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Ultrafast optical control of ferroelectricity using short, intense light pulses enables precise
manipulation of ferroelectric materials, offering potential breakthroughs in nonvolatile memory
technologies. We demonstrate that phase manipulation of electric fields in the strong-field sub-cycle
regime induces nonlinear injection currents that couple efficiently with band topology, dynamically
reversing both current and polarization. Time-dependent first-principles calculations show that tuning
the phase of linearly or circularly polarized light-via chirp or carrier-envelope phase-breaks time-
reversal symmetry, allowing control over multi-ferroelectric states. In SnTe monolayers, nonlinear
coupling between current and band topology enables dynamic ferroelectric manipulation. Time- and
momentum-resolved transverse current analysis highlights the role of Berry curvature multipoles,
linking odd/even orders to pseudo-harmonics that drive polarization reversal. These phase
manipulations of short pulse waveforms may lead to control of nonlinear photocurrents and
polarization states, paving the way for precise ultrafast opto-ferroelectric devices.

Ferroelectric materials, characterized by their spontaneous electric polar-
ization that can be reversed by a bias, have recently gained significant
interest, particularly for potential technological applications'”. In recent
years, the exploration of opto-ferroelectric properties has opened new
avenues for manipulating electronic polarization at ultrafast timescales™’.
The interaction of these materials with ultrashort and ultrastrong laser
pulses allows high-speed generation of non-equilibrium carriers, leading to
polarization dynamics, polarization switching, and domain evolution™".
Such a high-speed accurate control of ferroelectric polarization may give rise
to new functionalities in the fields of non-volatile memory elements, sen-
sors, or transducers™'’.

Among two dimensional (2D) ferroelectric structures, optical control
of polarization switching"” is of particular interest, and recent studies have
shown promising advancements in this area, especially in group IV
monochalcogenides'’. In SnTe monolayers, researchers have demonstrated
reversible optical control of in-plane ferroelectric polarization using linearly
polarized light. The mechanism was shown to involve the selective excita-

tion of optical phonon modes in the terahertz regime that couple to the

ferroelectric order parameter'’. Theoretical studies combining group theory
and first-principles calculations have shown that intrinsic in-plane ferroe-
lectricity in materials like GeS monolayers can induce spontaneous valley
polarization, leading to the electrical control of ferrovalley states. The unique
electronic characteristics of group-IV monochalcogenides are thought to
enable the development of electrically tunable polarizers, leading to the
generation of linearly or even circularly polarized light”. Moreover, the
inherent non-centrosymmetric nature of ferroelectric materials makes them
ideal platform for nonlinear optical studies such as second harmonic gen-
eration and shift currents'*"”. Recent studies” have introduced the photon
helicity as a tool to control photogalvanic charge and spin currents via a
ferroelectricity-driven adjustment of Berry curvature dipole (BCD), even-
tually leading to polarization reversal. For example, Wang et al. revealed that
ferroelastic switching flips nonlinear shift and circular photocurrents by
+90°, while ferroelectric switching induces a 180" flip. Switching light
polarization between left and right circular also flips circular photocurrent
by 180”'. Among the monochalcogenide class, SnTe has attracted the most
wide interest. Monolayer SnTe exhibits strong in-plane ferroelectricity”” and
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significant Berry curvature effects due to their non-centrosymmetric
structure'’, which facilitate pronounced nonlinear optical responses. This
property is essential not only for achieving effective control over polariza-
tion states but also underpins the principles of the nonlinear Hall effect
(NLHE) making them highly sensitive to external phase modulation of light.
This sensitivity, combined with their direct band gap and robust spin-orbit
coupling (SOC), positions SnTe as an ideal candidate for exploring the
dynamic control of electronic states, offering potential advancements in
ultrafast optoelectronic devices.

A particularly promising approach involves manipulating chirp
parameters and the carrier-envelope phase (¢czp) for pulse shaping, which
advantageously allows precise controls over electronic states transition™**
together with efficient excitation of nonlinear phonons through optimized
pulse shaping”. ¢, modulates timing and intensity, aiding polarization
reversal, while ¢cgp affects the symmetry and amplitude of the induced
polarization. It has been shown that**”’ the residual current in graphene can
be reversed by changing the ¢cgp, attributed to Landau-Zener-Stiickelberg
(LZS) interference. Residual current refers to the remaining current after the
laser pulse ends, capturing the net displacement of charge carriers during the
pulse duration. Additionally, the complex ¢cgp dependence of solid har-
monics, influenced by tunneling and multiphoton ionization, underscores
the nuanced control achievable through ¢¢p manipulation™. These insights
advance ultrafast optoelectronics and tailored experimental designs. In this
study, we investigate the interaction of phase-modulated short pulses with
ferroelectric monolayer SnTe. Our findings demonstrate that manipulating
the phase of light through techniques such as chirp and ¢cgp serves as a
critical control parameter for ferroelectricity-driven nonlinear photocurrent
switching. Both chirp and ¢cpp break time-reversal symmetry, enabling the
residual current to reveal the characteristics as nonlinear injection currents.
We discuss the second-order residual transverse current and its reversal,
which scales with the dynamical polarization and modulates the Berry
curvature and its multipoles induced by chirped pulses.Unlike previous
studies on CEP- and chirp-controlled photocurrents in 2D materials such as
graphene, TMDCs, and topological insulators™, our work uniquely
focuses on monolayer SnTe- as an example of noncentrosymmetric ferro-
electrics with a switchable in-plane polarization. Using real-time TDDFT
simulations, we reveal highly anisotropic and switchable photocurrent
dynamics governed by material specific symmetry breaking and nonlinear
excitation under tailored light fields.

Results

Geometry and electronic structure of monolayer SnTe

The monolayer SnTe features a staggered arrangement of tin (Sn) and
tellurium (Te) atoms within a puckered rectangular lattice, characteristic of
its structure, as depicted in Fig. la. This monolayer belongs to the
Pmn21 space group and exhibits in-plane ferroelectricity, making it struc-
turally similar to the puckered form of phosphorene. In this configuration,
Sn and Te atoms shift in opposite directions along the [010] axis (the y-axis

in Fig. 1a), results in broken inversion symmetry (), thereby contributing
to its unique electronic properties and spontaneous polarization. This
structure exhibits glide G and mirror M, plane symmetries as shown in
Fig. 1a. These symmetries play a crucial role in shaping quantum geometry
and nonlinear optical properties by imposing constrains on Berry curvature,
enabling processes such as giant second harmonic generation'*'***", The
ferroelectric polarization in the monolayer SnTe results in two distinct
structural states, P, and P_, where the displacement of Sn and Te atoms
along the [010] axis leads to polarization in opposite directions. The dif-
ference between these states lies in the direction of atomic displacement,
which alters the electronic distribution and stabilizes one polarization state
over the other depending on external conditions, such as strain or electric
fields. When the ferroelectric polarization aligns with the armchair y-axis,
the electronic structure of the monolayer SnTe reveals two valleys near the X
and Y points in the Brillouin zone (BZ), henceforth referred to as the Xand Y
valleys. It is worth noting that although the monolayer SnTe structure
adopts an orthorhombic lattice and lacks fourfold rotational symmetry, the
calculated band structure without SOC appears nearly symmetric along the
specified high-symmetry paths. This apparent symmetry arises from the
small in-plane lattice anisotropy (~1.95%)”, which results in similar orbital
hybridization and hopping amplitudes along the two directions. Conse-
quently, while the X and Y valleys are crystallographically inequivalent, they
are electronically similar. Indeed, a closer inspection reveals that the X and Y
valleys are not exactly identical (see the zoomed-in inset in Fig. 1c), and this
subtle anisotropy becomes more pronounced when SOC is included
(see Supplementary Material). The monolayer SnTe behaves as a semi-
conductor with an indirect band gap of 0.7 eV (Fig. 1), as calculated using
density functional theory (DFT). The valence band maximum and con-
duction band minimum occur at distinct points along the I'’X and I'Y lines,
respectively. The distinctive band structure around these valley points is
responsible for the observed giant shift-current conductivities”’.

Multistate control of nonlinear photocurrents by phase shaping

We begin by calculating the evolution of current responses over time when
exposed to a two-cycle short pulse with a constant carrier-envelope phase
(¢cep) and a time-varying @i The driver field is defined as E(t) =
Eof (1) cos(wt + ¢(t))e where for chirped pulse ¢(£) = ¢opir, = bt’, while for a
CEP-stabilized pulse, ¢(f) = ¢cgp is constant. Before making comparisons, we
briefly explain the behavior of the pulse with ¢,,;r, and ¢czp. The pcgp which is
the phase offset between the peak of the envelope and the phase of the carrier
wave is time-independent. It allows the precise control of the electric field on a
sub-cycle basis, which is crucial for the coherent control of electron dynamics
in few-cycle pulses. Conversely, the ¢, refers to a time-dependent gradient
in phase that controls the frequency content of the pulse over time, influencing
the timing and spectral properties of the interaction. The symmetry of the
pulse is partially disrupted by chirping, so the positive and negative parts are
no longer identical. For instance, the acceleration caused by the interaction of
an electron with the negative part of the oscillation is not canceled by the

Fig. 1 | Structural geometry, charge density, and (a (C) ] (d)
electronic structure of the monolayer SnTe. a Top
and side views of the monolayer SnTe. Displacement [010] {
along the y-axis between Sn (olive green) and Te —
(violet) induces in-plane ferroelectricity along the y [(% 100 \; ?", 0 \\/V \M %‘ v
direction. b Side view of the charge density differ- 909090 = g,
[010] 64 66 06 = A

ence between the ferroelectric phase and the refer- 2 1 =
ence paraelectric phase. Yellow/Cyan isosurfaces (b) wo-
represent positive/negative charge distribution, with DD o g
positive values showing increased electron density ya\ ‘E 5[’ v g

d ; I howing d d el ‘:> > O“) (5= > 2
and negative values showing decreased electron A A A r X S Y r

density. ¢, d Two-dimensional and three-
dimensional band structures, respectively, showing
the inequivalent X and Y valleys.
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deceleration from the interaction with the corresponding positive part. As a
result, there is a net acceleration, or equivalently, a net energy gain by the
electron from the pulse. We emphasize that the polarization dynamics dis-
cussed here arise solely from the electronic component, as the sub-cycle
timescales of the laser pulses preclude ionic motion.

Figure 2a illustrates a typical comparison of Ponderomotive energy
(U, = aE’/w’, where « is proportionality constant) variation over one cycle
for an input frequency of 1.55 eV with ¢, and ¢cgp at an intensity of
10" Wem ™. The relationship between the Ponderomotive energy and the

Keldysh parameter (y), defined as (y = ,/%,) where I, is ionization
P

potential, offers a quantitative method to differentiate multiphoton
mechanism from the tunneling ionization mechanisms™*. This relation-
ship indicates that phase modulation can influence the relative contribu-
tions of these two ionization processes. Thus, a higher U, favors tunneling
ionization, where intraband dynamics of electrons affect interband
transitions””. Therefore, the relative magnitude of Ponderomotive energy
gained by an electron under a linearly chirped laser alters both interband
and intraband transition dynamics, making them much more complex
compared to a ¢cpp modulated laser. Further, it should be noted that, while
keeping the ionic energy fixed during the calculation, the energy of both
configurations with equilibrium spontaneous polarizations P, and P_,
becomes unequal and lose balance after exposure to both unchirped and
chirped irradiation. This destabilizes the double well potential surface,
decreases the depth of the well, and leads to polarization reversal, which will
be discussed later.
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Fig. 2 | Residual current dynamics induced by chirped and CEP phase-modulated
pulses. a Ponderomotive energy, defined as the average kinetic energy gained by

electrons in a laser field, is shown as a function of constant ¢cgp and time-varying
@chirp- The pulse fluence corresponding to different chirp rates ranges from 0.015 to
0.085 a.u. The changing frequency in the chirp case, modified the group velocity of
electrons (the velocity associated with wave packet dynamics in k-space), resulting in
anon-uniform induced current. (left). The phase delay of the current(red) relative to
the applied field (black) is depicted (right). b The top (bottom) panel shows the total

Figure 2b shows vector potential time-profile and the induced cur-
rent response for linearly polarized pulses with unchirped/chirped and
¢cep=0, 7 phases. The time-dependent Kohn-Sham equation for the
electron dynamics and the definitions of the cell-averaged and momentum-
resolved current are described in the “Method” section. We first align the
electric field along the in-plane spontaneous polarization direction [010]
and the driving field is active only during the first two periods of oscillation
and is turned off after the second period. The chirp phase is chosen linear
and must change the sign of the vector potential before it reaches zero, i.e.,
the vector potential of light field having a nonzero time integral. As the
driving fields for lasers in unchirped/chirped and ¢cgp = 0, 7 phases are in
the strong nonlinear regimes, the total currents resemble the laser shape
with a small phase lag between the peaks of the current and the applied pulse.
Increasing the incident frequency tends to reduce the phase delay. When the
laser is turned off after the two-cycle operation, the current remains finite
and almost constant as we neglect temperature and charge relaxation. due to
remanent polarization, which is referred to as residual current in what
follows. This dc residual current at sufficiently large field remains finite due
to higher-order nonlinear process contribution™. Noticeably, the residual
current induced by chirped light is opposite to unchirped light, as shown in
Fig. 2b (upper right panel). The reversal of residual current is also observed
when the ¢cgp of the applied field changes from 0 to 7, as shown in Fig. 2b
(bottom right panel). In the Supplementary material we have shown that a
sequential reversal of residual current occurs as a function of chirp rate for
both positive and negative values, provided that the vector potential changes
sign before being switched off. Breaking the time-reversal symmetry
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current comparison between unchirped (¢cgp = 0) and chirped (¢cgp=) conditions.
The residual current in the chirped case (¢cgp= ) is reversed compared to the
unchirped case (¢cgp=0) when the laser ends. ¢ Full polarimetry of the residual
current magnitude for unchirped case. 6 is the angle between electric field of pulse
and the spontaneous polarization. d The top (bottom) panel compares the transverse
and longitudinal residual current components for unchirped (red) and chirped
(blue) conditions, clearly showing the current direction reversal.
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Fig. 3 | Dynamics of excited electrons and population imbalance. a The evolution
of excited electron numbers in the conduction band over time for both unchirped
(red) and chirped (blue) pulse conditions. The chirped pulse induces a higher
population of excited electrons due to phase modulation effects, leading to an
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imbalance that enhances the residual current. b, ¢ The distribution of k-resolved
electron population within the first Brillouin zone (BZ) for unchirped and chirped
fields, respectively.

between Kramers pairs in the BZ using the chirp parameter induces a
population imbalance. Referenced to the chirp-free light, those positive
chirp rates b that generate a greater than an odd number but less than the
next even number lead to a reversed current.

The full polarimetry profile of the total current, along with its long-
itudinal and transverse components for both unchirped and chirped lasers,
isillustrated in Fig. 2¢, d. A transverse current (J ) is generated alongside the
longitudinal current (J}) at all incident angles, except for 6 = 0 and 0 = 7,
which correspond to the orientation of the spontaneous polarization. Both
residual ], and J currents show a reversal after the laser pulse ends. The
symmetry of mirror M,, and also a two-fold rotation (C,,) is clearly
recovered from the polar plot of the total current. The C,, symmetry
imposes constraints Xf,? =— X,(,Zk) for i # j on the nonlinear optical tensors
such as second-order susceptibility y®. The transverse component, which
we show in the next section to be a second-order current, suggest that the
spontaneous polarization, normalized to its static equilibrium value Py(7)/
P(0), undergoes reversal in these transient regimes. More importantly, we
will later address how ferroelectricity is dominantly affected by the electric
field induced Berry curvature*”. Symmetry breaking or reduction, induced
by chirp modulation of the phase, manifests in optical responses through the
involvement of both odd and even order derivatives of the Berry curvature.

Notably, selecting chirp rates b of equal magnitude but opposite signs
in applied electric field in the form of E(t) = Eof(t) cos(wt + bt?)é results
in distinct residual currents, differing both in strength and direction, as
illustrated in the Supplementary Material. This occurs because +b produce
different frequency spectra over the vector potential. We also present cal-
culations for unchirped and chirped setups over a larger number of cycles,
including the effects of pumped IR-active phonons in the structure, which
amplify the dynamical polarizations. All calculations demonstrate a reversal
in the direction of residual currents, provided the system remains in the
short-pulse regime, where both time-reversal 7 and inversion symmetries
P are broken, though the magnitude of the residual current may vary.
Furthermore, we observe that scattering mechanisms, such as phonons, do
not significantly alter the overall outcome. For instance, we explored the
enhancement of in-plane polarization via nonlinear phonon pumping, as
described in ref. 31, and found that introducing out-of-plane A, and in-
plane E, phonons does not impact the general trend. Notably, this residual
current reversal is robust, persisting for up to 250 fs within the framework of
Ehrenfest dynamics, even in the presence of ionic motion (see Supple-
mentary Material Note 4).

In both unchirped and chirped pulses, the longitudinal (J;) and
transverse (J,) currents exhibit reversal. This sign change induces a 7

polarization rotation, with similar current reversals expected for constant
¢cepvalues of 0 and 7. A parallel phenomenon occurs in LZS interference in
graphene™, where the current direction depends on the ¢cgp. The dczp
modulates electron trajectory lengths in reciprocal space, shifting inter-
ference from constructive to destructive due to population imbalances. This
¢cep dependent interference explains the photocurrent’s sensitivity to ¢cgp
in graphene under few-cycle pulses.

As shown in Fig. 2b, the time-reversal symmetry 7 of the vector
potential is broken in the case of chirped pulses with a carrier-envelope
phase (¢cgp) of 7, where A(f) # A(— t). This symmetry breaking in the
vector potential leads to a time-reversal symmetry violation in the
Hamiltonian, resulting in a population imbalance and a residual
current.The current reversal arises from two distinct mechanisms: chirp
modulation (top panel) creates directional asymmetry through
spectrally imbalanced carrier excitation across the pulse duration. while
CEP inversion (bottom panel) flips the residual current via sub-cycle
quantum interference. Figure 3a, b, ¢ present a comparison of the number
of excited electrons over time and the resulting population imbalance
across the BZ for both unchirped and chirped pulses. We attribute
the observed population imbalance in the unchirped case to the
intrinsic breaking of inversion symmetry within the system, which we
trace back to the relaxation of accumulated polarization. This initial
imbalance differs from the induced imbalance in the population during
the aforementioned phases. Notably, the chirped pulse excites an
additional electron into the conduction band compared to the unchirped
case, leading to a distribution that initially favors the —Fk, valley at low-
er intensities but extends to other regions beyond the valleys in the
strong-field regime. Additionally, as demonstrated in the Supplementary
Information, chirp rates that generated number of excited electrons is
between an odd and the next even integer reverse the direction of the current
compared to that induced by an unchirped field. It is worth noting that the
incident time of the interaction is short enough, allowing the system to
remain below the damage threshold despite the presence of a large number
of excited electrons.

While earlier studies have largely explored the connection between
current direction, ferroelectricity, and the Berry curvature poles in mono-
layer SnTe**”', our findings here provide a clearer perspective. We show that
the reversibility of ferroelectric polarization-closely tied to current reversal
through a sign change in Berry curvature-can be precisely controlled. This
control is achieved by adjusting the population imbalance between the left
and right valleys, which is governed by the handedness of circularly
polarized light***".
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Chirp-driven time-reversal breaking and persistent injection
current

Sato et al.™** investigated the limitations of mean-field methods, such as
TD-Hartree, TD-Hartree-Fock, and TDDFT, in capturing second-order
shift and injection currents. These mean-field approximations can result in
unphysical DC responses, even after the system is exposed to linearly
polarized light. This occurs due to population imbalances between kand —k
states (Kramers pairs) in the BZ. Such imbalances are thought to arise
quantum interference incurred on artificial self-excitation pathways, which
are absent in exact many-body treatments. In TDDFT, such unphysical part
of the residual current are attributed to time-nonlocal memory effects which
can be mitigated by improving the exchange-correlation kernel
S ie(r, 7', w). Using a many-body Schrédinger framework, the study iden-
tified three key factors contributing to population imbalance: the vector
potential, its interference with the induced mean-field potential, and the
induced mean-field potential itself. Under time-reversal symmetry, these
contributions cancel out; however, chirped laser pulses break this symmetry,
leading to a real, physical injection current that persists after the pulse ends.
Injection current now refers specifically to the second-order photocurrent
arising from velocity mismatch of carriers in valence and conduction band
due to asymmetric excitation of carriers in momentum space™*.

Furthermore, the introduction of a chirp imposes distinct phase shifts
across pulse components, leading to quasi-phase matching that enhances
quantum interference between excitation pathways*'. This mechanism can
result in a more pronounced and stable residual current, in contrast to
scenarios where time-reversal symmetry 7 remains preserved. We high-
light that both the magnitude and direction of the induced dc current are
highly sensitive to the specific properties of the chirped pulse, such as the
chirp rate and the overall temporal profile.

Recently, the mechanisms underlying the generation of shift and
injection currents under various material symmetries and light polar-
izations have been investigated”. It was demonstrated that in systems
with broken P, 7, and P7 symmetries, both shift and injection currents
can be produced simultaneously under LPL and CPL irradiation. Our
findings confirm that introducing a chirp phase offers a framework that
facilitates the concurrent generation of shift and injection currents.
However, we identify that the residual current is an injection current,
oriented orthogonally to the spontaneous polarization direction®. The
shift current also contribute to second order transverse current.
The symmetry property of shift current susceptibility is governed by
point group and permutation symmetry, which correspond to direct
product I'; ® I'r @ . In monolayer group IV monochalcogenides with
C,, point group (see Table S1 for the character table of C,,), for trans-
verse component of the shift current Ji. = ¢»*E,E,, we have
[, ®T; ®Tp, =A, ® B,®B, = A,. It contains totally symmetric
representatlon A 1nd1cat1ng that the shlft current can be induced along y
under LPL in the x direction. While the introduction of a chirp modifies
the excitation of charge carriers across various energy levels, the injection
current remains perpendicular to the polarization. This occurs because
the chirped pulse affects the occupation of states within BZ without
inducing strain or altering electronic structure.

Origin of chirp-induced current and polarization switching

The fundamental characteristics and switching dynamics of shift and
injection currents in group-IV monochalcogenide monolayers are
determined by the interplay between symmetries, shift vectors, and Berry
curvature’™*™*, For instance, the ferroelectric properties, essential for
modulating the Berry curvature and other nonlinear optical responses,
are significantly influenced by the helicity of incident circular light and
the resultant photogalvanic current”. Moreover, in time-reversal sym-
metric metallic systems, the NLHE arises as a second-order response to
external electric fields which is attributable to the BCD. This corresponds
to the lowest-order non-vanishing effects of band geometries con-
tributing to charge transport properties at the Fermi surface”’. Further-
more, the second-order harmonic generation resulting from transverse

nonlinear optical responses in a 7 -preserved insulator bears resemblance
to the nonlinear Hall effect (NLHE) observed in metallic systems as both
phenomena stem from the breaking of inversion symmetry and involve
the generation of a transverse response that is quadratic in the applied
field, thus bridging the gap between optical and electronic nonlinear
effects in disparate material platforms™. As the incident field intensity
increases, multipoles of the Berry curvature become more pronounced.
These terms, representing more intricate asymmetries in momentum
space, grow increasingly important under stronger perturbations. When
an external electric field excites additional electrons into the conduction
band, the Fermi level rises, rendering the system more metallic in nature.
We show that applying a chirped pulse offers an effective way to unveil
the interplay of aforementioned factors by incorporating both odd and
even orders of Berry curvature multipoles through the breaking of T°
symmetry. The obtained results can be explained in terms of interband
Berry curvature, as described by ref. 48. In the presence of a phase-
modulated strong field given by E(t) = E, Re[¢®D]x, where ®(t)=
wt+ ¢(t), we introduce the step function O(P(t) — w,,,) to account
for all states that satisfy the gap frequency condition @(f) = w,,,,, where n
and m are valence and conduction bands. In the strong-field regime,
the anomalous velocities arising from both the valence and conduction
bands are governed by the total Berry curvature of the system.
This can be expressed in terms of the total interband Berry curvature
Qp(K)*™.

Using the corresponding vector potantial A(t) = ;5(; Im[e® D1z, the
phase-dependent  Bloch oscillation  of written  as

carriers  is
Ak = h;ff‘;) Im[e®®]. This can be transferred to the interband Berry cur-

vature and consequently, the transverse current is given by:

2 d*k
.= 26EE(t) X Zm / @Qnm(k + Akx)O(D(t) — w,,,,(k)). (1)

Depending on the form of phase @(t), the phase-modulated strong
field can either preserve the 7 symmetry or break it. In former case, as we
show in Supplementary material, the transverse current J, (t) is determined
by the odd order derivatives of interband Berry curvature and as a result we
revealed the interrelationship between even-order psudo-harmonics @(t)

and series of even-order interband Berry curvature multipoles D%)(®) =

- I)Q @(q)

k k@ l)
LO= > 3 Imfer] rtpw @

p=even,22 q=p

w,,,,) as following

Here, we take o, as constant coefficients and @’ is time-derivative of
phase. In addition, the above results show how different even-order non-
linear responses contribute to the transverse current. It is worth noting
that if we consider the weak field limit in which the interband transition
is dominant within effective two-band model, the above generalized
equation is reduced to well-known second-order response of
J.(t) x Zx E(D'?), - E)"". On the other hand, when 7 is broken the trans-
verse current is given by (see Supplementary material)

J.(t) = Z ZRe tP<D D(q)
p=odd,>1 qzp
(3)
£ Smegon

p=even,=2 q=p

This compact formulation illustrates that the transverse current is
comprised of a mixture of even and odd orders of interband Berry
curvature multipoles. Additionally, the equation indicates the coupling of
odd (even) orders of Berry curvature multipoles to odd (even) pseudo-
harmonics. Further, the Fourier transform of the current J, () reveals
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Fig. 4 | Time and momentum-resolved profile of currents from chirp and CEP
modulation. a-c Time-resolved profiles of longitudinal currents J (induced current
parallel to electric field) and d-f transverse currents J; (induced current perpen-
dicular to electric field) under opposite electric fields F E for unchirped (chirped)
pulses and carrier-envelope phase ¢cgp values of 0 (7). The transverse current J;
does not change sign when the electric is reversed, indicating that it arises from a

second-order nonlinear response. g-i Show a comparison of the momentum-
resolved distribution of j* at ¢czp values of 0 and 7 and chirped pulse. The k-resolved
j* exhibits odd parity of higher poles in the Berry curvature with respect to the mirror
plane, when the current is reversed from ¢czp = 0 to 7 and chirped. j-1 correspond to
the k-resolved j*, as discussed in the text, which highlights the even-order poles of the
Berry curvature.

that the current consists of both even and odd harmonics with a phase
delay of /2. The above equations (2), (3) and the associated arguments
are particularly well-suited and valid for few-pulse dynamics induced by
irradiation with sufficiently long pulses. Transitioning to short-pulse,
subcycle dynamics likely breaks 7 -symmetry, as the short pulses are
generally asymmetric in time. Therefore, in our study, we restrict the use
of equation (3) to all phase-modulated cases. In light of this, D for even
(odd) g must undergo transformation according to even (odd) parity by
reversing the sign of +Eto —E, ensuring that J, (f) does not change sign.
This result aligns with the findings of Ye et al.’, which demonstrate that
the polarization direction of the Berry curvature is affected by the relative

orientation of the electric field and the crystal axis. Notably, the Berry
curvature direction can be reversed by changing the polarity of the DC
field. Figures 4d-f depict the comparison between the transverse current
under * EX for ¢cp of 0, 7, and chirped pulse, respectively. Notably, the
current for a ¢cgp of 7 remains comparable to that for ¢cgp =0, con-
sistent with the summation described in Eq. (3). Furthermore, the cur-
rent under a chirped pulse, where the chirp phase further breaks time-
reversal symmetry 7, enhances the contribution from odd-order mul-
tipoles and harmonics. Extending the contribution beyond the BCD in
enhanced nonlinear anomalous Hall effects due to 7 breaking is con-
sistent with previous work”. We then obtain the real-time sum and
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Fig. 5 | Transverse current and chirped pulse
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effects on ferroelectric PES. a The transverse cur-
rent magnitude increases as higher-order contribu-
tions from the Berry curvature become more
prominent, responding to the ferroelectric polar-
ization strength. The polarization (P) scales from
zero in the non-polar paraelectric phase to a max-
imum value (P,) when the material reaches full fer-
roelectric polarization. b The schematic shows how
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a chirped laser pulse changes the double-well elec-
tronic potential energy surface (PES) of a ferro-
electric material. The red curve represents the
original (unchirped) PES, while the blue curve
shows the modified (chirped) PES, creating an
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asymmetry. This asymmetry causes a electronic
polarization reversal from P, to P_, after the laser
is turned off. The orange curve represents the
unperturbed PES.
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difference of transverse currents as follows:

JA(t) = 4)

and

E
o +JL

Z ZR@ IP(D / -1

= odd, >1 12/

Y Yme

p= even, 22 12

p=

—+

We can attribute these real time sum and difference currents to an
effective k-resolved density current as J(f) = [.dkj"®(t, k). The k-resolved
density current directly mirrors the distribution of Berry curvature in
momentum space, with regions of high current intensity corresponding to
areas of significant Berry curvature’””". In Supplementary Materials Note 5,
the analysis of k-resolved density currents j*“(t) under low-intensity linear
and high-intensity nonlinear fields reveals that the X and Y valleys con-
tribute predominantly in the weak field regime, while under strong fields,
the entire BZ becomes involved in the current. Figures 4g-1 illustrate these
momentum-resolved density currents j®( and j(t) at the moment the
laser is turned off. Comparing the j*(t) for unchirped(¢cgp=0) with
¢cep=7 shows mirror-image opposites distribution coming from odd
parity D' with odd q in Eq.(3). At low intensities, the odd parity term D”
corresponds to Q,,,,,» while in the high-intensity regime, higher-order terms
such as 22 also become relevant. This holds true even in the chirped case
(see Fig. 41). The k-resolved distribution of the density j9() is somewhat
different for ¢pcpp = 7, as the chirped parameter further breaks time-reversal
symmetry 7 and increases the frequency, making the occupation
frequency-dependent. Nevertheless, odd parity terms D, such as the Berry
curvature and its even derivatives, remain responsible for current and
polarization reversal. As expected from the comparison of Fig. 4j, k, the
current j¥(#) reflects the even-parity D terms, which remain unchanged
under a reversal of the electric field sign.

Furthermore, to investigate the interplay between polarization and
topology, we computed the transverse currents for varying magnitudes of
ferroelectric polarization, ranging from 0 (the paraelectric phase) to 1 (the
maximum ferroelectric phase), as illustrated in Fig. 5a. As shown, the
enhancement of the transverse current is directly scaled and amplified with
increasing polarization magnitude, driven by its correlation with the Berry
curvature and its higher-order multipole components. These results
emphasize the crucial role of ferroelectricity-induced topological effects in

governing nonlinear optical responses, and highlight the significant con-
tribution of higher-order Berry curvature terms to the observed current
behavior. The double-well potential maps the energy profile of varying
polarization strengths, offering insights into polarization switching and
stable polarization directions along the ferroelectric mode. Under laser
exposure, this potential is modified, revealing dynamic behavior. For an
unchirped pulse, symmetry between the wells is disrupted, stabilizing the
+P, well over the —P, one. A chirped pulse reverses this preference,
favoring the —P, well as shown in Fig. 5b'***%, Both pulse types lower the
barrier height between wells, facilitating polarization transitions. This
dynamic switching between +P,, states, driven by the pulse type, offers a
pathway for binary data storage, with stable polarization states representing
0 and 1 for future electronic devices.

Multibit ferroelectricity polarization control by chirp and
handedness

We now compare the current induced by the unchirped and chirped cir-
cularly polarized pulses, as illustrated in Fig. 6a, b. As expected, changing
the handedness from left-handed circular polarization (LCP) to right-
handed circular polarization (RCP) reverses the direction of the residual
current components. Specifically, J, switches from negative to positive,
while ], consistently remains negative. However, for chirped circularly
polarized light (CPL), reversing the polarization from LCP to RCP results
in J, always being positive, with ], changing sign from negative to
positive. This comparison highlights that, while the total residual
current undergoes a J rotation when switching between unchirped LCP and
RCP, introducing a chirp phase to CPL induces an additional 7 rotation
relative to the unchirped case. This combined effect of light helicity and
chirp phase enables the realization of four distinct ferroelectricity states
corresponding to four well potential picture, as schematically illustrated in
Fig. 6d, compared to linearly polarized light that supports only two states,
corresponding to a 77 rotation in the current and polarization direction. The
four-well potential describes an energy landscape with four distinct minima,
each corresponding to a unique in-plane ferroelectric polarization state,
which arise from the four possible directions of residual current in the x-y
plane, controlled by combinations of light handedness and chirp
parameters.

A previous study”' demonstrated a 7-phase shift in the current direc-
tion under both linearly and circularly polarized light for shift and injection
currents. In contrast, when coupled with ferroelastic transitions along the x-
or y-axis of a monolayer, both shift and injection currents undergo a 90°
rotation under the same polarization conditions. In this work, we show that
chirping the pulse breaks time-reversal symmetry 7, enabling the residual
current to dictate the direction of the injection current. Consequently,
similar to the findings of the earlier study, linearly polarized chirped light
results in a 180" reversal of both the shift current and the residual injection
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Fig. 6 | Chirp-modulated phase effects in circularly ( a ) ( b )
polarized light. a, b show the effect of the chirp- |_CP RCP
modulated phase in circularly polarized light with ™y ™
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current. However, chirped circularly polarized light induces a 90° rotation of
the total residual currents, accompanied by a 90 reversal in polarization.

Discussion

In our study, we investigated the phase modulation of strong-field, short-
duration pulses in the nonlinear photocurrent responses of 2D ferroelectric
monolayer SnTe. By applying a time-varying chirp and constant carrier-
envelope phase (¢cgp) offset, we observed significant imbalance of popu-
lation within the BZ as a function of the chirp rate. Notably, we found a
directional reversal of the residual current upon removal of the laser field.
This current reversal was observed for both chirped and constant CEP
phase-modulated light, irrespective to its linear or circular polarization.
Importantly, this reversal of the injection current was accompanied by a
concomitant rotation in the polarization direction.

Time-resolved analysis of injection currents, as a function of the
incident angle of irradiation, indicates that the chirp parameter can effec-
tively control the direction of polarization by modifying the regional
occupation weight across the BZ. Additionally, the k-resolved second-order
transverse current scales with the Berry curvature even and odd-order poles
and pseudo-harmonics in strong-field regimes. As the external electric field
dynamically modulates the ferroelectric polarization, these higher-order
Berry curvature moments contribute to complex nonlinear optical phe-
nomena such as higher harmonic generation and nonlinear Hall effects.
Moreover, exploiting the circularly polarized driver, both through the
manipulation of chirp parameter or handedness of the circular driver,
we can effectively adjust the time-reversal symmetry 7 of the system,
leading to non-equivalent interactions with the electronic states. This results
in ferroelectricity multi-states with distinct current and polarization
characteristics. This interaction enhances the sensitivity of polarization
dynamics to external stimuli, particularly to sub-laser-cycle dynamics,
potentially improving the material’s nonvolatile memory capabilities
through the coupling of electronic states and ferroelectric order. We
anticipate that the observed reversal and rotation of current and polariza-
tion, driven by ¢, or ¢cpp modulation, could be applicable to group-1V
monochalcogenide monolayers due to their similar electronic and
atomic structures. These findings suggest potential extensions beyond
monolayer SnTe, offering new strategies for phase-controlled nonlinear

optics in other 2D materials and broadening the scope of ultrafast optoe-
lectronic applications. Unlike previous studies that focused primarily
on static field effects, our work demonstrates dynamic manipulation of
photocurrents and polarization, providing a more versatile approach to
ferroelectric control.

In our study, we investigate the phase manipulation of light fields as a
means to control nonlinear photocurrents in ferroelectric materials, using
time-dependent density functional theory (TDDFT) within the adiabatic
local-density approximation (ALDA), augmented by gradient-corrected
exchange-correlation functionals. Although many-body correlations are
not explicitly treated in this mean-field approach, it has been shown to
qualitatively capture key features of shift and injection currents-such as their
symmetry properties, polarization dependence, and sensitivity to laser
parameters™. A more accurate theoretical framework, explicitly incorpor-
ating many-body interactions and improved exchange-correlation kernels,
may yield quantitatively refined results, but such an extension is beyond the
scope of the present study.

Eventually, to address the role of decoherence and dissipation, we
explicitly include the effects of phonon pumping and ionic relaxation. These
additional channels provide insight into how environmental interactions
can influence the persistence of multistate control. Our results indicate that
while such dissipative processes can modify the residual current, signatures
of multistate behavior remain robust within experimentally relevant para-
meter regimes. While our work demonstrates ultrafast control of electronic
polarization through tailored light fields, practical memory applications
would require future studies of coupled electron-lattice dynamics to
establish switching metrics such as retention time and coercive fields under
optical excitation.

Methods

Our calculations utilize time-dependent density functional theory (TD-
DFT) to model the time-evolution of the wave function and electronic
current within the ALDA, as implemented in the real-space, real-time fra-
mework via the OCTOPUS code’ . We examine electron dynamics under
the influence of both linearly and circularly polarized laser pulses, incor-
porating either a time-dependent chirp parameter or a constant carrier-
envelope phase ¢cgp. The electrons dynamics are captured by solving the
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time-dependent Kohn-Sham equations in the velocity gauge.

L 0p,(r,) (17 e 2
lhT_{% [—th+EA(t):| +Vian(r7t) (6)

+/ dr' |7' izr/| P(T’, t) + ch(rv t)}¢n(r7 t)v

where A(t) represents the time-dependent profile of the vector potential,
which is written as

A = A, f(t) cos(wt + D)e 7)

Here, f(f) represents the envelope function (in our case we considered
cosinoidal envelope centered at t = t,, lasting from #, — 7y to ty + 7o), @
denotes the driver frequency, and é specifies the polarization vector,
which can be either linearly or circularly polarized. It is important to
note that for very short pulses, as considered in this work, the pulse envelope
f(t) with cosine shape can change significantly within a single period.
To prevent unphysical results, the vector potential should be designed
to vanish as (t — + o). Note that in our pulse the envelope f(t) has com-
pact support and vanishes smoothly at the pulse edges, thereby guaranteeing
that the time-integrated electric field over the entire pulse duration is zero™.
The phase @ of the electric waveform is tailored to support two pulse-
shaping methods: a dynamic phase characterized by a linear chirp,
Depirp = b with b ranging from [0.01, 0.1]fs % and a constant carrier-
envelope phase ¢cgp, which introduces a phase offset between the carrier
wave and the pulse envelope. Both @, and ¢¢gp laser modulation break
time-reversal symmetry, thereby altering the electric field profile within
the pulse.

We set the strong intensity I = 10°Wcm ™ for incident pulse with
the duration of two cycles, ensuring the sub-cycle dynamics. The
chirp parameter sensitivity is analyzed in Supplementary Note 3, where we
show that the pulse duration remains effectively constant across different
chirp values, consistent with the fixed envelope used in our simulations
(see Fig. S3). We clarify that the octopus code implementation applies
a quadratic phase to the carrier wave while keeping the pulse envelope
and duration fixed, resulting in changes to fluence and peak intensity
but preserving the overall fluence range, thereby modeling chirp without
pulse broadening. To address experimental feasibility, we estimate the
damage threshold of SnTe monolayers to be ~(0.5—1)x 10" W cm™
for femtosecond pulses, consistent with trends observed in SnSe and
related structures™. While our TDDFT simulations predict nonthermal
lattice dynamics, experimental realization would require pulse durations
<100 fs to avoid thermal damage, as carrier lifetimes in SnTe monolayers are
expected to be sub-picosecond due to strong electron-phonon coupling™.
The driving frequency was set to w = 1.55 eV, which surpasses the band
gap and corresponds to one of the prominent peaks in the shift current
spectra”. Tonic motion and phonon excitation are fully frozen in the present
work under the assumption that the pulse durations are on the order of
femtoseconds, significantly shorter than typical lattice dynamics response
times. We minimally tested the effects of phonon, by exciting A, and E,
infrared-active modes. Though the phonons contribute to the amplifica-
tions of polarization dynamics, (see Supplementary Materials Note 4), they
do not fundamentally alter the current reversal behavior with which we are
mainly concerned in the present work. It is important to note that the
lattice’s ionic component lacks sufficient time to respond to these extremely
short pulses.

The real-space grid is sampled with a spacing of 0.35 Bohr, and the k-
point mesh for the 2D BZ is uniformly set to 24 x 24 x 1 based on con-
vergence tests. The momentum-resolved current density within the unit cell
is calculated as:

j(t, k) = ZéRe { / drg, (r, ), (r, 1) (8)

The average electric current density over the entire BZ is then given by:

Jn=> ZéRe [ / drg? (r, )¢, (r, 1) ©9)
k n

where v = - (—ihV + ¢ A) is the velocity operator, and Q represents
the unit cell volume.

The number of excited electrons N,, in the conduction band is
obtained as:

Na@=3" 3 S U6t > 0l =0)  (10)

k n=n, . +1 m=1

occ

where # is the band index and k is the Bloch number, respectively.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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