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Ferroelectric switching assisted by laser illumination
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We explore the fascinating dynamics of ferroelectric materials under illumination, which holds great potential
to advance the field of optoferroelectricity. First, we introduce a general Hamiltonian-based model to explain how
light exposure weakens ferroelectric polarity and reduces potential barriers in a ferroelectric system. Second,
the properties and the dynamic evolution process of ferroelectric BaTiO; and SnTe under illumination are
investigated using the first-principles methods, validating our model. The results demonstrate that illumination
induces the redistribution of charge density and the reorganization of potential energy surface, thereby driving
the transition from ferroelectric to paraelectric phases. Our findings reveal the potential for light-modulated
ferroelectric memory and could propel the development of advanced ferroelectric devices. This study, therefore,
represents a key step toward a comprehensive understanding of optoferroelectricity and its potential applications.
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I. INTRODUCTION

Ferroelectric materials, characterized by spontaneous po-
larization, switchable electric dipoles, and ferroelectric-
paraelectric phase transitions above the Curie temperature T¢
[1], have garnered significant interest due to their promising
applications in nonvolatile memory devices [2,3], pyroelec-
tric sensors [4,5], piezoelectric actuators [6,7], and energy
harvesting systems [8,9]. Nevertheless, the stability and
reversibility of ferroelectricity present a formidable contra-
diction that demands attention. On one hand, the presence
of high potential barriers in the material matrix is desirable
for achieving elevated ferroelectric transition temperatures,
which imparts superior thermal stability to the system. On
the other hand, such high potential barriers necessitate a sub-
stantial electric field to reverse the ferroelectric polarization,
leading to increased coercive forces and energy consumption.
The resolution of this fundamental contradiction between sta-
bility and reversibility is of paramount importance for the
optimization of ferroelectric devices.

Recent advancements in high-powered and ultrafast laser
sources, combined with emerging detection techniques, have
revolutionized the possibilities for precise control and manip-
ulation of ferroelectric materials. Ultrafast optical inversion
of ferroelectric polarization in LiNbO3; was experimentally
achieved through femtosecond midinfrared pulse resonance
excitation [10]. The engineering of three-dimensional nonlin-
ear photonic crystals has become a tangible reality through
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the full-optical polarization of ferroelectric domains using
infrared femtosecond pulses [11,12]. Moreover, the quantum
paraelectric-ferroelectric phase transitions in SrTiO3 through
the ingenious application of ultrashort terahertz pulses have
been achieved [13,14], followed by a possible explanation
from the perspective of phonon soft mode excitation [15].
These developments highlight the increasing relevance and
potential of utilizing laser-assisted techniques in the inves-
tigation and manipulation of these complex ferroelectric
materials.

In this study, using a simple Hamiltonian-based model, we
propose that illumination can weaken the ferroelectric polarity
and reduce the potential barrier of ferroelectric materials un-
der the premise of an invariant lattice. To confirm this idea,
using first-principles methods, including density functional
theory (DFT) and real-time time-dependent density functional
calculations (rt-TDDFT), we analyze the ground and excited
state properties of bulk ferroelectric material BaTiO; and
two-dimensional in-plane ferroelectric material SnTe. In our
investigation of the dynamic evolution, it becomes evident
that these two materials possess the capability to effectively
reduce the ferroelectric potential barrier, attenuate the ferro-
electric polarization, and potentially facilitate the transition
from a ferroelectric to a paraelectric phase when subjected to
illumination.

II. GENERAL THEORY

In order to explore the impact of light on the ferroelec-
tric instability, we will analyze a linear A1-B-A2 model [16],
where A1 and A2 are generally anions and B is generally
cations. A1-B and B-A2 respectively represent two unequal

©2024 American Physical Society
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FIG. 1. (a) Schematic of the single-chain ferroelectric model where atom A represents a coordination atom and atom B signifies the
displacement atom causing polarization within the ferroelectric material. (b) Depiction of the single-chain ferroelectric model Hamiltonian
under light exposure, with ¢ denoting the hopping integral between atoms A and B, and A expressing the energy difference between the orbital
of atom A and B. (c) PES of the single-chain ferroelectric model as a function of the displacement of atom A. The blue, orange, green, and
red lines correspond to the PES of the ground state and excited states with excitation rates of 2%, 5%, and 10% respectively. (d) Schematic
diagram of achieving ferroelectric inversion using the synergistic effect between small electric fields and laser assistance.

bonds in ferroelectrics that cause ferroelectric polarization.
The schematic representation of this model is delineated in
Fig. 1(a). The total energy E.y for the two-site system com-
prised of A and B sites is presented as follows:

Ey = Erep + Ehop-

Here, we use the term E., = <L+D)‘2 + = D)12 (c1 > 0),
a simplified form of the Lennard-Jones potential, to denote
the total Pauli repulsion energy, where L is the original bond
length of A1-B and B-A2 and D is the displacement of the B
ion. Additionally, the terms Ejp represents the energy decre-
ment caused by the hybridization between the unoccupied
orbital of the B ion and the occupied orbital of the A1/A2 ion,
as depicted in Fig. 1(b). Its expression can be inferred from the
subsequent mean-field Hamiltonian; the electronic interaction
Hamiltonian for the entire system can be expressed as follows:

Hyop = —t(af'az + aTag +H.c.)

+ A/2(afa) —afar — afas),

where ¢ represents the hopping integral and A(>0) is the
energy difference between the empty orbital of B and the
occupied orbital of A1/A2. By diagonalizing the Hamiltonian,
we can obtain the hopping energy after considering the exci-
tation of electrons Ejp as follows:

A

A2
Ehop = & (\/T +4(tg_a1)* + 4tg_a2)* + A) -5

Here, o represents the proportion of electrons excited
by illumination. According to Harrison’s method [17], the
dependence of the hopping integral on the bond distance

can be written as tz_4| = (L+D)2 and tz_pp = (L D)2 (c; > 0).
Therefore, Ei can be expressed as
E. — 1 + 1
tot — (L +D)12 (L _ D)12
A2 c 2 c 2
+a —+4<—22> +4<—22> +A
4 (L+ D) (L —D)
A
2 b

which is a function of the parameter D for various excitation
electron ratios in the centrosymmetric linear model, i.e., po-
tential energy surface (PES), as depicted in Fig. 1(c).
Through this qualitative model, two key conclusions can
be drawn. First, it is evident that the total energy of the system
increases with the proportion of excited electrons. This is
because the electrons in the valence band absorb a certain
frequency of light and transition to the conduction band un-
der radiation, leading to an increase of the total energy of
the system. Second, an interesting observation is that as the
number of excited electrons increases, the ferroelectric polar-
ization magnitude, along with the potential barrier, decreases
and eventually disappears at a certain alpha. The competition
between electron repulsion energy and hopping energy leads
to the formation of two equivalent potential wells in the po-
tential energy surface of the ferroelectric system, with the
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intermediate atom occupying one of the wells and break-
ing the central inversion symmetry of the system, resulting
in a local polarization. We assume that light only affects
hybridization energy without repulsion energy, which is rea-
sonable as the repulsion energy is mainly due to the overlap
of the core electrons. Illumination reduces the energy lower-
ing caused by orbital hybridization, thereby weakening the
hopping interaction between electrons, making the jumping
behavior of electrons between two lattice points less ac-
tive. This gives the repulsion energy an advantage over the
hopping energy, thereby altering the potential energy curve
of the system’s total energy. When the number of excited
electrons reaches a critical proportion, the energy reaches
its lowest point at D = 0, meaning that there is no longer
any ferroelectric instability and a transition from ferroelectric
to paraelectric occurs. An alternative interpretation emerges
from the total energy evolution. In general, it is observed that
the band gap of the ferroelectric phase is larger than that of the
paraelectric phase. This difference engenders a greater energy
increase in the ferroelectric phase than in the paraelectric
phase when the same number of electrons are excited. As
a consequence, the material exhibits a distinct tendency to
transition from ferroelectric stability to paraelectric stability
[18].

By the proposed model, we present an approach that com-
bines a small electric field with laser assistance to achieve
ferroelectric inversion. The procedure involves initially us-
ing a laser to lower the ferroelectric potential barrier and
subsequently employing a small electric field to induce the
ferroelectric switching. Note that the depolarizing field may
hinder the polarization switching in experiment. Following
the cooling and relaxation process, the system returns to
its original high potential barrier state, but with a reversed
polarization direction. This proposed technique allows for fer-
roelectric switching to be achieved using a small electric field
instead of the conventionally required large electric fields, as
illustrated in Fig. 1(d). By harnessing the capabilities of laser-
manipulated ferroelectric order parameters, we overcome the
challenges posed by high potential barriers while ensuring
the stability and reversibility of ferroelectricity. This method
holds immense promise in advancing the field of ferroelectric
research and sets the stage for the design of cutting-edge
ferroelectric devices.

II1I. METHOD

We performed calculations on the ground-state properties
using the Vienna Ab initio Simulation Package (VASP) [19].
In our simulations, we employed an energy cutoff of 500 eV
for the expansion of wave functions into a plane wave basis
set. This value was chosen following meticulous convergence
tests to ensure the accuracy and reliability of the results. We
utilized the constrained DFT method [20] to compute the
atomic forces when electrons are excited to the conduction
band under illumination. Moreover, we performed real-time
time-dependent density functional theory (rt-TDDFT) simu-
lations [21] within the framework of density functional theory
(DFT) based on norm-conserving pseudopotentials [22] and
the Perdew-Burke-Ernzerhof functional [23]. We used a
plane wave nonlocal pseudopotential Hamiltonian, which is

implemented in the PWmat code [24]. The wave functions
were expanded onto a plane wave basis set with an energy
cutoff of 50 Rydberg. In the real-time TDDFT simulations,
we employed the NVE ensemble and used a 64-atom supercell
for both BaTiO; and SnTe, sampling the Brillouin zone at
the I' point. The time step was set to 0.1 fs. The duration of
laser pulses is v/20 = 12 fs, with photon energies of 2.37 and
3.1 eV for BaTiO; and SnTe respectively. We set the peak of
the light at 30 fs both for BaTiO3 and SnTe.

IV. CASE OF A BULK FERROELECTRICITY: BaTiO;

BaTiOs; is a widely studied perovskite material, renowned
for its exceptional dielectric [25,26], piezoelectric [27], and
ferroelectric properties. Since its discovery in the 1940s,
BaTiO3 has garnered immense attention from academia and
industry, thanks to its extensive applications in capacitors,
sensors, actuators, transducers, and memory devices. The
phase transition temperature of BaTiOs is around 396 K
[28], where the material undergoes a phase transition from a
tetragonal ferroelectric phase to a cubic nonferroelectric phase
associated with crystal structural distortions [29]. The high-
temperature cubic phase consists of regular corner-sharing
octahedral TiOg units that define a cube with Ti vertices and
Ti-O1-Ti edges. Ba* is located at the center of the cube with a
nominal coordination number of 12. Lower symmetry phases
are stabilized at lower temperatures and involve movement of
the Ti** to off-center positions. The remarkable properties of
this material arise from the cooperative behavior of the Ti**
distortions [30].

In terms of our model, the A atom is considered as the O1 of
BaTiOs3, while B represents the Ti atoms. Before illumination,
owing to its ferroelectric nature, the Ti atom resides in one
of the potential wells of its ferroelectric potential surface,
resulting in unequal bond lengths with the two O1 atoms
above and below the Ti site. We use constrained DFT under
static conditions to simulate the electron excitation caused
by illumination with a 3 x 3 x 3 supercell. Fig. 2(b) depicts
an image extracted from one unit cell, displaying the real-
space charge density difference (CDD) after the excitation
of 0.375% of the total valence electrons, which shows that
the positively charged Ti** ions are attracted to the elec-
tron group beneath, generating a downward force along the
z axis. Here, CDD = p(excited state)—p(ground state). The
negatively charged O~ ions are repelled by the electron group
beneath, producing an upward force along the z axis. The
magnitudes and directions of these forces can be observed
from Fig. 2(c). The electrons transfer from the vicinity of the
Ti atom and accumulate beneath the O1 and Ti atoms, which
is consistent with a previous report [31]. This information
can also be extracted from the density of states (DOS) plot
in Fig. 1(e). The red (black) dashed lines represent the state
density before illumination, while the red (black) solid lines
depict the state density 150 fs postillumination. The orange
and green areas represent the excited electrons and holes,
respectively. A strong laser pulse pumps electrons from the
2p orbital of oxygen to the 3d orbital of titanium, altering
the potential surface of BaTiOs. This leads to a redistribution
of ferroelectric charge density from the original state, initiat-
ing highly directional ionic motion that drives the O1 atom
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FIG. 2. (a) Crystal structure of BaTiO; in its ferroelectric phase. (b) CDD of BaTiOj; after exciting 0.375% of total valence electrons. The
red arrow indicates the direction of the force on the atom (c) Magnitude and direction of forces acting on each atom in BaTiO; after exciting
0.375% of total valence electrons. (d) The green and blue solid lines represent the time evolution of the long and short Ti-O bonds responsible
for ferroelectric polarization, respectively, under ultrafast laser irradiation. The red and black solid lines represent the time evolution of the long
and short Ti-O bonds responsible for ferroelectric polarization, respectively, obtained using the NVT ensemble in regular molecular dynamics
simulations at the same temperature after laser heating. (e) Electronic density of states for BaTiO; in the ground state and excited state. The red
(black) dotted line represents the density of states of O1 p orbitals (Ti d orbitals) before lighting, while the red (black) solid line represents the
density of states of O1 p orbitals (Ti d orbitals) after 150 fs light pulse is applied. The orange and green regions represent the excited electrons

and holes, respectively.

upwards and the Ti ion downwards, this phenomenon is con-
sistent with the theory we mentioned earlier. Importantly, the
transfer of electrons does not disrupt the symmetry within the
x-y plane of the system. Laser irradiation induces a weakening
of the Ti-O bond and pseudo Jahn Teller effect, enhancing the
tendency towards the transition from polar structures to higher
symmetric structures [31,32].

Further dynamical validation was conducted using rt-
TDDFT. As shown in Fig. 2(d), we capture the temporal
evolution of each bond length in BaTiO; under light exci-
tation. The ferroelectric phase of BaTiO3, characterized by
long (and short) bond lengths initially, transitions to the state
with almost equal bond lengths approximately 150 fs after the
application of the light pulse. This indicates a structural phase
transition of BaTiO3 from the ferroelectric to the paraelectric
phase, due to the transfer of energy from the photoexcited
electrons to the lattice, resulting in a reorganization of the
crystal potential surface. We also observe that the band gap
width postillumination is slightly narrower than preillumina-
tion, which is also consistent with the conclusion that the
band gap width of the paraelectric phase of BaTiO; is slightly
smaller than that of the ferroelectric phase [29,33]. Following
the light pulse, the long Ti-O1 bond shortens, while the short
Ti-O1 bond lengthens. This is accompanied by a degree of

oscillation but does not revert to the original size. This oscilla-
tion arises from the inertia of the atoms during the dynamical
process and a reduction in the ferroelectric potential barrier as
depicted in Fig. 2(b).

V. CASE OF A VDW FERROELECTRICITY: SnTe

The ferroelectric transition temperature of a monolayer
SnTe film is dramatically elevated from the bulk material’s
98b K to an impressive 270 K [34]; it has been theoretically
demonstrated that the 0-K energy barrier for the polarization
switching in SnTe thin films is higher than that in bulk SnTe
when the thickness is larger than 2 unit cells (UCs), due to the
competition between hybridization and Pauli repulsion inter-
actions, and the 5-UC SnTe film has the largest energy barrier
[35,36]. Fig. 3(a) shows the crystal structure of a monolayer
SnTe thin film. This hallmark feature positions SnTe thin
films as a potent contender in addressing the miniaturization
challenges in ferroelectric devices. In a deeper exploration
of the subject from both the modeling and dynamical evo-
lution perspectives, we expand upon previous evidence that
strong coupling between terahertz lasers and transverse op-
tical phonon modes can trigger ferroic order switching in
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FIG. 3. (a) Crystal structure of SnTe in its ferroelectric phase. (b) CDD of SnTe after exciting 0.625% of electrons. The red arrow indicates
the direction of the force on the atom. (c) Magnitude and direction of forces acting on each atom in SnTe after exciting 0.625% of electrons.
(d) The green and blue solid lines represent the time evolution of the long and short Sn-Te bonds responsible for ferroelectric polarization,
respectively, under ultrafast laser irradiation. The red and black solid lines represent the time evolution of the long and short Sn-Te bonds
responsible for ferroelectric polarization, respectively, obtained using the NVT ensemble in regular molecular dynamics simulations at the
same temperature after laser heating. (e) Electronic density of states for SnTe in the ground state and excited state. The red (black) dotted line
represents the density of states of Sn (Te) p orbitals before lighting, while the red (black) solid line represents the density of states of Sn (Te) p
orbitals after 2000 fs light pulse is applied. The orange and green regions represent the excited electrons and holes, respectively. (f) Temporal
evolution of the z-direction Sn-Te bond, with blue indicating the presence of light and black indicating the absence of light. After illumination,

the Sn-Te bond in the z-direction becomes longer.

SnTe, originally proven from the perspective of optical
polarizability [31].

Our model is based on a configuration where Sn and Te
are referred to as A and B atoms respectively. Owing to the
equivalence of the Sn-Te-Sn chains along the [110] and [110]
directions, there is no polarization in the x direction, with
ferroelectric polarity solely exhibited in the y direction. Upon
exciting 0.625% of the electrons, as shown in Fig. 3(b), the
positively charged Sn?* ions experience a strong repulsion
in the positive y direction due to the adjacent hole group.
Concurrently, the negatively charged Te?~ ions are repelled
in the negative y direction by the adjacent electron group. The
magnitude and direction of these forces can be inferred from
Fig. 3(c) as well.

As demonstrated in Fig. 3(e), laser pulses pump electrons
from the p orbitals of Sn onto the p orbitals of Te, altering
the potential energy surface of SnTe. This results in an in-
version of the ferroelectric charge density from its original
state, prompting the Sn-Te bonds inclined in the z direction
to realign. Additionally, similar to BaTiOs3, the band gap
width of SnTe marginally decreases after illumination. The rt-
TDDFT calculations in Fig. 3(d) further confirm our model’s
conclusions. Postillumination, the length of the Sn-Te bonds
oscillates over time, shortening for the long bonds and length-
ening for the short ones, without reverting to their original
sizes. This attests to a reduction in the ferroelectric polarity

in the y direction, consequently weakening the ferroelectric
potential barrier.

VI. DISCUSSION

The surface or interface effects of two-dimensional ma-
terials are non-negligible. Unlike BaTiO3, where the force
experienced by the atoms in the xy plane under light exci-
tation is weak and does not alter its symmetry [as shown
in Fig. 2(c)], the length of the Sn-Te bond along the z axis
in SnTe elongates, as observed in Fig. 3(f). This elongation
can be attributed to the hybridization of the p orbitals in
Sn and Te, which results from carrier excitation induced by
illumination. Consequently, the energy levels of the bonding
state are elevated, while the energy levels of the antibonding
state are reduced. In real space, this results in bond stretch-
ing to decrease the total energy. While this stretching force
should ideally be isotropic and uniform, the broken spatial
translation symmetry along the z axis in two-dimensional
materials prevents its cancellation. In Fig. 3(b), CDD also
shows that Sn is attracted by the external electron group and
Te by the external hole group, both exerting a strong force
outward from the plane. The magnitude and direction of these
forces, as depicted in Fig. 3(c), imply that under illumination,
the Sn-Te bond in the z direction will tend to increase along
the z axis.
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FIG. 4. (a) The time evolution of the number of excited electrons in BaTiO; following the application of laser polarization in the xyz
direction (xy direction) is illustrated by the blue solid line (orange solid line). (b) The time evolution of the number of excited electrons in
SnTe following the application of laser polarization in the xyz direction (z direction) is illustrated by the blue solid line (orange solid line).

In the NVE ensemble, excess energy is transferred to the
cold lattice from hot carriers via electron-phonon coupling,
thereby raising the system temperature. To eliminate the influ-
ence of temperature, we first determine the stable temperature
after ultrafast laser, then we conduct molecular dynamics sim-
ulations at the same temperature using the NVT ensemble,
as indicated by the red line and the black line in Figs. 2(d)
and 3(d). Our simulations indicate that, at this temperature,
the ferroelectric polarization does not exhibit a substantial
decrease, indicating that light plays a predominant role in
promoting ferroelectric phase transition.

In addition, we investigated the influence of photon
frequency, photon fluence, and light polarization on the
polarization intensity of ferroelectric materials. Our obser-
vations indicated that as the photon fluence increases, the
ferroelectric-to-paraelectric phase transition in BaTiO3 occurs
more rapidly [see Fig. S1(a) of the Supplemental Material
[37]]. This is reflected in the negative correlation between
the time it takes for the long and short bonds to reach
the crossover point and the increase in photon fluence. A
higher photon fluence leads to the excitation of more electrons
[see Fig. S2(a) of the Supplemental Material [37]], but it
also causes more intense oscillations in bond lengths, con-
sequently, the long and short bonds return to positions of
higher ferroelectric polarization after the crossing over. The
evolution of ferroelectric polarization with photon frequency
follows a trend similar to that observed with photon flux. It
is noted that, with an increase in photon energy, the required
time for the phase transition progressively decreases [see Fig.
S1(b) of the Supplemental Material]. This phenomenon is
attributed to the ability of higher energy photons to excite
electrons from lower energy levels in the valence band to
the conduction band, which leads to a greater number of
excited electrons [see Fig. S2(b) of the Supplemental Ma-
terial]. Both of these factors act by influencing the quantity
of excited electrons, thereby impacting the rate of the phase
transition.

Considering the inherent ferroelectric polarity of BaTiO;
in the z direction, we found that when the material is irradiated
with a light field polarized solely in the xy plane while keeping

other conditions constant, there is no significant change in
the ferroelectric polarity of BaTiO; [see Fig. S3(a) of the
Supplemental Material]. This can be attributed to the fact
that the line connecting the real-space projections of the O
p orbitals and Ti d orbitals lies along the z direction. Con-
sequently, the absence of an electric field in the z direction
hinders the excitation of O p-orbital electrons to the Ti d
orbitals [see Fig. 4(a)]. Similarly, in the case of ferroelectric
SnTe with polarity in the y direction, when it is irradiated
with light polarized solely in the z direction, the ferroelectric
polarity also remains nearly unchanged [see Fig. S3(b) of the
Supplemental Material]. This is due to the fact that the line
connecting the real-space projections of the Sn p orbitals and
Te d orbitals lies along the y direction. Hence, the absence
of an electric field in the y direction significantly hampers the
excitation of Sn p-orbital electrons to the Te d orbitals. When
only the nonpolarized light field is incident, few electrons are
excited, whereas the presence of a ferroelectric polarization
direction electric field can significantly increase the number
of electron excitations [see Fig. 4(b)].

To investigate the damaging effect of laser on the material,
we calculate the radial distribution functions, as shown in Fig.
S4 of the Supplemental Material. The results indicate that,
with the laser parameters of F = 70 mJ/cm? and Ey = 0.01
Ha/Bohr, BaTiO; is approaching the melting point. In this
case, the average rate of energy transfer is approximately
0.007 11 eV/fs per atom.

VII. SUMMARY

This study proposes a model for understanding the effect
of light on ferroelectric materials, revealing that illumi-
nation weakens the ferroelectric polarity and reduces the
potential barrier of these materials. This model was further
demonstrated through first-principles methods applied to two
different materials BaTiO; and SnTe. The findings suggest
that using light can improve the control of ferroelectric po-
larization, potentially enabling more advanced applications
in memory devices, sensors, and energy harvesting systems.
The study also revealed the behavior of these materials under
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illumination, specifically the transition from ferroelectric to
paraelectric states. This could pave the way for innovative ap-
proaches to manipulate ferroelectric materials and contribute
to the development of light-modulated ferroelectric memory.
Moreover, the research investigated the properties of BaTiO3
and SnTe under illumination, providing insights for their prac-
tical applications.
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