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Light-induced sliding ferroelectricity in two-dimensional van der Waals materials enables polar-
ization control via relative layer motion. However, polarization switching occurs on the time scale of
shear modes (tens of ps) and requires very large fluences, potentially damaging the samples. Here,
using constrained density functional theory and many-body real-time simulations, we demonstrate
an ultrafast electronic reversal of the total out-of-plane polarization sign in the photoexcited state,
without requiring interlayer sliding, in rhombohedrally stacked transition-metal dichalcogenide bi-
layers. The polarization changes sign relative to its initial ground-state value at moderate fluences
and within ~ 200 fs, about 50 times faster than the typical shear-mode period. The ultrafast switch-
ing is driven by a rearrangement of localized dipoles around the tungsten sites and can be probed by
phase sensitive transient second harmonic generation measurements. We establish a novel general
mechanism for electronic control of low-dimensional ferroelectrics common to all polar multilayers
having type II band alignment. Our work has direct implications for ultrahigh-speed volatile optical

memory operating on sub-ps time scales.

Ferroelectric materials, whose spontaneous polariza-
tion can be reversed by external fields, are promis-
ing platforms for next-generation memory and electronic
technologies [1-3]. While conventional bulk ferroelectrics
enable robust polarization control, their integration into
nanoscale devices is hindered by strong depolarization
fields at reduced thickness [4, 5]. Moreover, polarization
switching relies on slow ionic and domain-wall motion,
fundamentally limiting the achievable switching speed
[1, 6, 7]. As modern electronics increasingly demand ul-
trathin, fast-switching components, there is a growing
need for alternative ferroelectric mechanisms that oper-
ate efficiently in the few-layer regime.

Two-dimensional van der Waals ferroelectrics have re-
cently emerged as a possible solution, as they can sus-
tain switchable polarization down to the monolayer limit
[8-10]. Among these systems, sliding ferroelectrics have
attracted significant interest [11-13]. In these materials,
out-of-plane polarization arises from symmetry breaking
in specific stacking orders and can be tuned by in-plane
sliding, as illustrated in Fig. 1(a). This behavior has been
experimentally observed in 1T-WTey [14], h-BN [15, 16],
and 3R-stacked TMD bilayers [17-19], and shows poten-
tial for applications in non-volatile memory [20-23], fer-
roelectric tunnel junctions (FTJs) [24, 25], and neuro-
morphic computing [22, 26].

Optical excitation is widely used to manipulate elec-
tronic structure and lattice degrees of freedom in 2D van
der Waals materials [27]. Recent studies [28-30] have
shown that ultrafast laser pulses can tune the polariza-
tion of sliding ferroelectrics, but only at very large pho-
toexcited carrier densities and through structural distor-
tions, with switching on phonon time scales (~10 ps)
[29, 31, 32]. However, achieving such large photocarrier
densities requires high fluences, which can generate sub-
stantial heat in the systems. Thus, it would be highly
desirable to achieve optical switching at lower fluences

and on time scales comparable to photocarrier relaxation,
i.e., a few hundred femtoseconds. Establishing an ultra-
fast and electronically driven switching pathway would
enable volatile optical memory architectures, with light-
controlled operation at speeds not achievable with struc-
turally driven ferroelectric mechanisms.

Motivated by these questions, in this Letter we investi-
gate the light-induced polarization dynamics of rhombo-
hedrally stacked bilayer transition-metal dichalcogenides
(TMDs). By using constrained density-functional the-
ory (cDFT) [33] to assess how the photoexcited car-
rier density affects the ferroelectric (FE) polarization,
we find that WSe, exhibits the lowest switching thresh-
old: the total polarization changes sign at a moderate
carrier density of 0.1 e~ /u.c., well below that required
to activate shear phonon modes (> 0.3 e~ /u.c.). Using
many-body real-time simulations of photocarrier relax-
ation [34], we show that once this threshold is exceeded,
the total polarization changes sign relative to its initial
ground-state value in about 200 fs, a timescale ~ 50 times
shorter than the sliding-induced structural response on
the ps scale. Combining polarized band analysis with
time-dependent charge redistribution, we find that this
sign reversal is driven by interlayer charge transfer, as
schematically shown in Fig. 1b. Because this mechanism
is driven by photoexcited charge redistribution rather
than a structural transition, it corresponds to a tran-
sient reversal of the total polarization in the photoex-
cited state, rather than permanent switching between
ferroelectric states induced by interlayer sliding (shown
schematically in Fig.la). The reversed polarization is
therefore expected to persist only while the nonequilib-
rium carrier imbalance survives and to recover its initial
value after carrier recombination. These results identify
a microscopic mechanism for ultrafast electronic control
of 2D ferroelectrics and point to their potential use in
volatile, high-speed optoelectronic memory devices. Fur-
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ther technical details, including explanations on how to
detect the polarization inversion in the transient state,
are provided in the Supplemental Material (SM) [35].
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FIG. 1. a. Schematic illustration of sliding ferroelectricity in
rhombohedrally stacked bilayers. Here, M and X denote the
transition-metal and chalcogen atomic planes, respectively.
The R(MX) stacking (left) and R(XM) stacking (right) corre-
spond to opposite out-of-plane polarization directions. Polar-
ization reversal is achieved by optically induced in-plane slid-
ing of one layer relative to the other, on time scales typical of
shear modes. b. Electronically driven polarization switching
induced by ultrafast optical charge transfer from the bottom
layer to the top one. This mechanism does not require atomic
motion and occurs on the fs time scale at much lower fluences
than sliding ferroelectric switching. c. Polarization as a func-
tion of photoexcited carrier density npn for MoS2 (blue), WS2
(orange), MoSez (green), and WSez (red). The dashed line
indicates the onset carrier density of the phonon instability
leading to structural distortion in WS2, MoSez, and WSes.
d. Structural (blue) and electronic (green) contributions to
the WSe2 polarization as a function of photoexcited carrier
density.

We begin by quantifying how the out-of-plane polariza-
tion of rhombohedrally stacked TMD bilayers responds
to ultrafast light excitation. Using cDFT (see SM for
additional technical details [35]), we compute the po-
larization as a function of the photoexcited carrier den-
sity npn. In this approach, two independent Fermi lev-
els are imposed for electrons and holes to describe the
quasi-equilibrium thermalized electron-hole plasma after
carrier thermalization and before electron-hole recombi-
nation. This justifies the use of ¢cDFT to analyze the
carrier-density dependence of the polarization, while the
relaxation timescale is established independently by the
real-time simulations.

The results of our calculations are displayed in Fig. 1c.
For all four materials, the polarization magnitude de-
creases sharply and crosses zero within 0.05-0.2 e~ /u.c.,
showing that moderate photoexcitation is sufficient to

overcome the initial intrinsic polarization. MoSs alone
displays a nonmonotonic behavior, in which the polar-
ization becomes positive and then returns to negative
at higher carrier densities. This behavior arises from
its distinct band alignment (see SM section II [35]) and
was reported previously. Among the four systems, WSe,
exhibits the lowest switching threshold, with polariza-
tion reversal already below 0.1 e~ /u.c. Importantly, this
sign reversal occurs below the onset of the phonon-driven
structural instability marked by the dashed line in Fig. 1c
(see Fig. S4 in the SM [35]), showing that the switching
sets in while the lattice remains dynamically stable. We
therefore use WSes as the model material for further de-
tailed analysis.

To identify the origin of this reversal, Fig. 1d decom-
poses the polarization of WSes into structural and elec-
tronic contributions. Let R(npn) denote the lattice ge-
ometry relaxed in the presence of a photoexcited carrier
density npn. The total polarization can then be writ-
ten as Piot(npn) = P(npn, R(npn)). To isolate the ef-
fect of lattice relaxation alone, we evaluate the polar-
ization on the same relaxed geometry after removing
the photoexcited carriers, Puruct(nph) = P(0, R(npn)).
This quantity measures the change in polarization aris-
ing solely from the photoinduced lattice distortion and
varies by less than 0.2 pC/m (blue line). The remain-
ing part, Pe(nph) = Piot (Mph) — Pstruct (Mph), defines the
electronic contribution, which increases by more than 1
pC/m (green line) and dominates the sign reversal. This
shows that the observed sign reversal is driven primarily
by the redistribution of photoexcited carriers rather than
by photoinduced lattice relaxation.

Notably, the structural and electronic contributions
have opposite signs, indicating that lattice relaxation
induces a dipole that partially counteracts the light-
induced electronic dipole. The dominance of the elec-
tronic contribution shows that the polarization rever-
sal originates from photoinduced charge redistribution
rather than structural distortions. We stress that the
structural contribution discussed here does not corre-
spond to switching between the two stacking configura-
tions shown in Fig. la; rather, it reflects a sub-ps struc-
tural photoinduced relaxation without symmetry break-
ing.

At very high photocarrier densities, a different mech-
anism emerges, namely, the system becomes structurally
unstable, forming two lattice-distorted phases with op-
posite polarizations, as reported previously [29]. For
all considered selenides and for WS,, the structural in-
stability occurs around 0.3 e~ /u.c., as indicated by the
black dashed line in Fig. 1c, while for MoSs it occurs at
much higher fluences, namely near 0.9 e~ /u.c (see SM
Fig. S4 [35]). These structural transitions occur only at
much larger excitation densities than those required for
the electronically driven polarization inversion discussed
here.



To understand the microscopic mechanism of the po-
larization switch, we analyze the layer-resolved electronic
structure in Fig. 2, where the Kohn—Sham states are pro-
jected onto atoms in the top (red) and bottom (blue)
layers (the electronic structure of the other bilayers is
reported in the SM Fig. S1 [35]). The same stacking-
induced breaking of mirror symmetry that produces the
intrinsic polarization also fixes the layer character of
the band-edge states. Both the Q wvalley in the con-
duction band and the valence-band maximum at I' ex-
hibit clear layer splitting that localizes the band edges
on opposite layers (effective type II alignment [36]): the
higher-energy valence branch is localized on the top layer,
whereas the lower-energy conduction branch resides on
the bottom layer. As a result, photoexcitation gener-
ates more holes in the top layer and more electrons in
the bottom layer, producing an interlayer charge-transfer
dipole. Since the layer character of the band-edge states
is fixed by the stacking configuration, the direction of
this induced dipole always opposes the intrinsic polar-
ization rather than favoring a particular absolute coor-
dinate direction. With increasing photoexcited carrier
density, this charge redistribution strengthens and even-
tually overcomes the intrinsic dipole, providing a micro-
scopic explanation for the electronic polarization reversal
observed in Fig. 1c.

Specifically, the switching threshold is governed by the
relative energies of the K and Q valleys in the conduction
band. WSey has the lowest Q-valley minimum among
the materials studied, consistent with the stronger metal-
chalcogen hybridization of the Q-valley states (with dom-
inant in-plane d,,/d,2_,2> and chalcogen-p character, see
SM [35]), and therefore allows photoexcited electrons to
relax efficiently into these strongly layer-polarized states,
yielding the smallest switching density. In contrast,
MoS; has a much higher-energy Q valley, consistent with
weaker metal-chalcogen hybridization, so electrons pre-
dominantly relax toward the nearly layer-symmetric K
valley, whose conduction states are mainly d,2-like. At
higher excitation densities, once holes populate valence
states on both layers, this imbalance is reduced, and the
total polarization decreases again, consistent with the
trend in Fig. lc.

Importantly, this mechanism does not require selec-
tive optical excitation of the Q valley, but rather relax-
ation of the photoexcited carrier distribution toward the
relevant layer-polarized band-edge states. In the carrier-
density regime relevant here, strong free-carrier screening
supports a hot electron-hole plasma picture, so excitonic
effects are not expected to qualitatively alter this relax-
ation pathway. The electronically driven polarization re-
versal is therefore governed primarily by the relaxation
of the excited carriers toward these band-edge states.

While the ¢cDFT calculations identify the carrier densi-
ties required for electronic polarization reversal, they do
not provide access to the nonequilibrium evolution of the
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FIG. 2. Band structure of WSes projected on atoms in the
top (red) and bottom (blue) layers in the ground state. The
dashed lines show the two Fermi levels in ¢cDFT calculation,
for a given photoexcited carrier density npn=0.3 ¢~ /u.c.

photoexcited state or the associated time scales. To re-
solve the real-time polarization dynamics, we employ the
many-body approach developed in Ref.[34] to simulate
the carrier dynamics induced by a quasi-monochromatic
laser pulse of energy 2.3 eV and 30 fs duration, includ-
ing explicit carrier-carrier and carrier-phonon scattering
(see Section I of SM for further details [35]). The opti-
cal pulse generates a photoexcited carrier density of 0.16
e~ /u.c. This density lies within the regime where cDFT
predicts electronic polarization inversion and corresponds
to a fluence of 1 mJ/em?, well below reported ablation
thresholds in related TMD materials [37, 38]

After the pulse, the excited carriers thermalize into a
double Fermi—Dirac distribution, and we evaluate the po-
larization at successive time steps using the charge dis-
tributions obtained during this process. To assess the
role of lattice dynamics on this timescale, we addition-
ally included the coherent nuclear motion driven by the
photoexcited carriers for np, = 0.16 e~ /u.c., where no
dynamical instability is present (see Fig. S4 in the SM
[35]). The dominant photoinduced displacements are as-
sociated with fully symmetric Raman-active A; modes.
A full discussion of the photoinduced coherent nuclear
motion is reported in the SM [35].

The resulting real-time dynamics of the out-of-plane
polarization is displayed in Fig.3. This result con-
firms the electronic sign reversal of the total polariza-
tion identified in Fig. lc. Specifically, the total po-
larization crosses zero at ~220 fs. This time scale
is much shorter than structural responses associated
with phonon-mediated interlayer sliding (=~ 10 ps) [29].
Electron-phonon coupling and the associated coherent
A7 modes mainly modulate the subsequent evolution of
the polarization, but do not remove the sign reversal, as
shown in the inset.



After the sign change, the polarization gradually re-
laxes to ~0.12 pC/m by 1 ps, in good agreement with
the ¢cDFT results. As shown in Fig. S2 in the SM [35],
the structural contribution remains subdominant relative
to the electronic one, confirming that the ultrafast sign
reversal is primarily electronic.

Since the effect is driven by the nonequilibrium carrier
population, the polarization is expected to retain its re-
versed sign while the photoexcited charge imbalance sur-
vives and to recover its ground-state value after carrier
recombination. The timescale in related TMD systems
can exceed hundreds of picoseconds and in some cases
reach the nanosecond regime[39-41].
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FIG. 3. Time evolution of the polarization for final photoex-
cited carrier densities of npn = 0.16 e /u.c. (blue). The gray
region (30 fs) indicates the duration of the laser pulse. The
boxed region is enlarged in the inset, highlighting the small
oscillations from coherent phonons superimposed on the elec-
tronically driven reversal.

To visualize the microscopic carrier dynamics respon-
sible for switching, we isolate the charge redistribu-
tion in the bilayer relative to a simple superposition of
its constituent monolayers. Figure 4 shows the time-
dependent charge-density transfer, Ap(t) = pp(t) —
Pmiltop — Pmlbottom, Plotted as a one-dimensional in-
plane average profile along the out-of-plane z direction
and as a three-dimensional real-space distribution. Here,
po(t) is the charge density of the photoexcited bilayer at
time ¢, while pmitop and pmi pottom are the ground-state
charge densities of the isolated top and bottom mono-
layers. Yellow and cyan indicate electron accumulation
and depletion, respectively. At ¢ = 0, Fig. 4a shows
stronger electron depletion near the top Se atoms of the
bottom layer, consistent with the intrinsic polarization
pointing along —z. Immediately after the laser pulse,
the charge distribution changes qualitatively (Fig. 4b),
most clearly around the W atoms. In particular, elec-
trons accumulate more strongly around W atoms in the
bottom layer, producing a charge asymmetry opposite to

the ground-state polarization. This W-centered response
follows from the distinct layer orbital character of the Q-
valley conduction states and the I'-point valence states
shown in Fig. 2. These processes excite electrons pre-
dominantly into bottom-layer conduction bands and de-
plete electronic states predominantly from top-layer va-
lence bands, yielding the observed asymmetry. As time
evolves (Fig. 4c,d), the asymmetry increases in magni-
tude, generating a vertical dipole that eventually reverses
the intrinsic polarization. The evolution of Ap(t) mirrors
the macroscopic polarization dynamics in Fig. 3 and is
consistent with the layer-selective excitation mechanism
identified in Fig. 2.
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FIG. 4. (a)—(d) Charge transfer at t = 0, 37, 213, and 1302
fs, respectively. Each panel shows the charge-density trans-
fer as a function of the out-of-plane coordinate z (left) and
the corresponding three-dimensional charge-transfer distribu-
tion (right), where Ap(t) = pui(t) — pPmitop — Pmi,bottom- Lhe
cyan (yellow) corresponds to electron accumulation (deple-
tion). The red arrow labels the sign and magnitude of the
polarization at a given time ¢.

To quantify how the time-dependent charge redistri-
bution generates the macroscopic dipole, we examine the
local dipole density (Fig. 5a) and its cumulative inte-
gral (Fig. 5b). The local dipole density is defined as
z[Ap(z) — Ap(—z)], which extracts the antisymmetric
part of the charge redistribution and weights it by the
distance z from the bilayer center-of-mass plane. The
prefactor z converts the local charge imbalance into a
position-resolved dipole moment, providing a real-space
decomposition of the out-of-plane polarization.
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FIG. 5. a. Local dipole density as a function of out-of-plane
distance z. b. Cumulative polarization as a function of out-
of-plane distance z. The red arrow labels the total change in
polarization from ¢ = 0 fs to ¢t = 1302 fs.

Shortly after excitation, the local dipole density
changes sign near the W atomic plane, indicating that
this region is the dominant contributor to the switched
polarization. This signature directly corresponds to the
W-centered electron accumulation and hole creation in
Fig. 4. Oscillatory features also appear near the Se planes
and change after excitation, providing a secondary con-
tribution whose integrated effect is smaller than the dom-
inant W-centered term. To connect these local features
with the total polarization, Fig. 5b shows the cumula-
tive integral of the local dipole density, which tracks the
spatial buildup of the macroscopic dipole. The cumula-
tive curve approaches a plateau at large z, reproducing
the long-time polarization change after excitation, see
Fig. 3. The largest change occurs at the W plane, indi-
cating that the dominant contribution to the polarization
reversal originates from charge redistribution near this
atomic layer along the out-of-plane direction. Because
the corresponding quantity is averaged over the entire in-
plane periodic unit cell, this contribution adds coherently
across the crystal and contributes to the macroscopic
out-of-plane polarization. This analysis therefore pro-
vides real-space confirmation of the electronically driven
mechanism underlying the ultrafast polarization reversal.

In conclusion, we demonstrate that moderate photoex-
citation (< 0.2 e~ /u.c.) can reverse the out-of-plane
polarization in rhombohedral bilayer TMDs through a
electronically driven mechanism, without interlayer slid-
ing. WSes has the lowest switching threshold, below 0.1
e~ /u.c. among the four materials examined, well below
the densities required to activate phonon-driven sliding
modes (~ 0.3 e~ /u.c. shown in Fig. S4 of SM [35]).
Photoexcitation generates a layer-selective charge imbal-
ance, with electrons accumulating in the bottom layer
and holes in the top, producing a transient interlayer
dipole opposite to the intrinsic polarization. Real-time
many-body simulations [34] show that this imbalance
grows rapidly and reverses the polarization within ~200
fs, about 50 times faster than structural responses associ-
ated with interlayer sliding [29, 31, 32]. Coherent lattice
dynamics provide only a weak periodic modulation of
the total polarization and do not alter this electronically
driven reversal. Analysis of the time-dependent charge
redistribution shows that the switched dipole mainly
originates from a localized, W-centered charge rearrange-
ment. Because the process involves neither lattice re-
construction nor interlayer sliding, the polarization nat-
urally recovers after carrier relaxation, indicating that
the switching pathway is intrinsically volatile. The same
layer-selective electronic mechanism is expected to op-
erate in a broader class of bilayer and multilayer van
der Waals materials with type II layer-split band edges,
suggesting that electronically driven ferroelectric control
may be a general feature of this materials class. In par-
ticular, additional calculations for rhombohedral WSes
trilayer reported in the SM [35] show that the same mech-
anism persists beyond the bilayer limit, indicating that it
can extend to thicker rhombohedral stacks provided the
relevant band-edge states remain layer polarized.

This ultrafast electronic switching mechanism pro-
vides a microscopic basis for using two-dimensional fer-
roelectrics as light-driven volatile memory devices. Be-
cause switching requires only moderate excitation densi-
ties and fluences, proceeds on sub-ps time scales, and re-
sets naturally as carriers recombine, bilayer TMDs offer a
promising route toward high-speed, low-energy optoelec-
tronic memory in which information is written optically
and erased automatically. Furthermore, an electronically
driven route to ferroelectric control in van der Waals
materials may enable neuromorphic concepts based on
short-term plasticity [26, 42], where transient polariza-
tion states act as rapidly decaying synaptic weights.

Experimentally, the transient electronic reversal pre-
dicted here could be detected by phase-resolved time-
resolved second-harmonic generation (tr-SHG). Fem-
tosecond tr-SHG has already been used to monitor ul-
trafast polarization dynamics in electronic ferroelectrics,
where the polar order is governed by charge redistri-
bution rather than by conventional ionic displacements
[43]. Since conventional SHG intensity is proportional



to | x@ |2, an intensity-only measurement can reveal the
suppression and recovery of the polar response but can-
not by itself distinguish the two opposite signs of the po-
larization. In contrast, phase-sensitive tr-SHG measures
the phase of the emitted SHG field and has been used to
identify ultrafast polarization reversal through the phase
of the SHG response [44]. In the present case, a rever-
sal of the out-of-plane polar contribution is expected to
appear as a 7 phase shift of the SHG field, providing a
qualitative, sign-sensitive signature of the transient re-
versal of P,(t) (Further discussion see Secion VII of SM
[35]). The electronic nature of the mechanism can be
tested by its fluence dependence and ultrafast onset: the
SHG phase reversal should occur within ~ 200 fs and
below the fluence required to activate the structural in-
stability, whereas the sliding mechanism occurs on much
longer times, well above several ps.
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