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Jonathan Ordoñez-Pimentel,1, 2 Michel Venet,2 Diego A. Ochoa,1
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Light-induced ferroelectric domain wall motion turns out to be a promising phenomenon to de-
velop new photo-controlled devices. However, the physical origin of this ligh-matter coupling when
material is irradiated with visible light remains unclear. Here, a phenomenological model predicting
the motion of charged domain walls (CDWs) is developed. The photo-induced electronic reconstruc-
tion mechanism is proposed as the primary absorption mechanism, leading to a linear dependence
for the polarization perturbation with the light intensity. Domain walls motion is then driven by
the energetic difference between domains in a CDW array, such that the macroscopic polarization
can be easily tuned.

I. INTRODUCTION

Domain walls are known to be functional interfaces
to control the macroscopic polarization of ferrolectrics
[1, 2]. These interfaces move through external stim-
uli, typically electric field or mechanical stress, thereby
yielding domains reconfiguration. Recently, however,
polarization control via optical excitation has become a
highly appealing topic because it entails new paradigms
for technology [3–8]. Optical switching mechanisms in-
clude (piezo)photovoltaic effect [9–11] as well as a va-
riety of experimentally observed phenomena based on
the light control of ferroelectrics domains [12–14].

In this context, the light driven motion of ferroelectric
domain walls provides versatile phenomenology that
could potentially power the next generation of photo-
ferroelectric devices. However, the major drawback for
achieving an effective reversible optical control of do-
mains rearrangement in conventional ferroelectrics lies
in their wide optical band gap, typically greater than 3
eV; therefore, irradiating with UV-light turns out to be
mandatory [8, 15]. Nevertheless, recent studies have ev-
idenced the ability to move ferroelectric domain walls
when a low-power (< 100mW) visible light impinges
on an isolated barium titanate (BTO) single crystal
[16]. Due to the domains reconfiguration, macroscopic
properties such as dielectric permittivity or mechanical
strain can be photo-controlled showing a linear depen-
dence with the light intensity at several wavelengths in
the visible spectrum [17, 18].

Although convincing experimental findings have
pointed out that the photo-induced ferroelectric domain
rearrangement is primary linked to strong charged do-
main walls (CDWs) [17, 19], the physical origin of this
manifestation of light-matter coupling remains unclear
so far. It was postulated, but not formally developed,
the charge accumulation at CDWs leads to a modifi-
cation of the energy bands in the BTO, creating an
asymmetric saw-teeth potential known to produce the
so-called ratchet effect [16, 18]. Namely, it was hypoth-

esized that the illumination might cause nonequilibrium
at the CDWs, thereby leading to the motion of domain
walls. In this work, a formal description of the light-
driven motion of charged domain walls is presented,
shedding new insight into the interaction between visi-
ble light and ferroelectric order in isolated ferroelectrics.

II. PHOTO-INDUCED ELECTRONIC
RECONSTRUCTION MECHANISM

CDWs appear in some ferroelectric materials due to
the convergence of the polarization of two adjacent
ferroelectric domains [20, 21]. The bound charge is
screened with free carriers even when the adjacent do-
mains are insulating. When extrinsic mechanisms (e.g.,
compensation by oxygen vacancies [22] or additional or-
der parameters like octahedral tilt [23]) are not the most
relevant stabilizing agents of charged domain walls, the
electronic band-bending mechanism is the only one ca-
pable of generating free charges in order to compensate
the polarization discontinuity in the walls [20, 24]. As
was described, the driving force for this mechanism is
the existence of a huge internal electric field (around
2.7 GV/m in BTO at room temperature [25]), which
arises from the bound charge accumulated in the walls
[26, 27].
Like the electronic reconstruction in oxide interfaces

[28], the electronic band-bending mechanism is pro-
duced when the distance between domain walls (or do-
main size) reaches a value above a critical one. In this
case, the local valence band in the wall with a positive
bound charge is aligned with the local conduction band
in the other wall, leading to electron transfer from one
type of wall to another. This is similar to a Zener-like
breakdown [29] (but without Zener tunnelling), which
creates local regions with an accumulation of electrons
or holes.
Sluka et al. [24] show that a domain pattern contain-

ing CDWs can achieve an equilibrium state through in-
complete screening of polarization discontinuity, which
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provides an effective electric field inside domains. Be-
cause of the alternating sign of consecutive CDWs, the
spatial distribution of the depolarization field between
walls (or its electric potential) shall be an oscillating
function having the maximal or minimal values in the
position of the walls. In this way, the group constituted
by a domain and two consecutive CDWs (labeled as
CDW array) is formed by three main regions: an insu-
lator region associated with the domain, and two n-type
and p-type conductivity local regions arising from head-
head (positive convergence of polarization) and tail-tail
(negative convergence of polarization) CDWs, respec-
tively. From this point of view, a CDW array has a re-
markable similarity with artificial semiconductor struc-
tures, such as metallic oxide interface with the presence
of two-dimensional electron (or hole) gas [30–32] and
nipi -semimetallic crystals constituted by periodic layers
with alternating doping of donors and acceptor impuri-
ties embedded in a non-doped host material [33, 34]. In
these types of structures, three main features can be ob-
served: (i) spatial modulation of the band edges because
of the space charge potential, which is originated from a
partial compensation of a particular type of charge con-
centration; (ii) an efficient separation of photoelectron-
photohole pairs under the incidence of light due to the
existence of the built-in electric field, which leads to
long lifetimes for the photoexcited carriers; (iii) opti-
cal transitions with associated energies below the band
gap owing to the existence of an indirect gap in the real
space as a result of spatial separation between electron
a hole states [33–36].

Assuming these characteristics can also be found in
a CDW array, two questions emerge: How are electron-
hole pairs generated when sub-band gap illumination
irradiates on the CDW array? Can the generated car-
riers be related to changes in polarization and related
macroscopic properties? Regarding the first question,
in nipi-nonsemimetallic crystals, an effective gap lower
than the band gap exists [34], but it becomes zero for
the semimetallic state resulting in the confinement of
free carriers at the interface [35]. Thus, optical transi-
tions are only possible by direct transition or tunneling,
the latter being almost unlikely because of the small
overlap between the electron and hole states within the
forbidden gap region [37]. Because of the band configu-
ration similarity in CDW arrays and nipi-semimetallics,
the tunneling mechanism can be disregarded for CDW
arrays.

Di Gennaro et al. [36] proposed a transition mech-
anism termed photo-induced electronic reconstruction
(PER), which explains the light absorption for radiation
energies below the gap, more specifically, the optical
absorption in the visible spectrum in a LaAlO3/SrTiO3

(LAO/STO) heterostructure, whose gap energy is ∼ 3.6
eV. According to Di Gennaro et al. [38] the PER mech-
anism can be understood as a slow photo-promotion
process that involves the electron promotion from the
LAO initial states with O-character to STO final states
with Ti-character, and whose transitions can involve a

non negligible overlap between the states. Additionally,
since the upturn of the bands is steep (specifically, the
band bending upwards in the LAO), the farther initial
valence band states are located, the larger is energy lift.
In consequence, the reduction of the optical gap is a re-
sult of the band being in the polar LAO layer. It is
important to highlight that the slow process refers to
the fact the photo-excitation is due to low energy pho-
tons promoting electrons to the quantum well (within
STO) from LAO valence band, in contrast to the high
energy photon promoting electron directly from the va-
lence band to the conduction band in the LAO (or STO)
layer, which is labeled as a fast promotion process.

The non negligible overlap between the states in-
volved in the optical transitions is at the core of the
PER mechanism, which can be understood as follows:
The analysis of the STO/LAO band character [39]
shows that the states below the Fermi level (EF ) are
mainly associates from widely O(2p) states of the AlO2

layer, forming the upper valence states within the en-
ergy interval −2 eV < E < EF , and with the O(2p)
states from the TiO2 layer, forming the intermediate va-
lence band states localized mainly in the energy range
−3 eV < E < −2 eV. Furthermore, the states above
EF are mainly formed by Ti(3d) orbitals, where bands
crossing the Fermi level are associated with the triple
degenerate t2g states of Ti(3d) orbitals of the TiO2 layer
within the interface overlapping with the surface O(2p)
bands of the AlO2 layer, thereby originating the inter-
face metallicity. As calculated by Rasgoti et al. [40],
only few bands cross the Fermi level, while there are
a significant number of bands around 2 eV below EF .
Therefore, it can expect that optical absorption results
from interband transitions occurring between valence
band states and the states at EF . The character of
these transitions allow the absorption over a large spec-
tral domain with low energy photons, thereby giving a
strong foundation to the PER mechanism.

The LAO/STO heterostructure is electrically very
similar to CDW arrays. Both systems have charged
interfaces, free carriers in quantum wells around those
interfaces, and internal electric fields arising from
the charged (uncompensated) interfaces. Although
a demonstration of this type of optical transitions
in CDWs requires the full calculation of the band
structure, a parallelism between the band structure
of STO/LAO interfaces and CDWs stabilized by elec-
tron/hole screening can be doubtless established [24,
41]. Thus, the valence band in tetragonal BaTiO3 are
mainly dominated by p-orbitals of the oxygen atoms,
which is expected due to the large electronegativity of
the oxygen as compared with the Ti and Ba atoms[42].
On the other hand, the formation of the conduction
band mostly consists of unoccupied d-states of the Ti
ion. For the case of head-to-head (HH) CDWs, the
bands associated to d-states cross the Fermi level in a
similar way to STO/LAO interface, so that this states
becomes occupied for electrons giving place to a quan-
tum well [43]. Specifically, the motion of electrons per-
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pendicular to the domain wall is quantized such that
the electron energy spectrum exhibits a finite number
of subbands related to free electron propagation along
the wall [44]. A similar situation occur in the case of
tail-to-tail (TT) CDWs, where an overlapping between
the conduction and valence bands is expected, except in
the case of the equivalent O(2p)-states. This is demon-
strated numerically in [23].
Note that, if the (electronic) band gap is calculated

between conduction band minimum (CBM) and the va-
lence band maximum (VBM), it turns out to be zero
such that the VBM and CBM states do not have to be
located at the same spatial region [45]. On the other
hand, the local band gap from the valence band to the
conduction band associated to the same spatial region is
similar to that of the monodomain ferroelectric. These
facts along with the existence of a partial depolarization
electric field (originated from the partial screened of the
bound charge in the walls) should allow optical transi-
tions by low energy photons similar to that happen at
the STO/LAO interface.

Thus, assuming the PER mechanism as the responsi-
ble phenomenon for the optical absorption in CDWs, a
photoexcited electron generated by the optical absorp-
tion is then transferred from valence band states in the
domains (and sufficiently near the wall) to conduction
band states in the quantum well localized within the
HH-CDW. Furthermore, since photon absorption cre-
ates the same amount of holes and electrons, the holes
are drifted towards the TT-CDW by effect of the par-
tial depolarization field, which spread from the HH to
the TT walls. Fig. 1 illustrates the photo-generation of
electron-hole pairs by the PER mechanism in a CDW
array. (Note that this process of charge separation is
similar to that in pn-junctions [46, 47].) As a result,
it is expected that both the joint action of the local-
ized states in the quantum well (acting like traps) and
the hole-drift (due to the internal electric field) hin-
dering the recombination process, leading to very long
lifetimes of the photoexcited states while the internal
field remains sufficiently uncompensated.

FIG. 1: Schematic representation of the electron-hole pair
generation (green arrows) from the valence band to the

conduction band in a CDW array by the PER mechanism.
White arrow symbolizes the hole drift, orange ones

represent the polarization direction, and the terms Ec, Ev,
and EF are the conduction band energy, the valence band

energy, and the Fermi level, respectively.

The long lifetime of photo-carriers and the photogen-
erated charge alter the charge balance at CDWs, leading
to a new stable state under illumination. The photo-
carriers concentration should be small to modify the
local Fermi level of electron and hole gases in the walls.
Nevertheless, the effect on the depolarization field can
be enough to induce a substantial modification in the
band edge profile (note that the value of a partially
screened depolarization field is about 104 Vcm−1 for a
domain size of 3 µm [24]). After the photo-excitation
process, the dark state (before illumination) with n0

and p0 free carriers in the CDWs is altered so that
photo-excited state receives an excess of electron and
hole concentrations ∆n and ∆p, respectively. There-
fore, the Fermi level common at both electron and hole
concentrations at the dark state (see white dashed line
in Fig.1) splits into two quasi-Fermi levels En

F and Ep
F

for electrons in the HH- and holes in the TT-CDW,
respectively.
Positions of En

F and Ep
F in the HH- and TT-CDWs

are given with respect to the bulk value of EF in the
dark state, leading to the emergence of an effective en-
ergy gap Eeff

g related to the difference between the
quasi-Fermi levels:

Eeff
g = En

F (n0 +∆n)− Ep
F (p0 +∆p). (1)

Since photo-absorption creates the same amount of
holes and electrons and considering the light intensity
sufficiently weak so that n0 ≫ ∆n, the effective energy
gap can be written as:

Eeff
g (n0 +∆n) ≈

(
∂Eeff

g

∂n

)
n0

∆n. (2)

Consequently, Eeff
g turns out to be proportional to

the excess charge concentration ∆n. Hence, increas-
ing ∆n increases the Eeff

g , thereby flattening the band
edges. To summarize, the photo-excitation process in-
creases the electron and hole concentrations, boosting
the screening of CDWs. As a result, the internal elec-
tric field decreases. Furthermore, polarization inside
the domains and the free energy of the whole system
are modified. Undoubtedly, the quantity ∆n results to
be essential in order to give an estimation about the
effect of the light-additional screening, and its impact
on the macroscopic properties.

III. PHENOMENOLOGICAL MODEL

If the CDWs are not fully screened, it must there exist
available states in the lower conduction band crossing
the Fermi level to promote photogenerated electrons by
the PER mechanism. Thus, a model describing the dy-
namics of electrons trapping by the quantum well in
the HH-CDW is proposed below, allowing estimating
the photogenerated electron concentration ∆n, and its
relation with the photoinduced electric field. In this
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way, the following balance equation is introduced [48]:
d∆n

dt
−Gph +

∆n(t)

τ0h
exp

(
− Φ(t)

kBT

)
= 0,

∆n(t = 0) = 0

(3)

where the recombination term is weighted by a exponen-
tial factor. The generation rate Gph can be expressed
by:

Gph =
I

ℏωD
, (4)

being I the light intensity, ℏω the energy per photon
and D the crystal thickness. The function Φ(t) repre-
sents the ease of trapping electrons (that is, the more
electron trapped the smaller Φ(t) will be). Assuming
there exists a relationship between Φ(t) and the elec-
tron concentration, Φ(t) is given from [49] by:

Φ(t) ≡ Φm
∆nm −∆n(t)

∆nm
, (5)

being ∆nm the maximum electron excess concentration
allowed in the quantum well during photogeneration,
and Φm the maximum depth of the well that is achieved
for full compensation of the bound charge in the wall.
The approach given by Sturman et al. [22] is used to
determine the value Φm ≈ 0.6 eV (Appendix A).

A constrain in ∆nm must be introduced to avoid
the overcompensation of the charge in the wall, such
that ∆nm + n0 ≤ σb/qδw with σb the total bound
charge in the wall and δw the wall thickness. For a par-
tial screened CDW, the difference between the bound
charge σb and the screening free charge σf yields a to-
tal bound charge σtot = σb − σf different to zero. The
existence of σtot results in a contribution to the free en-
ergy G trough a depolarization field energy expressed as
follows [50]:

Gdep = −1

2

(λ− 1)P 2

ϵ
, (6)

being λ = σf/σb the screening factor of the bound
charge in the wall [51]. Note that λ = 1 for a full
screened wall such that Gdep and, therefore, the depo-
larization field Edep turn to be zero.
Then, the total free energy can be write out as:

G =
1

2
αP 2 +

1

4
βP 4 − 1

2

(λ− 1)P 2

ϵ
. (7)

After transforming G into a dimensionless form G⋆ by
using the dimensionless quantities defined in [52], one
gets:

G⋆ =
1

2
α⋆p2 +

1

4
β⋆p4 − 1

2

(λ− 1)p2

ϵ⋆
, (8)

with α⋆ = −4, β⋆ = 4 and ϵ⋆ = (ϵ0ϵbEb/P
2
0 ) ≈

4.6 × 10−3, where Eb = |α|/4β ≈ 5 × 106 J/m3 is the
energy barrier between two polarization states, P0 =

0.26Cm−2 is the spontaneous polarization, and ϵb ≈ 7
is the background permittivity for BaTiO3 [24].
To obtain the strength of the depolarization field, G⋆

can be plotted for different λ values. Fig. 2a shows large
reduction of the order parameter for λ > λ3; that is, the
depolarization field becomes high enough to destabilize
the polarization. Moreover, for λ = λ4, G⋆ achieves a
minimum (Fig. 2a) with an optimal polarization value
(Fig.2b).
Calculating the corresponding depolarization field,

we obtain:

Edep = − (1− λ4)σb

ϵ⋆P0
E0 ≈ 1.1× 106 Vm−1 (9)

for BaTiO3 with domain size d = 3 µm and energy gap
Eg = 3 eV [31]. Here, E0 = (Eb/P0) = 1.9 × 107 Vm−1

is the normalization value of electric field.

0 0.5 1
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0.8

1 (b)

FIG. 2: (a) Dimensionless free energy G⋆ and (b)
maximum polarization corresponding to G⋆ minimum for

different λ values.

Taking λ4 to be the screening factor for the dark con-
ditions; then, an additional screening occurs under illu-
mination, such that λ can be written as two contribu-
tions:

λ = λdark + λlight ≤ 1; (10)

so that, a full screening of the wall is reached to λlight =
1− λdark = 1− λ4. Note that, although the value of λ
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is small, it becomes enough to produce a modification
in the depolarization field.
Once λlight is known, it is possible to estimate the

screening surface charge density σph needed to obtain a
full compensation of CDW; that is,

max(σph) = (1− λdark)σb ≈ 6.7× 10−9 Ccm−2. (11)

Finally, an estimation of the concentration ∆nm can
be done as follow [20]:

∆nm =
max(σph)

qδw
≈ 2× 1016 cm−3 (12)

which is fourth order smaller than the electron con-
centration in the CDW before illumination; i.e., n0 ≈
1020cm−3 [20, 24]. The value of the wall thickness, δw,
is obtained from Fig. 7b (Appendix A).
Based on the previous calculations, Fig. (3) displays

the solution of Eq. (3) for a crystal thickness of 1mm
and a continuous 500 nm of wavelength light imping-
ing on an area of 1mm2 with light intensity between
1− 5Wcm−2, according to the experimental conditions
reported in [17, 18]. As may be observed, Fig. (3) de-
scribes the increase of the number ∆n of electrons pro-
moted into the HH-CDW after the light is turned on.
Note that the full compensation of σb is not achieved
for the used light intensity interval, which can be under-
stood in terms of the decreasing in Edep. During illumi-
nation, electrons are promoting into the quantum well
whereby Edep receives an additional screening and, in
consequence, the recombination process playing a major
role (the efficient electron-hole separation due to Edep

is lost). Additionally, the time to achieve the saturation
concentration is significatively larger than the required
time with upper-band gap illumination (∼ 1 ns) [53],
wherewith the model describes a slow promotion pro-
cess. Furthermore, it is observed an increment of the
electron concentration with the light intensity increases,
which is related to the increase of photons impinging the
sample.

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

FIG. 3: Time dependence of photogenerated electron
excess concentration at different light intensities.

The increasing charge carrier concentration at CDWs
by sub-band gap photo-excitation causes an increase

ζph of the electrical conductivity in the walls (here,
sheet conductivity is being considered). Since a propor-
tionality of the photo-conductivity ζph with the excess
of charge carrier concentration caused by illumination
should exist, one has:

ζph = µ∆n2d, (13)

where µ is the charge carrier mobility at CDWs, which
can be considered as a constant and ∆n2d the laminar
concentration. On the other hand, if the number of
photo-excited carriers is proportional to the light inten-
sity (that is, the linear regimen of illumination), a total
conductivity dependent on light intensity ζtot(I) can be
introduced, which is the sum of the dark conductivity
ζdark = ζtot(I = 0) and the photo-conductivity ζph.

By expanding into Taylor series, one gets:

ζtot ≈ ζdark +

(
∂ζtot
∂I

)
I. (14)

Considering ζdark = µn0
2d, Eq. (14) give rise to:

ζtot = µntot = µn0
2d +

(
∂ζtot
∂I

)
I, (15)

such that the lighting contribution to the screening
charge can be obtained as:

ntot(I) = n0
2d +ΩI, (16)

being:

Ω =
1

µ

(
∂ζtot
∂I

)
. (17)

Note that Ω can be experimentally estimated by mea-
suring the electrical conductivity in the wall under light
conditions. However, Ω can be also estimated by us-
ing Eq. (16), taking into account the saturation values
for ∆n(t) at different light intensities and calculating
∆n2d by Eq. (12). Fig.4 shows a quasi linear relation
between ∆n2d and I for a light intensity range from
1Wcm−2 to 5Wcm−2. At this range, linear relation-
ships for the light intensity dependence of the dielectric
and mechanical responses of BaTiO3 have been exper-
imentally observed [17, 18]. Below 1Wcm−2, the non-
linear behaviour emerges more evident as a result of
the dominance of the exponential factor in the recom-
bination term of Eq. (3). A value of Ω ≈ 108 W−1 is
obtained from the linear fitting.

As a result of the above relations, the light effect on
the Gibbs free energy can be represented by the in-
sertion of a photo-induced energy term working like a
driving force [51, 54, 55]:

Gph = λlightEphP, (18)

where the photo-induced electric field Eph is given by:

Eph = − qΩ

ϵbϵ0
I, (19)
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FIG. 4: Relation between the photogenerated laminar
electron concentration and the light intensity for a range of

0.06− 5Wcm−2. Inset shows the linear fitting for the
range of 1− 5Wcm−2

which is triggered by the photo-generated charge den-
sity σph = q∆n2d. The value of the photoinduced
electric field for different light intensities in the linear
regime is given by

Eph(Vm
−1) = −2qΩE0

ϵ⋆σb
I ≈ −2.6× 104I. (20)

Note that Eph is in the opposite direction of the de-
polarization field and it is significantly lower than the
coercive field.

IV. PHOTO-INDUCED DOMAIN WALL
MOTION

Free charges can be created from the electronic band-
bending mechanism only whether the distance w be-
tween CDWs is greater than a critical distance wc.
Therefore, a correlation between the depolarization field
and w should exist. In order to find this relationship,
the competition between two energies is considered: the
energy cost of the charge transfer across the band gap
Eg, and the electrostatic energy making feasible the free
charge accumulation in the walls [56]; that is,

Φ(σ) = σ∆− w

2ϵ0χ0
[σ2

b − (σ − σb)
2], (21)

where ∆ = Eg/q, χ0 is the electric susceptibility and σ
and σb the transferred and bound charge in the walls,
respectively.
If E0

dep represents the depolarization field before
screening, the internal electric field can be written as:

Edep(w) = E0
dep −

σ(w)

ϵ0χ0
, (22)

where σ(w) in equilibrium can be obtained from mini-
mizing Eq. (21). That is,

∆ +
w

ϵ0χ0
(σ − σb) = 0. (23)

Note that in the absence of screening charge (i.e.,
σ = 0), the critical distance between walls is:

wc =
ϵ0χ0∆

σb
; (24)

thus, the expression for the equilibrium carrier density
σf results:

σf = σb −
ϵ0χ0∆

d
. (25)

From Eqs. (22) and (24), the correlation between
the residual depolarization field and the CDW distance
reads:

Edep(w) ≈
∆

w
. (26)

Therefore, considering different domain sizes (as illus-
trated in Fig. 5a), adjacent domains are expected to
have different values of Edep.

FIG. 5: Schematic representation of an asymmetrical
CDW array because of differences in the domain size

before (a) and after (b) illumination. Vertical dashed lines
are eye guides to highlight the CDW motion.

The driving force to move a domain wall is well-
known to be associated with the energetic difference
between domains [57]. For instance, by applying an ex-
ternal electric field, one domain becomes energetically
more favorable than the other one, thereby promoting
the growth of one domain at the expense of the other.
This is the usual way to induce a domain wall motion in
isolated ferroelectrics. However, an energetic difference
between domains can also be established by illuminat-
ing an asymmetrical CDW array. Since reducing the
depolarization field is not the same in large and small
domains (Eq. 5), the Gibbs free energy in the small
domains decreases more quickly than in the large ones.
Thus, the growth of the small domains becomes favor-
able together with the corresponding reduction of the
other ones. Then, a light-induced motion of the do-
main wall occurs as illustrated in Fig. 5b. Here, it is
important to highlight that the domain reconfiguration
would be reversible, since it is a small perturbation of
the ground state (dark state).
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In order to estimate the wall motion, the velocity of
wall vw can be computed in terms of the light inten-
sity through the following relation (see Appendix B for
details):

vw = −Λσtot

Σ
Eph =

2Λ

Σ

qΩE0

ϵ⋆
λlightI, (27)

being the mobility coefficient Λ ≈ 4×104 C2J−1m−1s−1

for BaTiO3, and Σ a term that takes into account the
spatial variation of the polarization.

Assuming an unchanged polarization profile at the
wall over time, the stationary solution describing the
uniform domain wall motion can be expressed by a kink-
like function in the polarization; that is,

p(z, t) = p(z − νwt) ≈ − tanh

(
z − νwt

δw/2

)
, (28)

where the tanh-function is obtained by fitting the profile
in Fig. (7b).
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FIG. 6: (a) Light intensity dependence of the domain wall
velocity and (b) polarization profile for different light

intensities at t0 = 1ms.

Fig. 6 is obtained by plotting Eqs. (27) and (28)
for different light intensities within the linear regime
(between 1 − 3Wcm−2) according to the experiments
[12, 17]. Fig. 6a shows domain wall velocity increase
with the light intensity as a result of the increasing
of the photoinduced electric field. However, the wall

motion is slowly as compared to the values reported
for ultra-fast laser-pulse on neutral domain walls [58].
As shown by Gureev et. al. [51] more screening
(λlight → 0) in CDW turns the wall less sensitive to
drive force Eph and, in consequence, the wall dynam-
ics generated by the PER mechanism needs long time
to trigger macroscopic changes in the domain configu-
ration. For instance, for a time in which the photoin-
duced electric field achieve the maximum values (i.e.,
t0 ≈ 1ms), the distance covered by the wall is around
∼ 102 nm as shown in the Fig. 6b, being this value in
agreement with those reported in [12].

V. CONCLUSIONS

Summarizing, the developed phenomenology success-
fully describes experimental observations on domain
wall motion, domains rearrangement, and consequently,
linear change of polarization when light with photon
energy below the material band gap impinging on an
isolated ferroelectric. Experimental observations and
physical phenomenology are now bridged. It is put in
evidence that visible light modifies CDW compensation
such that the depolarization field changes, triggering
the domain wall motion. As a result, a rearrangement
of the domain structure occurs, leading to a macroscopic
polarization variation. Because the CDWs compensa-
tion depends linearly on the light intensity, the polar-
ization can be easily tuned, as has been experimentally
observed. Our findings provide fundamental insights
into the physical attributes that allow light-driven mo-
tion of charged domain walls in ferroelectrics, thereby
projecting an exciting direction towards the accelerated
discovery of new ferroelectric materials for developing
the next generation of high-efficiency photo-controlled
ferroelectric-based devices.
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APPENDIX A: DETERMINATION OF THE
CONFINEMENT POTENTIAL

Because the high electron concentration in the wall,
the Thomas-Fermi (TF) model results a good approx-
imation to obtain the electric confinement potential ϕ.
Thus, for a full compensation regime, ϕ can be obtained
from both the state equation of polarization (from the
Landau theory)

−dϕ

dz
= αP + βP 3, (29)

and the general electrostatic relation

dP

dz
≈ ρ, (30)

where P stands for the polarization, α and β are the
Landau coefficients and ρ the compensating charge den-
sity. In the TF-model, ρ is a function of ϕ expressed by

ρ = −q(2meqϕ)
3/2

3π2ℏ3
, (31)

with me being the electron effective mass, q the elemen-
tary charge and ℏ the reduced Planck’s constant.

Mixing Eqs. (29) and (30), and using the boundary
conditions ϕ(∞) = 0 and P (∞) = P0, the following
conservation law emerges:

|α|P 2
0

4

(
1− P 2

P 2
0

)2

+

∫ ϕ

0

ρ(ϕ′)dϕ′ = 0, (32)

allowing to obtain a relation between P and ϕ. Taking
into account Eq. (31), the confinement potential can be
obtained by solving

ϕ =

[
|α|P 2

0

4

6π2ℏ2

5q(2meq)3/2

]2/5(
1− P 2

P 2
0

)4/5

(33)

and

dP

dz
=− q(2meq)

3/2

3π2ℏ2
×

×
[
|α|P 2

0

4

6π2ℏ2

5q(2meq)3/2

]6/10(
1− P 2

P 2
0

)6/5

.

(34)

Eqs. (33) and (34) can be substantially simplified
after a proper normalization by using the dimensionless
quantities d = (2ℏ2/meq|α|P0)

1/3, z̃ = z/d, p = P/P0,
and u = −med

2qϕ/ℏ2 [44], yielding

u = −c1Q
2/5(1− p2)4/5 (35)

and

dp

dz̃
= − c2

Q2/5
(1− p2)6/5, (36)
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FIG. 7: (a) Confinement potential and, (b) polarization
profile in the HH-CDW. The dashed line in (b) is the

fitting for p ≈ − tanh (z/5d).

being c1 = (15π/32
√
2)2/5 ≈ 1.016, c2 = 8

√
2c3/2/3π ≈

1.23, and Q = 4πP0d
2/q ≈ 102.

After solving Eqs. (35) and (36), we can estimate
Φm = |qϕ(0)| ≈ 0.6 eV from Fig. 7a. Additionally, the
thickness of wall was estimate to be δw ≈ 20 nm from
Fig. 7b, by taking the tangent to the polarization profile
at the center of the wall and measuring the distance
between the intersection of the tangent with the p =
±1. The obtained δw agrees with the value estimate by
Gureev et al. [20].

APPENDIX B: DETERMINATION OF THE
WALL VELOCITY

Under illumination, the internal electric field is dis-
turbed by photogenerated charges into the quantum
well within the wall, thereby inducing a reduction in the
depolarization field Edep, which can be understood like
the effect of a photoinduced field Eph working against
Edep. From [59] we can obtain an estimate value for the
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wall velocity. Let define an effective free energy density:

fef =
1

2
αP 2 +

1

4
βP 4 +

1

2
kef

(
dP

dz

)2

− (λ− 1)

ϵ0ϵb
P 2 + λlightEphP,

(37)

where kef = k+ kρ represents the effective gradient co-
efficient for CDWs as proposed by Gureev et al. [20].
Integrating in a domain of interest Γ, the effective en-
ergy Fef is given as:

Fef =

∫
Γ

fefdΓ =

∫
Γ

(fint+fph)dΓ ≡ Fint+Fph, (38)

showing two contributions: the internal free energy, and
a coupling term described by the light-induced modifi-
cation of the internal field with the polarization, which
works like driving force [51].

Due to the domain wall motion, a time rate of energy
dissipation is involved, which can be expressed as:

Ḟdiss = −
∫
Γ

1

2

[
δFef

δP

]
dΓ. (39)

By using a dissipative dynamics Landau-Khalatnikov
type, one gets:

Ṗ = −Λ
δFef

δP
, (40)

such that Eq. (39) can be rewrite as:

Ḟdiss =
1

Λ

∫
Γ

1

2
Ṗ 2dΓ, (41)

being Λ a mobility parameter considered a scalar
whether the time-evolution of the order parameter is
assumed to be isotropic.

Assuming CDW translates with a constant veloc-
ity vw while the wall profile remains unchanged over
time (valid for weak photo-induced electric field Eph <

Ecoercive), the time derivative of the polarization can
be expressed as:

Ṗ = vw
dP

dz
, (42)

thereby the dissipation rate becomes:

Ḟdiss =

∫
Γ

1

2

v2w
Λ

(
dP

dz

)2

dΓ. (43)

Taking into account that [59]:

Σ =

∫
Γ

(
dP

dz

)2

dΓ ≈ 8P 2
0

3δw
, (44)

it is obtained:

Ḟdiss =
ν2wΣ

2Λ
. (45)

Because only the coupling term depends on the posi-
tion of domain wall, the change in the free energy comes
exclusively from this term, such that:

d

dt
Fef =

d

dt

∫
Γ

λlightPEphdΓ. (46)

From Eq. (46) and making use of Eq. (42) we obtain:

d

dt
Fef ≈ 2P0λlightEphvw = σtotEphvw. (47)

Finally, the definition of the dynamic energy rate is
introduced [59], such as:

Ḟdyn = Ḟdiss +
d

dt
Fef

=
v2w
2Λ

Σ + σtotEphvw,

(48)

leading to the stationary condition:

∂Ḟdyn

∂vw
= 0. (49)

After solving the above equation, an expression for the
wall velocity is obtained:

vw = −ΛσtotEph

Σ
> 0. (50)
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Garćıa, G. R. Castro, J. F. Fernández, and J. E. Garćıa,
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