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Using the Landau-Ginzburg-Devonshire approach, we study light-induced phase transitions, evolution of
polar state, and domain morphology in photoferroelectric nanoparticles (NPs). Light exposure increases the
free-carrier density near the NP surface and may in turn induce phase transitions from the nonpolar paraelectric
to the polar ferroelectric phase. Using the uniaxial photoferroelectric Sn2P2S6 as an example, we show that
visible light exposure induces the appearance and vanishing of striped, labyrinthine, or curled domains and
changes in the polarization-switching hysteresis loop shape from paraelectric curves to double, pinched, and
single loops, as well as the shifting in the position of the tricritical point. Furthermore, we demonstrate that an
ensemble of noninteracting photoferroelectric NPs may exhibit superparaelectric-like features at the tricritical
point, such as strongly frequency-dependent giant piezoelectric and dielectric responses, which can potentially
be exploited for piezoelectric applications.
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I. INTRODUCTION

One of the first experimental pieces of evidence of the
photodomain effect was reported in bulk photoferroelectrics
in the seminal papers of Fridkin et al. [1–3]. Fridkin et al.
explained the influence of the light exposure on the forma-
tion and kinetics of domain structure by the generation of
screening charges and photostriction effect. Blouzon et al.
[4] showed that the photocurrent maps are significantly af-
fected by the presence and configurations of domain walls.
It was found that the observed effect is caused by the spa-
tial redistribution of internal electric field associated with
the domain walls. Recent dynamic phase-field simulations of
the polarization distribution in the PbTiO3/SrTiO3 superlattice
before and after ultrafast optical excitation [5–7] revealed the
light-induced formation of a ferroelectric supercrystal. Light-
driven domain switching is also observed in photochromic
ferroelectrics [8].

Note that elastic strains and/or stresses can influence the
photoinduced charge-carrier concentration, as well as impede
or accelerate their generation. As a rule, this happens because
the band gap can change locally under the strain or applied
stress. The “weak” change of the band gap can be described
in the linear approximation being proportional to the strain
(or pressure) coupling with the deformation potential [9,10].
More recent density-functional calculations show that elastic
strains can strongly change the band gap of ZnO and TiO2
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oxides [11,12]. It has been predicted theoretically and re-
vealed experimentally that local strains can significantly
increase the conductivity of different domain-wall morpholo-
gies in ferroelectrics, such as uncharged domain walls [13]
and polar vortices [14]. The conducting domain walls and
vortex cores appear due to the deformation potential and
flexoelectric coupling [14]. Notably, the local energy gap at
the ferroelectric domain walls can be different from the bulk
gap due to the local strains coupled with the deformation
potential and reorientation of the internal atomic coordinates
[15], sometimes leading to anomalous photovoltaic effect
[16]. It has been revealed that elastic and surface strains can
significantly change the optical properties of semiconducting
core-shell nanoparticles, Zn-ZnO and ZnO-TiO2, due to the
local strain-induced changes of the band gap [17]. Recently,
the surface charge-mediated transitions of the loop shape from
the square to pinched and then to double loops, as well as asso-
ciated phase boundaries, have been predicted in ferroelectric
PbTiO3 nanoparticles [18].

However, to the best of our knowledge, the photodomain
effect in photoferroelectric nanoparticles is little studied
theoretically. The interaction of light quanta with an electron-
phonon subsystem under nanoscale confinement conditions
is of great importance to the development of domain-wall
electronics [19] and strain engineering [20–22]. In this work,
we employ the Sn2P2S6 NPs as a model system to study the
photodomain effect.

The Sn2P2S6 crystal is a classic example of a photoferro-
electric semiconductor with a 2.5-eV band gap, monoclinic
symmetry group, Curie temperature TC = 338K, and spon-
taneous polarization about 14 µC/cm2 at room temperature
[23]. In the darkness the electric conductivity of Sn2P2S6
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crystals is of the hole type, the position of the acceptor
level with respect to the valence band is about 0.1 eV,
and the electron-type conductivity appears under the visi-
ble light illumination. The photoconductive and photovoltaic
properties of Sn2P2S6 were determined by Vysochanskii
et al. [23,24] and Cho et al. [25], respectively. Spec-
troscopy and temperature dependences of photocurrents in
Sn2P2S6 were studied by Sotome et al. [26], and an ev-
ident correlation between the photovoltaic effect and the
spontaneous polarization was established. It was recently
shown that the polarization dynamics in Sn2P2S6 and re-
lated ferroelectric materials are governed by the effective
multiwell free-energy landscape of the long-range polar
order [27].

We define the physical problem and present the
Landau-Ginzburg-Devonshire (LGD) approach in Sec. IIA.
We then analyze the light-induced phase transitions, accom-
panied by transformations of polar state, domain morphology,
and hysteresis loops in photoferroelectric NPs in Secs. IIB and
IIC. We discuss possible applications of the NPs in Sec. IIIA
and present our conclusions in Sec. IIIB. The Supplemental
Material [28] contains the detailed mathematical formulation
of the problem, description of the methods, a table of material
parameters employed in the calculations, and auxiliary figures
of results.

II. THEORETICAL MODELING

A. Basic equations

The LGD free energy (GLGD) of a ferroelectric NP is the
sum of the Landau-Devonshire free energy (gLD), the gradient
energy (gG), the electrostatic energy (gEl ), the linear elastic
energy (gEE), electrostriction (gES), and flexoelectric (gFL)
contributions:

GLGD =
∫

(gLD + gG + gEl + gES + gFL)dx3, (1a)

gLD = αiP
2
i + βi jP

2
i P2

j + γi jkP2
i P2

j P2
k , (1b)

gG = gi jkl
∂Pi

∂x j

∂Pk

∂xl
, (1c)

gEl = −1

2
ε0ε

b
i jEiE j − EiPi, (1d)

gEE = − si jkl

2
σi jσkl , (1e)

gES = −Qi jkl PiPjσkl − Zi jklmnPiPjPkPlσmn

− Wi jklmn

2
PiPjσmnσkl , (1f)

gFL = +Fi jkl

2

(
σi j

∂Pk

∂xl
− Pk

∂σi j

∂xl

)
. (1g)

The integration in Eq. (1a) is performed over the volume of
NP. The values αi, βi j , and γi jk in Eq. (1b) are the Landau-
Devonshire expansion coefficients. The coefficient αi depends
linearly on the temperature T , αi(T ) = αT (T − TC ), where
TC is the Curie temperature of a bulk ferroelectric. Other
coefficients in Eq. (1b) are temperature independent. The val-
ues gi jkl in Eq. (1c) are the components of the polarization
gradient tensor. In Eq. (1d) Ei is the electric field, ε0 is a

vacuum dielectric permittivity, and εb
i j are the components

of background dielectric constant tensor [29]. Hereinafter we
regard the background as isotropic, εb

i j = εbδi j , where δi j is a
Kroneker delta symbol. Values σi j in Eq. (1e) are the compo-
nents of a stress tensor, i, j = 1−3. The values Qi jkl , Zi jklmn,
and Wi jklmn denote the components of a linear and two non-
linear electrostriction strain tensors, respectively [30,31]. The
values Fi jkl in Eq. (1f) are the components of a flexoelectric
tensor. An Einstein summation convention over repeated in-
dices is employed herein.

The quasistatic electric field Ei is related to the electric po-
tential φ through Ei = − ∂φ

∂xi
. The electric potential φ satisfies

the Poisson equation inside the photoferroelectric NP:

−ε0εbδi j
∂2

∂xi∂x j
φ = e(nh − ne − N−

a + N+
d ) − ∂Pi

∂xi
, (2a)

where e is the absolute value of electron charge; ne and
nh, N−

a and N+
d are, respectively, the concentration of free

electrons and holes, and photoionized acceptors and donors,
which obey the charge transport equations (see Appendix A in
Ref. [28], and Refs. [32–36] therein for details). We assume
that Boltzmann statistics is valid for nondegenerate charge
carriers in thermodynamic equilibrium, and that the global
electroneutrality condition is satisfied under a continuous light
exposure. We also neglect heating effects related with the
light exposure assuming that they are either small for small
intensities of light or/and compensated by effective cooling of
the NPs. Unfortunately, we did not find the tensors of defor-
mation potential, flexoelectric coupling, and surface tension
coefficients for Sn2P2S6, and therefore did not consider the
pressure influence on the band structure of Sn2P2S6 core-shell
NPs, leaving this important question for future studies.

Due to the surface band bending induced by the “bare”
(i.e., unscreened) depolarization field, we assume that the
thickness of surface layer enriched by photoionized carriers is
very small, and the carriers can effectively decrease the bare
depolarization field in the layer in a self-consistent manner.
Therefore, we can use the approximation |eφ| � kBT and thus
the Debye-Hückel approximation for the bulk charge density,
ρb = e(nh − ne−N−

a + N+
d ), inside the layer:

ρb ≈ 2e2 ne

kBT
φ. (2b)

Here, kB is the Boltzmann constant. Using the approxima-
tion (2b), Eq. (2a) transforms into the Debye-type equation
inside the layer. Outside the layer, as well as outside the
NP, ρb ≈ 0, so φ satisfies the Laplace-type equation there.
Equations (2a) and (2b) are supplemented by the continuity
condition of the electric potential φ and electric displace-
ments �D at the particle surface (see Appendix B in Ref. [28],
and Refs. [37–43] therein for details). Since the thickness of
surface layer enriched by photoionized carriers can be very
small, one can solve the Laplace-type equation, −δi j

∂2

∂xi∂x j
φ =

1
ε0εb

∂Pi
∂xi

, instead of using Eq. (2a), and use the following bound-

ary conditions for φ and �D :

(φext − φint )|S = 0, �eS ( �Dext − �Dint )|S = −ε0φ

LD
. (2c)
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FIG. 1. The dependence of the concentration n of photoionized
charge carriers (a) and the screening length LD (b) on the inten-
sity I of visible light. Plot (a) is calculated for several η values,
which vary from 1025 to 5 × 1022s/(mJ m3), and T = 300 K (see
legend). Plot (b) is calculated for several temperatures: T = 100,
150, 200, 250, 300, and 350 K (see legend), and the factor η is
equal to 5 × 1024s/(mJ m3). Background permittivity εb = 9 and
c0 � 1022 m3 correspond to the photoferroelectric Sn2P2S6.

In Eq. (2c) �eS is the normal to the NP surface S, and LD

is the Debye-Hückel screening length. The length is given

by the expression LD =
√

kBT ε0εb
2e2n , where n is the free-carrier

concentration under illumination at ϕ = 0. Hereinafter, the
letter “n” can denote the concentration of electrons (ne) in
electron-type photoferroelectrics, or holes (nh) in hole-type
photoferroelectrics, or the total concentration of free carriers
in intrinsic photoferroelectrics. Due to the light-induced in-
crease in the free-carrier density, the concentration n and the
length LD strongly depend on the light intensity I , namely:

n ≈ n0 + τn(χ + γpNp)I, LD ≈
√

kBT ε0εb

2e2[c0 + τc(χ + γpNp)I]
.

(3)

Here, n0 is the free-carrier (electrons and/or holes) concen-
tration in the darkness and τn is the lifetime of photoionized
carriers. Np is the concentration of photoactive atoms (accep-
tors or/and donors), γp is their photoionization coefficient, and
χ is the reduced photovoltaic glass constant. The derivation of
Eq. (3) is given in Appendixes A and B in Ref. [28].

The dependence of the concentration n on the intensity
I is shown in Fig. 1(a) for several values of the parameter
η = τn(χ + γpNp). As one can see, n increases from 1023

to 1028 m−3 with increase in I from 0.1 to 100 mW. The
dependence of the screening length LD on the temperature T
and light intensity I is shown in Fig. 1(b). For a realistic set of

parameters, corresponding to the photoferroelectric Sn2P2S6

(band gap 2.5 eV, light wavelength 440–500 nm), LD changes
from 5 nm to 1 Å with increase in I .

Polarization dynamics in an external field follows from
minimization of the LGD free energy (1), and corresponding
time-dependent LGD equations have the form

�
∂Pi

∂t
= −δGLGD

δPi
. (4a)

Here, � is the Khalatnikov kinetic coefficient [44]. The
boundary condition for Pi at the nanoparticle surface S is
“natural,” i.e.,

gi jkl eSk
∂Pi

∂xl

∣∣∣∣
S

= 0. (4b)

The time-dependent LGD equations (4a) and (4b) should be
solved self-consistently with the Poisson equation (2a), where
the concentration of free electrons and holes, photoionized ac-
ceptors, and donors obey the time-dependent charge-transport
equations (A2) listed in Appendix A in Ref. [28].

B. Light-induced changes of polar states and domain
morphology

In order to study the light-induced changes of phase
diagrams, domain morphology, and related effects in photo-
ferroelectric Sn2P2S6 NPs, we perform finite-element mod-
eling (FEM) in COMSOL@MULTIPHYSICS software. The COM-
SOL@MULTIPHYSICS model uses the electrostatics module for
the solution of the Poisson equation (2a), solid mechanics, and
general math (PDE TOOLBOX) modules for the self-consistent
solution of time-dependent LGD equations (4a) and (4b) and
the charge-transport equations (A2) of the drift-diffusion type.
Material parameters of Sn2P2S6 are listed in Table CI in
Appendix C in Ref. [28], and Refs. [45–53] therein for details.

FEM is performed for ellipsoidal Sn2P2S6 NPs with dif-
ferent sizes and aspect ratios, discretization densities of the
self-adaptive tetragonal mesh, and initial polarization distribu-
tions (e.g., randomly small fluctuations or polydomain states).
The NPs are placed inside the rectangular parallelepiped-
shaped cell filled with an optically transparent dielectric with
the dielectric permittivity εe. The main sizes of the paral-
lelepiped are bigger for each dimension than the axes of
the ellipsoidal core-shell NP. We tried to use the hyperfine
computational mesh inside the NP and fine enough outside
it. To reach the goal, we used the cubic computational cell
for a spherical nanoparticle, prolate or oblate parallelepipeds
for prolate and oblate ellipsoids, respectively (see Fig. B1 in
Appendix B in Supplemental Material [28]).

Final stable structures were obtained after a long sim-
ulation time, t � 103τ , where the parameter τ is the
Landau-Khalatnikov relaxation time, τ = �/|α(0)|. The con-
sidered system reaches the minimum (local or global) of
the LGD free energy (1) in the thermodynamic equilibrium.
Since most kinetic parameters in the drift-diffusion equations
(A2) are poorly known (or even unknown in many cases),
we use an adiabatic approximation being interested in the
thermodynamic equilibrium state only. The latter consists of
the solution of the time-dependent LGD equations (4a) and
(4b), together with the Debye-Hückel approximation (2b) in
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FIG. 2. (a) An ellipsoidal NP with semiaxes R and L. The small-
est mesh elements, used in FEM, have a light-green color, larger
elements are orange and red, and the largest have a dark-red color.
The spontaneous polarization Ps, shown by a blue arrow, is directed
along the ellipsoidal axis L and induces the screening charge near
the NP surface, which density is ρs. The NP is placed in a homo-
geneous quasistatic electric field �E0 codirected with its polar axis
X1. Red arrows illustrate the direction of the hydrostatic pressure σ

application (e.g., compression, σ > 0, is shown). Light-green zigzag
arrows illustrate the continuous laser exposure. (b) Typical relaxed
distributions of spontaneous polarization in the equatorial {X2, X3}
cross section of the stress-free ellipsoidal Sn2P2S6 NP with radius
R ∼= 15 nm and aspect ratio 0.5 � R

L � 1.5 calculated for different
ranges of n (in m−3) and T � TC . Abbreviations: PE denotes the
paraelectric phase, LD is for labyrinthine domains, PDFE is for the
polydomain ferroelectric state, and SDFE is for the single-domain
ferroelectric state.

the Poisson equation (2a), being consistent with the global
electroneutrality condition under a continuous light exposure.

The ellipsoidal NP with semiaxes R and L is schematically
shown in Fig. 2. The spontaneous polarization, Ps, shown
by a blue arrow, is directed along its polar axis “X1,” which
coincides with the ellipsoid semiaxis L. The spontaneous po-
larization induces the screening charge near the NP surface,
the density ρs of which is equal to − ε0φ

LD
in accordance with

Eq. (2c). The NP is placed in a homogeneous quasistatic
electric field �E0 codirected with the axis X1. Red arrows il-
lustrate the direction of the hydrostatic pressure application.
Light-green zigzag arrows illustrate the light exposure.

Ellipsoidal Sn2P2S6 NPs can exhibit several phases or
states, which are the paraelectric (PE) phase, the single-
domain ferroelectric (SDFE) state, and the polydomain
ferroelectric (PDFE) state. The domain morphology, which
can be striped domains (SD), labyrinthine domains (LD),
curved domains of complex shape, or bidomains, is dependent
on the concentration n of screening carriers in the surface
layer, which is in turn determined by the light intensity. Typ-
ical light-induced changes of polarization distribution in the
equatorial cross section of the stress-free ellipsoidal NP as
n increases (i.e., with the light-intensity increase) are shown
in Fig. 2(b). The PE phase at first transforms to the mixed
PE+SD state, then to the mixed PE+LD state, next to the LD

Light intensity increase

(b) Spheres

(c) Prolate ellipsoids

20

-20

μC

cm

(a) Oblate ellipsoids

Photoinduced carrier concentration increase

PS

PS

PS

nFE nSD

n

FIG. 3. A relaxed domain morphology of the stress-free ellip-
soidal Sn2P2S6 NP calculated at T � TC and different values of
n, which increases from 1022m−3 (left column) to 1028m−3 (right
column). The images (a) show oblate ellipsoids with an aspect ratio
R/L = 3/2 (a); the images (b) show nanospheres with R/L = 1;
and the images (c) show prolate ellipsoids with an aspect ratio
R/L = 2/3. The spontaneous polarization direction is shown by a
blue arrow. The color scale shows the polarization value in µC/cm2.
Material parameters of Sn2P2S6 are listed in Table CI in Appendix C
in Supplemental Material [28].

and PDFE states, and eventually to the SDFE state as n in-
creases from 1022 to 1028 m−3. The increase in n corresponds
to the light-intensity increase from ∼0.1 to 10 mW according
to Eq. (3) and Fig. 1.

Typical relaxed domain morphologies of the stress-free
ellipsoidal NPs calculated at temperatures below Curie tem-
perature, T < TC , and very long relaxation time, t � 103τ ,
are shown in Fig. 3. The polarization state of nanoellipsoids,
schematically shown in Fig. 3, at first undergoes a continuous
transition from the PE phase to the fine-striped PDFE or LD
states; then, the domain period becomes bigger, and eventu-
ally the transition to the SDFE state occurs with increase in
n from 1022 m−3 (dark conductivity) to 1028 m−3 (metallic
conductivity). Concentrations nFE and nSD correspond to the
onset of domain formation and to the transition from the
PDFE state to the SDFE state, respectively.

Since the concentration n of photoionized carriers in the
surface layer is linearly proportional to the light intensity I
in accordance with Eq. (3), the light exposure can induce the
phase transitions from the nonpolar PE to the polar FE states,
and the changes of domain morphology in the FE state, which
opens the possibilities of light control of the domain states in
ferroelectric NPs.

The changes in domain morphology caused by light expo-
sure (i.e., the “photodomain effect”) critically depends on the
temperature, NP sizes (R and L), shape (aspect ratio R/L), and
applied pressure. Even for stress-free ellipsoidal NPs, some
of which are shown in Fig. 4, the light-induced evolution of
domain morphology is very complex, and, in order to establish
some general trends, a huge amount of FEM simulations is
required (see, e.g., Figs. D1–D3 in Appendix D in Ref. [28]).
FEM, performed for oblate, spherical, and prolate NPs with

045434-4



LIGHT-INDUCED TRANSITIONS OF POLAR STATE AND … PHYSICAL REVIEW B 109, 045434 (2024)

FIG. 4. Relaxed spontaneous polarization P1 in the equatorial
cross section {X2, X3} of the stress-free ellipsoidal NPs calculated
for different concentrations n (listed in the plots in m−3), temper-
atures T (listed in the plots in K), and sizes R = 15 nm, L = 10
nm (left column), R = L = 15 nm (middle column), and R = 15
nm, L = 22.5 nm (right column). The simulation time t � 103τ .
The spontaneous polarization direction is shown by a blue arrow.
Material parameters of Sn2P2S6 are listed in Table CI in Appendix C
in Ref. [28].

the same radius, R ∼= (10 –20) nm, in the temperature range
(50–300) K, reveals the following trends:

(a) The examples demonstrating the onset of domain for-
mation are shown in Figs. 4(a), 4(b), and 4(c) at definite
temperature-dependent concentration nFE for temperatures
TFE below the Curie temperature TC and NP sizes above the
critical sizes. The value of nFE decreases in several orders of
magnitude (e.g., from 1025 to 1022 m−3), and corresponding
transition temperature TFE increases in a hundred of kelvin
(e.g., from 100 to 200 K) when the NP shape changes from
oblate to prolate (e.g., from R/L = 3/2 to R/L = 2/3). This
trend originated from a significant decrease in the depolar-
ization field contribution with decrease in R/L. Indeed, much
smaller nFE is required to screen the polarization bound charge
accumulated near the remote poles of a strongly prolate NP in
comparison with much higher nFE required for the compen-
sation of bound charges located at the large-area faces of an
oblate NP. Quantitative explanations will be given in the next
section using analytical expressions for the depolarization
factor nd , since the inequality nneedle

d � nsphere
d � ndisk

d is valid
for the polarization orientation shown in Figs. 3 and 4.

(b) The domain morphology at the domain onset (i.e., at
n ∼= nFE) looks similar for all studied shapes and presents it-
self the small-amplitude domain stripes, located in the central

part of the NP and surrounded by the thick “shell” of the PE
phase, that can be classified as the coexisting PE and PDFE re-
gions. The domain onset with shape-independent morphology
is explained by the dominant contribution of the polarization
gradient energy (which determines the energy of uncharged
domain walls) to the total free energy in comparison with
smaller Landau-Devonshire energy and depolarization field
energy. The free-energy minimum, reached under the optimal
balance of these three contributions, determines the value of
nFE for a given shape and sizes.

(c) For concentrations n which are 1–2 orders of mag-
nitude higher than nFE and low temperatures, T � TC , the
domain morphology varies from multiple slightly curved
domain stripes to meandering stripes, then to labyrinthine
domains and/or irregular curved polydomains in dependence
on the NP shape [see examples in Figs. 4(d)–4(h)]. For con-
centrations n, which are 3–4 orders of magnitude higher
than nFE and close to nSD, we observed several curved do-
mains, bidomain and single-domain states [see examples in
Figs. 4(i)–4(l)]. Most studied NPs are single domains for
n � 1028 m−3 and T � (200−300) K. Oblate and spheri-
cal NPs are paraelectric for n �(1023 − 1025) m−3 and T �
(100−200) K.

(d) The concentration range, nFE < n < nSD, is the smallest
for oblate NPs (see the left column in Fig. 4), bigger for spher-
ical NPs (see the middle column in Fig. 4), and the biggest for
prolate NPs (see the right column in Fig. 4). The appearance
of fine domain stripes is most likely for oblate NPs with the
aspect ratio R/L � 1.5, while other types of domain struc-
ture are unlikely for the NP shape. Fine stripes, labyrinthine
domains, and curved domains are characteristic for spherical
and quasispherical NP with the aspect ratio 0.8 < R/L � 1.2.
The region of wide domain stripes and bidomains significantly
increases for prolate NPs with the aspect ratio R/L < 1.5.

Note that the information obtained by FEM and pre-
sented in Fig. 4 and Figs. D1–D3 is far from being sufficient
to create a complete physical picture of the light-induced
changes of phase state and domain formation in ellipsoidal
photoferroelectric NPs. Analytical expressions for the critical
concentrations, transition temperatures, and phase boundaries
are required.

C. Analytical expressions for the phase boundaries
in ellipsoidal nanoparticles

Analytical expressions for the phase boundaries can be de-
rived only for uniaxial ferroelectric NPs with either spherical,
or prolate, or oblate ellipsoidal shapes [54,55]. Below, we
analyze approximate analytical expressions for the boundaries
between the PE phase, PDFE and SDFE states for ellipsoidal
ferroelectric NPs, the relatively high accuracy of which have
been corroborated by FEM.

Approximate expression for the temperature of the PE
phase instability with respect to the single-domain polariza-
tion appearance is [55]

TPE−SDFE = TC + 2σi j

αT

(
Q11i j + 1

2
W11i jklσkl

)

− ndε
−1
0

αT [εbnd + εe(1 − nd ) + nd (L/LD)]
. (5a)
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The first term in Eq. (5a) is a bulk Curie temperature; the
second term originates from electrostriction coupling with
elastic stress. We only consider the case of hydrostatic pres-
sure, σ11 = σ22 = σ33 = −σ , since the case is the easiest to
realize experimentally for an ensemble of NPs. Note that the
surface tension can renormalize the nonzero stress compo-
nents, σii, as σ33 = −σ−μ

R , σ22 = −σ−μ

R and σ11 = −σ−μ

L
[56], where μ ∼= (1 − 3) N/m is a relatively small surface-
tension coefficient [57,58]. In order to focus on the influence
of external pressure, we further neglect the surface tension by
setting μ = 0 in this work. The temperature (5a) corresponds
to the PE-SDFE transition if (β−4Z1111i jσi j ) > 0. For the case
(β−4Z1111i jσi j ) < 0, the PE-SDFE transition occurs at the
temperature TSDFE = TPE−SDFE + 1

4γαT
(β−4Z1111i jσi j )2.

The third term in Eq. (5a) is the contribution of a depolar-
ization field, which also depends on the dielectric permittivity
of NP surrounding, εe.The term, depending on the ratio L/LD,
strongly suppresses the PE-SDFE transition temperature for
small disks and vanishes for long needles being proportional

to LD/L. Since LD is T - and n dependent, and n is proportional
to light intensity I in accordance with Eq. (3), expression (5a)
is the equation for determination of the TPE−SDFE dependence
on σ , n, and I .

The dimensionless parameter nd is the shape-dependent
depolarization factor [59]:

nd (ξ ) = 1 − ξ 2

ξ 3

⎛
⎝ln

√
1 + ξ

1 − ξ
− ξ

⎞
⎠. (5b)

Here, ξ =
√

1 − ( R
L )

2
is the eccentricity ratio of the

ellipsoid.
An approximate analytical expression for the NP transition

temperature from the PDFE to the PE phase can be derived
using the approach described in Appendix B of Ref. [54].
Under the condition (β−4Z1111i jσi j ) > 0, the corresponding
equation for the TPE−PDFE dependence on stresses σi j , sizes R
and L, concentration n, and light intensity I , has the form

TPE−PDFE = TC + σi j

αT
(2Q11i j + W11i jklσkl ) − 1

αT

(
gk2

m + ndε
−1
0

[εbnd + εe(1 − nd )](1 + L2k2
m) + nd (L/LD)

)
. (6a)

The first two terms in Eq. (6a) are the same as in Eq. (5a); the
third and fourth terms in parentheses originate from the cor-
relation effect and depolarization field energy of the domain
stripes, respectively. Here, g = g1212 or g = g2323 independent
of the direction of wave vector km of the domain struc-
ture onset in the polar cross section. Under the condition
(β−4Z1111i jσi j ) < 0, the PE-PDFE transition occurs at the
temperature TPDFE = TPE−PDFE + 1

4γαT
(β−4Z1111i jσi j )2.

The minimal, i.e., the “threshold,” value of km, is
size dependent and screening dependent, but temperature
independent:

km = 1

L

√
L

Lcr
− 1. (6b)

The corresponding domain period is Dm = 2π
km

. From
Eq. (6), the PE-PDFE transition occurs only if the NP size L
in polar direction is bigger than the critical size, L > Lcr . For
L < Lcr the PE-SDFE transition happens. The critical size is
shape dependent and screening dependent:

Lcr =
⎛
⎝

√
ndε−1

0

g[εbnd + εe(1 − nd )]
− nd

[εbnd + εe(1 − nd )]LD

⎞
⎠

−1

.

(6c)

Expressions (6a) and (6b) are physical under the condition√
ndε

−1
0

g[εbnd + εe(1 − nd )]
� 1

L
+ nd

[εbnd + εe(1 − nd )]LD
. (7)

At fixed gradient coefficient g the equality in Eq. (7) means
that the relation between the particle semilength L and effec-
tive screening length LD should be valid for the domain onset.

The equality in Eq. (7) corresponds to the transition to
the single-domain state that occurs in a triple point on the
phase diagram, where the energies of the SDFE and PDFE
states are equal to zero energy of the PE phase. In the triple
point, TPE−PDFE = TPE−SDFE allowing for Eqs. (5a) and (6a).
Hence, the equations for the determination of triple-point tem-
perature (Ttr) and concentration (ntr) for a given length L are

Ttr = TC + 2σi j

αT

(
Q11i j + 1

2
W11i jklσkl

)

− ndε
−1
0

αT [εbnd + εe(1 − nd ) + nd (L/LD)]
, (8a)

1

L
=

√
ndε

−1
0

g[εbnd + εe(1 − nd )]
− nd

[εbnd + εe(1 − nd )]LD
,

(8b)

where LD =
√

kBTtcrε0εb
2e2 ntr

. Exclusion of LD from Eqs. (8a) and

(8b) leads to the expressions for the Ttr and ntr :

Ttr = TC + 2σi j

αT

(
Q11i j + 1

2
W11i jklσkl

)
−

√
nd g

αT L
√

ε0[εbnd + εe(1 − nd )]
, (9a)

ntr = kBTtrε0εb

2e2

⎛
⎝

√
[εbnd + εe(1 − nd )]

ε0gnd
− [εbnd + εe(1 − nd )]

nd L

⎞
⎠

2

. (9b)
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Expression for the NP transition temperature from the
PDFE to the SDFE state follows from the equality of these
phases’ free energies since the transition is of the first order.
Approximate analytical expressions are absent in this case,
and the PDFE-SDFE boundary can be established from FEM.
For most cases the PDFE-SDFE boundary is very close to the
continuation of the PE-SDFE curve below the triple point, and
sometimes almost coincides with it.

Below, we analyze the dependence of NP phase diagrams
on the temperature T , pressure σ, and concentration n of pho-
toionized carriers near the surface of the NP. Phase diagrams
as a function of n and T calculated for σ = 0 are shown in
Figs. 5(a), 5(c), and 5(e). Phase diagrams as a function of n
and σ calculated for T = 298 K are shown in Figs. 5(b), 5(d),
and 5(f). All these diagrams contain the region of PE phase,
the region of SDFE state, and the wide region of PDFE state
lying between the PE and the SDFE regions. The PE phase,
PDFE, and SDFE states coexist in the triple point, which is
shown by a black circle in most of the diagrams. The diagrams
are sensitive to the ellipsoid aspect ratio R/L. In particular,
the diagrams calculated for nanodisks and nanospheres are

FIG. 5. (a), (c), (e) Phase diagrams as a function of photoionized
carrier concentration n and temperature T . (b), (d), (f) Phase dia-
grams as a function of concentration n and pressure σ . The diagrams
(a), (b) are calculated for the Sn2P2S6 nanodisk with radius R =
150 nm and semiheight L = 15 nm; (c), (d) are for the nanosphere
with radius R = 15 nm; and (e), (f) are for the nanoneedle with radius
R = 15 nm and semilength L = 150 nm. The triple point is shown by
a black circle. Material parameters of Sn2P2S6 are listed in Table CI
in Appendix C in Ref. [28].

quantitively different, and they are qualitatively different from
the diagrams of nanoneedles, as discussed below.

The diagrams in Fig. 5(a) and 5(b) are calculated for the
Sn2P2S6 nanodisks with radius R = 150 nm and semiheight
L = 15 nm. Stress-free nanodisks, diagram of which is shown
in Fig. 5(a), are PE at the temperatures above (125 − 270)
K, and their transition temperature from the PE phase to the
PDFE state increases from 125 to 250 K with increase in n
from 1024 to 1028 m−3. The transition temperature from the
PDFE to the SDFE state increases from 5 to 240 K with
increase in n from 1024 to 1028 m−3. The coordinates of the
triple point are {225 K, 1028 m−3}. Stressed nanodisks, dia-
gram of which is shown in Fig. 5(b), are PE for the tensions
σ > −(0.72 − 0.1) GPa and room temperature. The critical
pressure of the PE-PDFE transition increases from −0.72 to
−0.3 GPa with increase in n from 1024 to 1028 m−3. The
critical pressure of the PDFE-SDFE transition increases from
−1 to −0.3 GPa with increase in n from 2 × 1027 to 1028 m−3.
The triple point has coordinates {−0.3 GPa, 1028 m−3}.

The diagrams in Figs. 5(c) and 5(d) are calculated for
the Sn2P2S6 nanospheres with radius R = 15 nm. The phase
diagram of stress-free nanosphere is shown in Fig. 5(c), which
indicate the thermodynamic state is PE at the temperatures
above (210 − 280) K, and the transition temperature from the
PE phase to the PDFE state increases from 210 to 280 K
with increase in n from 1024 to 1028 m−3. The transition tem-
perature from the PDFE to the SDFE state increases from
5 to 280 K with increase in n from 1024 to 1028 m−3. The
triple-point coordinates are {275 K, 1028 m−3}. The phase
diagram of stressed nanospheres is shown in Fig. 5(d), which
indicates that the thermodynamic states are PE for the tensions
σ > −(0.42 − 0.1) GPa and room temperature. The critical
pressure of the PE-PDFE transition increases from −0.72 to
−0.3 GPa with increase in n from 1024 to 1028 m−3. The
critical pressure of the PDFE-SDFE transition increases from
−1 to −0.3 GPa with increase in n from 2 × 1027 to 1028 m−3.
The triple point has coordinates {−0.3GPa, 3 × 1028 m−3}.

The diagrams in Figs. 5(e) and 5(f) are calculated for the
Sn2P2S6 nanoneedles with radius R = 15 nm and semilength
L = 150 nm. For stress-free nanoneedles, the phase diagram
in Fig. 5(e) shows that the thermodynamic states are PE at the
temperatures above 332 K. The transition temperature from
the PE phase to the PDFE state is independent on n due to
the very small depolarization factor of the nanoneedles with
R/L � 1. The PDFE state is stable below 332 K, and the tran-
sition temperature from the PDFE to the SDFE state increases
from 200 to 330 K with increase in n from 1024 to 1028 m−3.
The triple point should be located at {332 K, 1029 m−3}, but it
is not shown in Fig. 5(e), because n = 1029 m−3 corresponds
to the metal state. Stressed nanoneedles, diagram of which is
shown in Fig. 5(f), are PE for the tensions σ > −0.15GPa
and room temperature. The critical pressure of the PE-PDFE
transition is n independent: the PDFE state is stable below
−0.15 GPa. The critical pressure of the PDFE-SDFE transi-
tion increases from −0.35 to −0.15 GPa with increase in n
from 1024 to 1028 m−3. The triple point should be located at
{−0.15 GPa, 1029 m−3}, but it is not shown in Fig. 5(f) due to
the unrealistically high n.

The increase in photoionized carrier concentration n for a
given temperature can lead to the transition from the PE phase
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to the PDFE state, and then to the SDFE state in nanodisks
and nanospheres [see Figs. 5(a) and 5(b)]. Also, the increase
in n for a given temperature can lead to the transition from the
PDFE state to the SDFE state in nanoneedles [see Figs. 5(e)
and 5(f)]. Since n is proportional to the light intensity in
accordance with Eq. (3), the light-induced phase transitions
from the nonpolar PE phase to the polar FE states, as well as
the phase diagram control by light exposure, are possible in
the ellipsoidal ferroelectric NPs.

D. Polarization dependence on applied electric field

To analyze the polarization field dependence, P1(E0), we
regard that the NP is placed in a homogeneous quasistatic
electric field �E0 along its polar axis. Polarization dynamics
in external field follows from Eq. (4):

�
∂P1

∂t
+ [α − σi j (2Q11i j + W11i jklσkl )]P1

+ (β − 4Z1111i jσi j )P
3
1 + γ P5

1 − g1i1 j
∂2 P1

∂xi∂x j
= E1. (10a)

In Eq. (10a), the electric field �E is a superposition of external
field �E0 and depolarization field �Ed , created by the uncompen-
sated bound charges (ferroelectric dipoles) near the particle
surface [60] and charged domain walls (if any exist). The
natural boundary condition for P1 at the NP surface S acquires
the form

g1i1 jeSi
∂P1

∂x j

∣∣∣∣
S

= 0, (10b)

where �eS is the outer normal to the ellipsoid surface. In order
to analyze a quasistatic polarization reversal, we regard that
the frequency ω of sinusoidal external field E0 is very small
in comparison with the Landau-Khalatnikov relaxation time,
τ = �/|α(0)|, e.g., the product ωτ � 10−3.

As shown earlier [61], the domain structure appearance
and its morphology in the FE state depend strongly on the
magnitude and anisotropy of the polarization gradient coeffi-
cients, gi jkl . For Sn2P2S6, several times increase in gi jkl above
10−10Jm3/C2 can suppresses the domain formation in the FE
state. In this case and allowing for the natural boundary con-
ditions (10b), polarization gradient effects can be neglected in
the single-domain state.

The FEM performed for parameters listed in Table CI in
Appendix C in Supplemental Material [28] shows that the
Sn2P2S6 NPs undergo both polydomain and single-domain
polarization-switching scenarios above the critical sizes. The
case of polydomain polarization switching does not allow
any sort of analytical description, and should be simulated
by FEM. The case of single-domain polarization switch-
ing allows an analytical description, and the shape of the
single-domain loop is defined by the structure of the LGD
potential (1). In order to study the role of the photoionized
carriers and pressure on the polarization switching in the
NPs, we analyze Eqs. (10a) and (10b) for the single-domain
polarization-switching scenario.

The field dependence of a quasistatic single-domain polar-
ization can be found from the following equation:

�
∂P1

∂t
+ α∗P1 + β∗P3

1 + γ P5
1 = E . (11)

Here, β∗ = β−4Z1111i jσi j , and E is an external field inside the
NP, which can differ from applied field, E0, due to the dielec-
tric and screening effects. The depolarization field, Ed , and
stresses, σi, contribute to the “renormalization” of coefficient
α(T ), which becomes the temperature-, stress-, shape-, size-,
and light intensity-dependent function α∗:

α∗ = α(T ) + ndε
−1
0

αT [εbnd + εe(1 − nd ) + nd (L/LD)]

− 2σi j

(
Q11i j + 1

2
W11i jklσkl

)
. (12)

The derivation of the second term in Eq. (12) is given in
Ref. [62]. Here, LD(T, n) is given by Eq. (3). Assuming that
the band bending is small for the small magnitude of E0, the
density of free charges, induced by E0, is relatively small too,
and so the estimate E ≈ εsE0

εbnd +εs (1−nd )
∼= E0 [63] is valid for

εe
∼= εb.
The diagrams in Figs. 6(a)–6(g) illustrate a typical influ-

ence of the photoionized carrier concentration n, temperature
T, and hydrostatic pressure σ on the shape of quasistatic
hysteresis loops, P1(E ), calculated for ellipsoidal Sn2P2S6

NPs. The diagrams as a function of n and T calculated for
σ = 0 are shown in Figs. 6(a), 6(c), and 6(e). The diagrams as
a function of n and σ calculated for T = 298 K are shown in
Figs. 6(b), 6(d), and 6(f). The diagrams contain a red region
of paraelectric curves (PC), an orange region of double loops
(DL), a light-green region of pinched loops (PL), and blue and
cyan regions of single loops (SL), which have a simple or a
complex structure of static curves, respectively. The shapes of
hysteresis loops (solid curves) and corresponding static curves
(black dashed curves) are shown in Fig. 6(g). Their detailed
classification, which takes into account the loop shape and
the structure of the static curves, is given in Ref. [63]. The
diagrams’ view is sensitive to the ellipsoid aspect ratio R/L.
The diagrams calculated for nanodisks [shown in Figs. 6(a)
and 6(b)] and nanospheres [shown in Figs. 6(c) and 6(d)] look
quantitively different, and they both are qualitatively differ-
ent from the diagrams calculated for nanoneedles [shown in
Figs. 6(e) and 6(f)].

The loop diagrams in Fig. 6 are “isomorphous” to the
phase diagrams in Fig. 4, as anticipated. In particular, red PC
regions in Fig. 6 exactly coincide with the PE phase regions in
Fig. 4; wide blue and thin cyan SL regions in Fig. 6 together
completely fill the SDFE state regions in Fig. 4; and orange
DL regions and light-green PL regions in Fig. 6 together
completely fill the PDFE state regions in Fig. 4. The area of
DL regions is significantly bigger than the area of PL regions;
and the boundary between these regions is diffuse. Very thin
cyan regions of SLs exist for nanodisks and nanospheres; they
are absent for nanoneedles. The isomorphism of quasistatic
hysteresis loops shape (Fig. 6) and phase diagrams (Fig. 4)
is natural, because any polarization bistability (and thus any
loops) are absent in the PE phase, whereas only single loops
can exist in the SDFE state. The DLs and PLs, as well as loops
of more complex shape, can exist in the PDFE state only.

The increase in the photoionized carrier concentration n
for a given temperature can lead to the transition from the
PC curves to the DLs, PLs, and then to the SLs in nanodisks
and nanospheres, as well as to the DL-PL-SL transitions in
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FIG. 6. (a), (c), (e) The shape of quasistatic hysteresis loops,
P1(E ), as a function of photoionized carrier concentration n and
temperature T . (b), (d), (f) The shape of quasistatic hysteresis loops,
P1(E ), as a function of concentration n and pressure σ . The plots (a),
(b) are calculated for the Sn2P2S6 nanodisk with radius R = 150 nm
and semiheight L = 15 nm; (c), (d) are for the nanosphere with radius
R = 15 nm; and (e), (f) are for the nanoneedle with radius R = 15
nm and semilength L = 150 nm. The dotted-dashed horizonal line is
β∗ = 0. The triple point is shown by a black circle, and the tricritical
point in the plot (b) is shown by a white triangle; white crosses and
stars in the plots (d) and (f) indicate the points of morphological
transitions in the domain structure. Color scale: red is paraelectric
curves (PC), orange is double loops (DL), light green is pinched
loops (PL), cyan and blue are single loops (SL). (g) The shape of
hysteresis loops (solid curves) and corresponding static curves (black
dashed curves). Material parameters of Sn2P2S6 are listed in Table CI
in Appendix C in Ref. [28].

nanoneedles (see Fig. 6). Since n is proportional to the light
intensity in accordance with Eq. (3), the light-induced changes
of polarization-switching scenario and hysteresis loop shape
are possible in the ferroelectric NPs.

The tricritical point [64], where β∗ and α∗ simultaneously
change their signs, is shown by a white triangle in Fig. 6(b).
The point is the cross of the dotted-dashed horizonal line,
β∗ = 0, and the black solid curve, α∗ = 0. The rightmost loop
in Fig. 6(g) corresponds to the tricritical point, where the slope

of polarization static curves is almost vertical, and the width of
quasistatic hysteresis loop of polarization is very sensitive to
the frequency of applied field. The effect originates from the
critical lowering of the polarization-switching energy barrier
when approaching the tricritical point. Since the position of
the tricritical point is n dependent, as shown in Fig. 6(b),
the light exposure can shift the point to the working (e.g.,
room) temperature, and thus significantly decrease the NP
coercivity and increase electric and piezoelectric permeability
in the point. The light-driven shift of the tricritical point can be
important for advanced applications of the photoferroelectric
NPs, and the possibility is discussed in the next section.

The points of morphological phase transitions in the do-
main structure [54,61] are shown by white crosses and stars
in Fig. 6(d) (for spheres) and Fig. 6(f) (for needles). The
points are the cross of the dashed horizonal line, β∗ = 0 (cor-
responding to “critical” pressure σ = −0.185 GPa), and the
boundaries separating different polarization-switching scenar-
ios, namely the PC curves, DLs, PLs, and SLs. The quasistatic
hysteresis loops P1(E ), calculated for spherical Sn2P2S6 NPs
in the points of morphological phase transitions, shown in
Fig. 6(d), look similar to the rightmost loop in Fig. 6(g) calcu-
lated in the tricritical point. This is because the cross and the
star are very close to one another in Fig. 6(d); due to the very
small α∗ in the region of diagram, the polarization behavior in
the points of morphological phase transitions is very close to
the behavior in the tricritical point, where α∗ = 0 and β∗ = 0.
In contrast, the loops P1(E ), calculated for prolate Sn2P2S6

NPs in the points of morphological phase transitions, shown
in Fig. 6(f), are very different from the loop in Fig. 6(g). This
is because the cross and the star are far from one another
in Fig. 6(f); also, the region of diagram is very far from the
condition α∗ = 0.

Notably, the surface charge-mediated transitions of the
loop shape from the square to pinched and then to double
loops, as well as associated phase boundaries, were pre-
dicted earlier by Mangeri and co-workers [18] in ferroelectric
PbTiO3 nanoparticles (see, e.g., Figs. 1 and 3 in Ref. [18]).
Their calculations assumed that the relative permittivity dif-
fers from vacuum outside the nanoparticle [18].

III. DISCUSSION

A. Possible applications of the light-driven shift
of the tricritical point

Quasistatic hysteresis loops of polarization, P1(E ), rela-
tive dielectric permittivity, ε11(E ), piezoelectric coefficients,
d11(E ) and dh(E ), calculated at the tricritical point of the
Sn2P2S6 nanodisk, are shown in Fig. 7 (see also Fig. E1 in
Appendix E in Supplemental Material [28]). The tricritical
point is shifted to the room temperature by the hydrostatic
pressure and light exposure. Dotted black curves are the static
dependences; red, brown, green, and blue loops corre-
spond to very low frequencies of applied field, ωτ =
10−7, 10−6, 10−5, and 10−4, respectively. The slope of po-
larization static curves is almost vertical, and the coercivity of
quasistatic hysteresis loops of polarization, dielectric permit-
tivity, and piezoelectric coefficients are very sensitive to the
frequency of applied field. The permittivity and piezoelectric
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FIG. 7. (a) Quasistatic hysteresis loops of polarization P3(E ); (b)
dielectric permittivity ε33(E ), piezoelectric coefficients d33(E ) (c)
and dh(E ); and (d) calculated for the Sn2P2S6 nanodisk with radius
R = 150 nm, semiheight L = 15 nm, and several very low frequen-
cies of applied field ωτ = 10−7, 10−6, 10−5, 10−4 (red, brown,
green, and blue loops). Dotted black curves are the static depen-
dences. Temperature T = 298 K, concentration n = 2 × 1028 m−3,
and σ = −0.185 GPa correspond to the tricritical point. Material
parameters of Sn2P2S6 are listed in Table CI in Appendix C in
Ref. [28].

coefficients can reach giant values not only near the coercive
field, where the static dependences diverge, but also far from
it. In particular, ε11 can be more than 105 and d11 can be more
than 5 nm/V for zero and very small values of applied electric
field. The ultrahigh sensitivity of quasistatic hysteresis loops
coercivity to the frequency value and significant enhancement
of ε11 and d11 originate from the vanishing of the polarization-
switching energy barrier in the tricritical point, resulting in the
“critical slowing down effect.”

We would like to emphasize that the quasistatic hystere-
sis loops of P1(E ), ε11(E ), d11(E ), and dh(E ), calculated
for oblate Sn2P2S6 NPs with the aspect ratio 10 < R/L < 1,
R = 15 nm, T = 298 K, concentrations n = (1−2)1028 m−3,
and “critical” pressure σ = −0.185 GPa corresponding to
β∗ = 0, look very similar to the loops shown in Fig. 7. This
is because these loops correspond either to the tricritical
point, similar to those shown in Fig. 6(b), or to the points of
morphological phase transitions, similar to those shown in
Fig. 6(d), which are close to one another due to the small
α∗ → 0. Indeed, the condition α∗ → 0 provides the proximity
to the point of the paraferroelectric transition. Despite the high
concentration range, n = (1−2)1028 m−3, required for the ef-
fect observation, it is quite possible, because the photoionized
carriers are located in an ultrathin surface layer of thickness
∼ LD.

Since the position of the tricritical point and the points
of morphological phase transitions are n dependent, the

light exposure can be used to tune them to significantly
increase the dielectric permittivity and piezoelectric coef-
ficients at the required (e.g., room) temperature. Exposed
to light, polar behavior of an ensemble of noninteracting
(or weakly interacting) stressed photoferroelectric NPs can
reveal superparaelectric-like features at the working tempera-
ture, such as strongly frequency-dependent giant piezoelectric
and dielectric responses. Hence, the self-assembled arrays
of oblate photoferroelectric NPs (such as nanoflakes or
nanopills) can be used as basic elements in photosensitive
piezoelectric actuators, as well as in piezoelectric transform-
ers of solar energy for, e.g., energy harvesting.

B. Conclusions

Using the Landau-Ginzburg-Devonshire approach, we
study light-induced phase transitions and the accompanying
transformations of polar state and domain morphology in
photoferroelectric NPs. Due to the light-induced increase in
the free-carrier density near the NP surface, the effective
Debye-Hückel screening length strongly depends on the light
intensity. Since the concentration of photoionized carriers is
proportional to the intensity, the light exposure induces phase
transitions from the nonpolar paraelectric phase to the polar
ferroelectric state and thus the changes of domain morphology
and phase diagrams of free and stressed NPs.

In particular, the continuous exposure by visible light can
control the formation and disappearance of domain stripes,
labyrinths and meanders, curved polydomains, bidomains,
and single-domain states in the ellipsoidal NPs of uniax-
ial photoferroelectric Sn2P2S6. Also, the light exposure can
induce strong changes in polarization-switching hysteresis
loop shapes in the Sn2P2S6 NPs from paraelectric curves to
double-, pinched-, and single loops.

The light exposure can shift the position of the morpho-
logical transition(s) and/or tricritical point to the working
(e.g., room) temperature, where the energy barrier of polar-
ization switching can be very low (for pills) or vanish (for
disks and nanoflakes). When exposed to light, polar, dielectric
and piezoelectric responses of an ensemble of noninteract-
ing (or weakly interacting) stressed photoferroelectric NPs
can reveal superparaelectric-like features at this special point,
such as strongly frequency-dependent giant piezoelectric and
dielectric responses, which may be utilized for advanced
piezoelectric applications.

Analytical and numerical results presented in the work
were obtained and visualized using a specialized software,
Mathematica 13.1 [65], and the Mathematica notebook, which
contain the codes, and are available per reasonable request.
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