA stacking.
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tuned to resonance with the high-frequency phonon modes,
ω0=ð2πÞ ¼ 40.5 THz. We show the dynamics in Fig. 2(b).
The shear-mode amplitude generated by IRS reaches
jQsj ¼ 8 pm

ffiffiffi
u

p
, which is slightly smaller than that arising

from infrared absorption. The weak response is a result of
the small cubic-order nonlinear phonon couplings. These
factors are the reason why giant pulse energies were needed
to predict switching of a van derWaals ferroelectric through
conventional nonlinear phononics in a previous study [26].
The third and fourth mechanisms we investigate are

ISRS and THz SFE, which are described by the same
fundamental coupling term. In ISRS, the difference fre-
quency of two photons from the laser pulse is resonant with
the shear mode, as illustrated in Fig. 2(c) [33], while in THz
SFE, two photons from the ultrashort laser pulse are
absorbed by a phonon, as illustrated in Fig. 2(d)
[34,35,62–69]. The interaction potential for both mecha-
nisms is given by V intðtÞ ¼ 2Rϵ0ExEyQs;a þ Rϵ0ðE2

x−
E2
yÞQs;b, where R is the single independent component

of the Raman tensor. Our calculations yield Rð1.55 eVÞ ¼
0.09 Å2 ffiffiffi

u
p

and Rð0.47 eVÞ ¼ 0.04 Å2 ffiffiffi
u

p
, see Supple-

mental Material for the full frequency dependence and
symmetry [41]. As in IRS, in order to achieve circular
excitation for ISRS, two linearly polarized pulses have to
be applied with a time delay ofΔt ¼ 1=ð4ΩsÞ and a relative
angle of θ ¼ 135°. For THz SFE in turn, a circularly
polarized pulse is used. We show the shear-mode dynamics
in Figs. 2(c) and 2(d). The maximum amplitude reaches
jQsj ¼ 0.09 pm

ffiffiffi
u

p
for ISRS and 0.04 pm

ffiffiffi
u

p
for THz

SFE. The amplitude for both mechanisms are much smaller
than those of IRA and IRS, because of the particularly
small values of the Raman tensor (three orders of magni-
tude smaller than that of diamond [35]). We further
investigated infrared resonant Raman scattering [70], which
we found to yield an even smaller amplitude however, see
Supplemental Material [41].
The calculations were performed for circular excitations

of the shear modes in order to not be biased toward any
particular direction in Fig. 1(a). Full directional control
through the phase of the shear modes is illustrated in
Fig. S11 in Supplemental Material [41]. Our simulations
yield shear-mode amplitudes of up to 11 pm

ffiffiffi
u

p
for IRA

and 8 pm
ffiffiffi
u

p
for IRS, whereas the other mechanisms yield

much smaller amplitudes. It shall be noted that the phonon
amplitude generated by IRA scales linearly with the electric
field, whereas all Raman-type mechanisms scale quadrati-
cally, possibly leading to larger amplitudes as the pulse
energy increases. To overcome the energy barrier however,
an amplitude of at least 2.58 Å

ffiffiffi
u

p
is required. We therefore

evaluated the critical pulse energies at which the different
mechanisms would lead to ferroelectric switching, see
Supplemental Material [41]. All four mechanisms require
unfeasibly strong pulses, making switching based on
conventional coherent excitation impractical. We therefore
investigate an alternative approach that efficiently reduces

the switching threshold, by explicitly taking into account
the time-dependent double-well potential of the shear
modes upon strong driving of the high-frequency intralayer
modes.
Ferroelectric switching with nonlinear phononic

slidetronics—The shear modes are launched along the path
indicated in Fig. 1(a), parametrized by the generalized
shear-mode coordinate Q̃, to transition between AB and BA
stacking orders. The potential energy of the double well can
be written as Ṽ ¼ αQ̃2 þ βQ̃4 þ γQ̃6 þ δQ̃8. The equation
of motion for Q̃ accordingly becomes

̈Q̃þ κ ˙̃Qþ ∂Ṽ

∂Q̃
¼ 0: ð2Þ

In Fig. 3(a), we show calculations for the tilting of the
potential-energy landscape of the shear modes upon dis-
placing the Emode at 40.5 THz,Q2, leading to a dynamical
lifting of the degeneracy of the energy minima of AB and

FIG. 3. Ferroelectric switching with nonlinear phononic slide-
tronics. (a) Tilting of the double-well potential, ṼðQ̃Þ, when the
40.5 THz intralayer E mode, Qn, is displaced from −0.8 to
0.8 Å

ffiffiffi
u

p
. Left, displacement of Qn in AB stacking, and right, in

BA stacking. The dotted black curve is the average of Ṽ obtained
from tiltings due to the positive (blue curves) and negative (red
curves) amplitudes of the 40.5 THz mode. (b) Time evolution of
shear-mode amplitude, Q̃, following the excitation of the
40.5 THz mode. The red curve shows rectified coherent oscil-
lations of the shear mode in AB stacking for a pulse energy below
the switching threshold (E0 ¼ 17.5 MV=cm). The green curve
shows the shear-mode amplitude overcoming the barrier
and switching from AB to BA stacking after the excitation with
a pulse energy above the switching threshold (E0 ¼
20.35 MV=cm).The second laser pulse after 135 ps switches
the system back to AB stacking.
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BA stacking orders. While the potential will tilt back and
forth at high frequency for positive and negative amplitudes
ofQ2, the dynamical average hQ̃i shows a net tilting (black
dotted curve). The Emode at 40.45 THz only leads to weak
modulations and is therefore neglected, see Fig. S10 in
Supplemental Material [41]. As a result of the tilting, the
double-well potential gains contributions with odd powers
in Q̃, and we can model the coefficients of Ṽ as time-
dependent functionals of the 40.5 THz E-mode amplitude,
Ṽ½Q2ðtÞ�, as

Ṽ½Q2� ¼
X8

m¼0

σmðam þ bmQ2 þ cmQ2
2ÞQ̃m; ð3Þ

where σ ¼ �1 for AB and BA stacking, respectively. The
coefficients are obtained by a least-mean-squares fit of
Eq. (3) to the calculated potential-energy surface. For
details, see Supplemental Material [41]. Because Q̃ refers
to the coordinate of the entire double-well potential, these
odd powers go beyond conventional ionic Raman scattering
that describes coupling to the shear displacement within the
same stacking geometry.
In Fig. 3(b), we show the temporal evolution of the

generalized shear-mode coordinate following the excita-
tion. The 40.5 THz mode starts ringing and dynamically
tilts the double-well potential. We find the switching
threshold to be reached when the 40.5 THz mode is excited
using a laser pulse with a peak electric field of E0 ¼
20.35 MV=cm and a pulse duration of τ ¼ 0.5 ps, which is
shorter than the polarization switching time of about
2.5 ps. The orientation of the pulse is described by
ϕ ¼ Δt ¼ θ ¼ 0. These specifications lie well within
experimentally achievable pulse strengths [71,72]. The
generalized shear-mode coordinate crosses the energy
barrier starting from AB stacking and then relaxes into
the BA stacking configuration, reversing the ferroelectric
polarization in the process. An excitation in the BA
stacking configuration with a second pulse reciprocally
switches back to AB stacking. For an excitation with a
pulse energy below the switching threshold, here
E ¼ 17.5 MV=cm, the shear mode simply gets coherently
excited and relaxes back into the original stacking
configuration.
Discussion—Our results demonstrate that ferroelectricity

in bilayer h-BN can be efficiently switched by tilting the
interlayer shear-mode potential through high-frequency
intralayer phonon excitation. The pulse strengths required
to overcome the energy barrier between stacking orders are
readily achievable with state-of-the-art tabletop pump-
probe setups and the reversal of ferroelectric polarization
can be measured with terahertz pump-second harmonic
generation probe measurements. The mechanism we
describe is generally applicable to bi- and multilayer van
der Waals materials, such as transition metal di- and

trichalcogenides (e.g., WTe2;CrI3) or transition metal
phosphorus trichalcogenides (e.g., MnPSe3;VPS3), ena-
bling light-induced control of stacking order that can be
extended to other electronic orders, including magnetism
and topology [22,73–76].
We note that the switching threshold is sensitive to the

damping of the shear modes that allows them to determin-
istically relax into one of the energy minima and therefore
stacking configuration. Phonon damping in van der Waals
materials can be strongly influenced by sample quality and
even isotopic purity [60,61]. For large damping and short
phonon lifetimes, the pulse energy to reach the switching
threshold increases. In turn, for small damping and long
phonon lifetimes, the shear mode can oscillate back and
forth between the two stacking orders which requires fine
tuning of the pulse strength. We show corresponding
simulations in Supplemental Material [41]. We use
shear-mode dampings matching those found in experiment
[51], however, these strictly only apply to displacements of
the shear-mode coordinate around the equilibrium position.
Not captured by our model are explicit couplings of the
shear modes to the acoustic branches [38,77], which may
be modified out of equilibrium and lead to modifications of
the damping during the dynamics. A more comprehensive
treatment therefore will need to take into account ampli-
tude- and time-dependent damping modulations in the
future.
Our results demonstrate nonlinear phononic slidetronics

as a viable avenue for changing the stacking order and
therefore structural and electronically ordered phases of van
der Waals materials. This mechanism could serve as a base
for highly efficient all-optically controlled low-dimensional
ferroelectric memory devices in the future.
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