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Using the Landau-Ginzburg-Devonshire approach, we study stress-induced transformations of polar-
ization switching in ferrielectric CulnP;S4 nanoparticles for three different shapes: a disk, a sphere, and a
needle. Semiconducting properties of a nanoparticle are modeled by a surface-charge layer, whose effec-
tive screening length can be rather small due to the field effect. We reveal a very strong and unusual
influence of hydrostatic pressure on the appearance of polarization switching in CulnP,S¢ nanoparticles,
hysteresis loop shape, magnitude of the remanent polarization, and coercive fields, and explain the effects
by the anomalous temperature dependence and “inverted” signs of CulnP,S¢ linear and nonlinear elec-
trostriction coupling coefficients. In particular, by varying the sign of the applied pressure (from tension
to compression) and its magnitude (from zero to several hundreds of MPa), quasistatic hysteresisless
paraelectric curves can transform into double, triple, pinched, or single hysteresis loops. Unexpectedly,
we predict that stressed CulnP;,S¢ nanospheres and nanoneedles reveal sizeable temperature and pressure
ranges of triple loop stability, which are very rare in ferroelectrics and antiferroelectrics. A physical origin
of triple loops is the coexistence of “small” and “larger” polarizations in the four-well ferrielectric state.
Due to the sufficiently wide temperature and pressure ranges of double, triple, and pinched hysteresis
loop stability (at least in comparison with many other ferroelectrics), CulnP,S¢ nanodisks can be of par-
ticular interest for applications in energy storage (in the region of double loops), CulnP;S¢ nanospheres
maybe suitable for dynamic random-access multibit memory, and CulnP,S¢ nanoneedles are promising
for nonvolatile multibit memory cells (in the regions of triple and pinched loops). The stress control
of the polarization-switching scenario allows the creation of advanced piezosensors based on CulnP,Se

nanocomposites.

DOI: 10.1103/PhysRevApplied.19.054083

I. INTRODUCTION

Room-temperature uniaxial low-dimensional ferroics
are very promising for advanced nanoscale nonvolatile
memory cells, information, and energy storage [1]. The
feasible control of polarization switching by external
stress, strain, or their gradients is especially useful to
improve the memory performances of ferroics. That is why
the stress-induced phase transitions [2] and strain engi-
neering [3,4] become especially relevant in nanoparticles
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and ultrathin films of Cu-based layered chalcogenides,
CulnP, (S, Se)¢ [5—7]; these materials are uniaxial ferroics
[8—10], whose value for advanced applications is due to a
possibility of the ferroelectricity, ferrielectricity, and anti-
ferrielectricity downscaling to the limit of a single layer
[11,12]. Ferrielectricity, the equivalent of ferrimagnetism,
can be termed as an antiferroelectric order, but with a
switchable spontaneous polarization created by two sublat-
tices with spontaneous dipole moments that are antiparallel
and different in magnitude [13]. In accordance with this
definition and experimental results [ 14,15], CulnP, (S, Se)¢
should be considered as a ferrielecric material, because
it has two polar sublattices, Cu and In, whose electric
dipole moments are antiparallel and different in magnitude
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in the absence of external electric field and applied pres-
sure. Note, that the ab initio calculations [12] show that
the ferrielectric state can be achieved in CulnP,S¢ and
CuCrP,S¢ during polarization switching, but the state is
metastable. More recent ab initio calculations [16] reveal
that lattice anharmonicity effects stabilize the ferrielectric
state in CulnP,Seg.

Despite the significant fundamental and practical inter-
est in bulk [14] and nanosized CulnP,(S,Se)s [17], the
influence of stress and strains on the switching of its
spontaneous polarization has been very poorly studied
from a theoretical perspective. There are a few mostly
experimental works considering polarization switching in
CulnP;(S,Se)s ultrathin films and nanoflakes (see, e.g.,
Refs. [3,4] and references therein).

The spontaneous polarization of crystalline CulnP,Se
(CIPS) is directed normally to its structural layers as a
result of antiparallel shifts of the Cu™ and In** cations
from the middle of the layers [5,14,17]. Acentric positions
of Cu™ cations in the surrounding sulfur atoms’ octahe-
dra are determined by the second-order Jahn-Teller (SOJT)
effect, which determines their two-well local potential with
the Cu™ and Cu®"" positions of the copper atoms in
the ground state. The Cu™ cations flip between Cu*? and
Cud°"™ positions with a temperature increase and populate
the positions with equal probability above the temperature
of the structural transition from the polar ferrielectric (FI)
to the nonpolar paraelectric (PE) phase. Complementary
to the sublattice of the Cu™ cations, the sublattice of In**
cations also play a role in the polar ordering of the CIPS
crystal lattice. The indium cations with 4d'%3s°p° elec-
tronic configuration have some degree of covalence of their
chemical bonding with the nearest sulfur atoms, which is
determined by sp? hybridization because of their stereo-
chemical activity, and form the three-well local potential
with a stable central well and two metastable side wells
[17]. The local potential determines the shift of the indium
cations, which is opposite to the deviation of copper
cations from the middle of CIPS structural layers.

Using pseudospin formalism, the polar ordering of CIPS
can be described in the Ising model with spins s =% and
S=1 [18], and a mixed anisotropy of the local crystal
field. Within the model, the spins s with projections +%
and —’ can be associated with the local dipoles induced
by Cu™ cations and P,S¢ anion complexes, and spins S
with projections +1, 0, —1 can be related with the local
dipoles induced by In** cations and P,Ss anion com-
plexes. In the mean-field approximation [19,20], the pres-
ence of two types of cationic sublattices in ferrielectrics
is described by polar (dipolar) and antipolar (nonpolar)
order parameters, P and A, respectively. They formally
correspond to projections S=+1 (in the polar state) and
S=0 (in the nonpolar state) in the pseudospin formalism.
As a rule, the polar-order parameter is observable (i.e.,
measurable), and the antipolar-order parameter cannot

be directly measured. Indirectly, the nonlinear coupling
between 4 and P increases the order of the thermody-
namic potential up to the eight power (see Appendix A
in Ref. [20] for details). Using the eight-power thermody-
namic potential [2] in this case, we predict a temperature-
pressure phase diagram [20], containing the critical end
point (CEP) where the first-order PE-FI phase transition
line terminates, and the bicritical end point (BEP) where
the first-order isostructural phase transition line between
two ferrielectric states (FI1 and FI2) with different ampli-
tudes of spontaneous polarization terminates.

Using the eight-power free-energy functional of polar-
ization, Ishibashi and Hidaka [21] analyzed the phase
diagram in a two-sublattice model with an asymmetric
double-well potential. They calculate a phase diagram con-
taining a triple point (analog of the CEP), an end point
(analog of the BEP), and an isomorphous first-order phase
transition line between the triple point and the end point
embedded in a polar region (analog of the first-order
isostructural transition between the FI2 and FI1 states in
Ref. [20]). Their Kittel-type model considers polar- (P)
and antipolar- (4) order parameters, expressed via the
sublattices’ polarizations P; and P,, as P = (P, + P)/2
and A = (P — P,)/2, and includes a bilinear intersublat-
tice coupling term, gP;P,. Ishibashi and Hidaka did not
consider a switching of the spontaneous polarization.

Using the sixth-power and fourth-power free-energy
functional of polarization, Iwata and Ishibashi [22] con-
sider the polarization switching in the first-order ferro-
electrics and second-order antiferroelectrics, and found
double hysteresis loops of polarization switching in a nar-
row temperature range above the Curie temperature (i.e.,
inside the PE phase). Toledano and Guennou [13] ana-
lyzed electric field-induced antiferroelectric-ferrielectric-
ferroelectric transitions in the frame of the Kittel model
with sixth-order invariants in P and in the presence of non-
linear coupling between 4 and P. They defined the range
of model parameters required for the appearance of double
hysteresis loops. Balashova and Tagantsev [23] considered
the fourth-power free-energy functional of a ferroic with a
nonlinear coupling between the structural-order parameter
and the polarization, and revealed the existence of dou-
ble hysteresis loops in the system. Recently, Lum et al.
[24] developed the Kittel model by considering sixth-order
invariants and bilinear coupling between dipolar sublat-
tices, and observed double hysteresis loops of polariza-
tion switching. Double and pinched hysteresis loops were
observed in uniaxial ferroelectrics and were explained with
the axial next nearest-neighbor Ising (ANNNI) model by
Zamaraite et al. [25]. An early paper by Suzuki and Okada
[26], which developed the Kittel model by taking the
sixth-order invariants, bilinear, and biquadratic nonlinear
coupling terms, gP; P, and h(P;P,)?, described the phase
diagram with paraelectric, polar (ferroelectric), semipo-
lar (ferrielectric), and antipolar (antiferroelectric) phases.
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They predicted “anomalous” triple loops in the semipo-
lar phase. It was mentioned, that the triple loops can be
smeared at the rise of the coercive electric fields, because
of the enhanced hysteresis effect. Pinched and triple loops
were predicted in multiaxial ferroelectrics [27], and their
significance for the creation of “symmetry-protected” fer-
roelectric multibit memory-cell concept was revealed by
Baudry et al. [27] and Mangeri ef al. [28].

Using the eighth-order Landau-Ginzburg-Devonshire
(LGD) thermodynamic potential [2,20] and finite-element
modeling (FEM), we study the stress-induced transfor-
mations of polarization switching in CIPS nanoparticles,
whose shape varies, i.e., a prolate needle, an oblate disk,
or a sphere. Much attention is paid to the analysis of
the correlations between the peculiarities of spontaneous
polarization switching by an electric field and the topol-
ogy of the temperature-pressure phase diagram. We reveal
relatively wide temperature and pressure ranges of dou-
ble, triple, and pinched hysteresis loop stability (at least
in comparison with many other ferroelectrics).

The original part of this work contains the physical
description of the problem and LGD approach (Sec. II),
considers in detail the stress-induced transformations
of a polarization-switching scenario and hysteresis loop
changes in the nanoparticles (Secs. III A and III B), and
discusses possible applications of stressed CIPS nanoparti-
cles in multibit memory cells (in the region of pinched and
triple loops) and energy storage (in the region of double
loops). Section IV provides conclusions of the results. Sup-
plemental Material contain a mathematical formulation of
the problem, a table of material parameters, a description
of methods, and numerical algorithms.

Sphere

FIG. 1.

Prolate particle

II. PROBLEM FORMULATION

A CIPS nanoparticle, whose shape can be spherical,
prolate ellipsoidal, or oblate ellipsoidal, is schematically
shown in Figs. 1(a)-1(c), respectively. The spontaneous
polarization, P;, is directed along the CIPS polar axis
“X 3,” which coincides with the ellipsoid semiaxis L. Two
other semiaxes in X | and X, directions are equal to R. As
a matter of fact, Py is the total polarization of four pos-
sible polar-active sublattices (see Fig. 1 in Ref. [20]) in
which individual dipole moments of the four Cu and four
In atoms are antiparallel and different in magnitude in the
absence of an external electric field and an applied pres-
sure. The polarization can be determined from standard
electrical measurements of the nanocomposite capacitance
(e.g., as a remanent polarization of the hysteresis loop), as
well as estimated by piezoelectric response microscopy of
separated nanoflakes.

To analyze the polarization-field dependence, P5(Ey),
we consider a nanoparticle placed in a homogeneous qua-
sistatic electric field Ey co-directed with its polar axis. The
electric field £ existing inside the nanoparticle is a super-
position of the external £, and the depolarization E; fields
created by the uncompensated bound charges (ferroelectric
dipoles) near the particle surface and domain walls (if any
exist).

Let us consider a CIPS nanoparticle placed in ambient
conditions. In what follows we assume that the depolar-
ization field is partially screened by the surface charge
with density p; that covers the nanoparticle “core” as
a screening “shell.” The physical nature of the surface
charge determines the dependence of p; on the acting elec-
tric field [29]. In what follows we account for the fact

Expansion
x t #

* 5<0 >

(c) Compression

£} »”
=2 >0 <=

A

Oblate particle

A CIPS nanoparticle whose shape can be spherical (a) with radius R, prolate ellipsoidal (b), or oblate ellipsoidal (c) with

semiaxes R and L. Mesh elements, used in FEM, are shown by light-green, orange, red, and dark-red colors. The shell of surface
charge with density p, covers the nanoparticle core. The thick blue arrow shows the spontaneous polarization P, directed along the
axis X 3; thinner red arrows illustrate the direction of the hydrostatic pressure application (compression, o > 0, or expansion, o < 0).

The {X —X3} cross section of 3D ellipsoids is shown.
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that an effective screening length, A, associated with the
density, p;, is strongly field dependent in semiconductors,
such as CIPS. It is the consequence of the depolarization
field effect in ferroelectrics-semiconductors that causes the
band bending near their surface. The band-bending effect
is weak for a small Ej, and therefore the density of free
charges induced by E| is relatively small inside the core.
At the same time, the “bare” (i.e., unscreened) depolar-
ization field, £, significantly exceeds the thermodynamic
coercive field near the core surface. Strong band bend-
ing occurs in response to this bare field, and as a result
the field-induced density of the screening charge becomes
very high at the core surface, which decreases E; in a self-
consistent way. Since the charge density determines the
value of A, hereinafter we take into account that A is sig-
nificantly different for the external and depolarizing fields,
namely A(Ey) > A(Ey).

It has been shown in Refs. [2,19,20] that the density
of the LGD free energy of CIPS has four potential wells
at £ = 0. The free-energy density includes the Landau-
Devonshire expansion in even powers of the polarization
P53 (up to the eighth power), the Ginzburg gradient energy,
and the elastic and electrostriction energies, which are
listed in Appendix A within the Supplemental Material
[30]. Polarization dynamics in an external field follows
from the time-dependent LGD equation, which in turn fol-
lows from the minimization of the LGD free energy, and
has the form:

0P;
FW + [o — 20:(Qs3 + Wy307)1P5 + (B — 4Z1330)P3
3%P;
P+ 8P] — = 1
+yP3; +8P; — g33u Srom (D

I' is the Khalatnikov kinetic coefficient [31]. The coef-
ficient « depends linearly on the temperature 7, a(7) =
ar(T — T¢), where T is the Curie temperature of a bulk
ferrielectric. The coefficients 8, y, and § in Eq. (1) are
temperature independent. The values o; denote diagonal
components of a stress tensor in the Voigt notation, and
the subscripts i,j = 1 — 6. The values QOj3, Z;33, and Wj;3
denote the components of a single linear and two non-
linear electrostriction strain tensors in the Voigt notation,
respectively [32,33]. The values g334 are polarization gra-
dient coefficients in the matrix notation and the subscripts
k,! = 1 — 3. The boundary condition for P; at the nanopar-
ticle surface S is “natural”, i.e., gs3uni(0P3/0x;)|s = 0,
where 7 is the outer normal to the surface.

The value Ej is an electric field component co-directed
with the polarization Pz, which is a superposition of exter-
nal and depolarization fields. In order to analyze a qua-
sistatic polarization reversal, we assume that the period,
27 /w, of the sinusoidal external field is very small in
comparison with the Landau-Khalatnikov relaxation time,

t = I'/|a|. The quasistatic field £; is related to the elec-
tric potential ¢ as E3 = —(d¢/0dx3). The electric potential
¢ satisfies the Poisson equation inside the particle core,

SOSbAd) = 8_)53 (2)

The Laplace equation outside the screening shell is A¢ =
0. The three-dimensional (3D) Laplace operator is denoted
by the symbol A. Parameters gy and &, are the universal
dielectric constant and the background dielectric permittiv-
ity [34] of the ferrielectric core, respectively. Equation (2)
is supplemented by the condition of potential continuity
at the particle surface, (Pext — Pint)|s = 0. The boundary
condition for the normal components of the electric dis-
placement D is 7#(Dex¢ — Dint)|s = ps, where the surface-
charge density p;, = —go¢/A and A is the above-mentioned
effective screening length.

The values of T¢, ar, B, v, 8, O, W3, and Z33
have been determined in Refs. [2,19,20] from the fit-
ting of temperature-dependent experimental data for the
dielectric permittivity [35—37], spontaneous polarization
[14,38], and lattice constants [10] as a function of hydro-
static pressure. Elastic compliances s;; are calculated from
ultrasound velocity measurements [39,40]. The gradient
coefficients gs3; are estimated from the width of domain
walls. The CIPS parameters used in our calculations are
listed in Table SI, Appendix A within the Supplemental
Material [30].

Due to the strong, negative, and temperature-dependent
nonlinear electrostriction coupling coefficients (namely
Z33 <0 and Wj3 < 0), and the “inverted” signs of the
linear electrostriction coupling coefficients (namely Q33 <
0, O3 >0, and Qy3 > 0) for CIPS, the expected pres-
sure effect on the polarization switching is complex and
unusual in comparison with many ferroelectrics where
033>0, 03 <0, and Q13 <0 [2]. We also want to
underline that below we consider only hydrostatic pres-
sure, o1 = 0, = 03 = —0, since the case is the easiest to
realize experimentally for an ensemble of nanoparticles.
Note that the surface tension can renormalize the stresses
as 0y =—0 — (u/R), oo = —0 — (L/R), and o3 = —0
— (u/L) [41], where u = (1 —3) N/m is a relatively
small surface-tension coefficient [42,43]. In order to focus
on the influence of external pressure, we mostly neglect the
surface tension in this work.

II1. STRESS-INDUCED TRANSFORMATIONS OF
POLARIZATION SWITCHING

A. Finite-element modeling of a polarization switching

We perform FEM in COMSOL Multiphysics software
using electrostatics, solid mechanics, and general math
(PDE toolbox) modules. FEM is performed for different
nanoparticle sizes and shapes, discretization densities of
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the self-adaptive tetragonal mesh, and initial polarization
distributions (e.g., randomly small fluctuations or polydo-
main states) and their relaxation conditions (see details
in Appendix A within the Supplemental Material [30]).
Examples of mesh elements used in FEM are shown in
Fig. 1. The smallest elements have a light-green color,
larger elements are orange and red, and the largest have
a dark-red color.

Typical quasistatic hysteresis loops, P3(E), calculated
for a stress-free CIPS nanoparticle with radius R = 6 nm
at 293 K, are shown in Fig. 2(a). The loop shape strongly
depends on the amplitude V, of the applied voltage (com-
pare black, blue, red, and green loops). Figure 2(a) also

(a) 3

Polarization Ps (pC/cmZ)
o

-0.2 -0.1 0.0 0.1 0.2
Voltage (V)

9 8

FIG. 2. (a) Hysteresis loops, P3(E), calculated for a stress-
free CIPS nanoparticle at different amplitudes of applied voltage:
0.02 V (black loop), 0.1 V (blue loop), 0.2 V (red loop), and 2 V
(dark-green loop). Color images (b),(c) are the polarization distri-
bution in the equatorial cross section of the particle perpendicular
to its polar axis. Color images 2—7 and 10—15 in the plot (b) are
the polydomain polarization states in the corresponding points
on the red loop; and images 1, 8, 9, and 16 are the single-domain
polarization states on the red loop. Color images 1—6 in the plot
(c) are the single-domain polarization states in points 1—6 on the
dark-green loop. The color scale is the value of electric polar-
ization in ;C/cm?. Nanoparticle radius R = 6 nm, A = 0.1 nm,
T =293 K, and p = 0; CIPS parameters are listed in Table SI
within the Supplemental Material [30].

shows that the polarization switching is mostly polydo-
main for a small V value, and the corresponding loop
has an unsaturated rhomblike shape with small vertical
steps (see black loop calculated for Vy = 0.02 V). The
total amount of domain walls and the fraction of poly-
domain states decrease with an increase in V}, where the
loop shape becomes more saturated and the vertical steps
become much more pronounced (compare blue and red
loops calculated for Vy = 0.1 Vand0.2 V, respectively).
Each step corresponds to a sharp change or “rebuilding” of
the domain structure inside the nanoparticle. This rebuild-
ing occurs at some critical voltage, as shown in the images
1-16 in Fig. 2(b), which corresponds to the partially poly-
domain polarization switching in the red loop calculated
for Vy = 0.2 V. The sharp changes of the domain struc-
ture morphology mimic Barkhausen jumps [44] observed
experimentally during the polarization reversal in many
ferroelectrics. However, there are several principal differ-
ences between steps and Barkhausen jumps. For a speci-
fied particle size and temperature, the steps’ position and
height do not depend on the initial polarization distribu-
tion (i.e., on the sample prehistory) nor the number of
voltage cycles; but it does depend on the average size
and shape of mesh elements. We regard that Marton’s
finding [45] can explain the possible origin of the coer-
cive and critical fields” dependence on the discretization
by appearance of Peierls-Nabarro-type barriers in simu-
lations. In contrast, Barkhausen jumps are determined by
domain walls pinning by defects, and, as a rule, they
become less visible or disappear after multiple voltage
cycles.

It is interesting that the polydomain polarization states,
shown in Fig. 2(b), appear for a range of voltages when
the voltage is increasing (see, e.g., points 2—8), but they are
absent for the same magnitude of voltage when the voltage
is decreasing (see, e.g., points 8—10). This is because once
the applied field has created a stable single-domain state, it
persists as a metastable state when the voltage is lowered
from the maximal value to coercive value (e.g., to the point
10). Only below the coercive voltage is the metastable state
destroyed by the electric field and the domain nucleation
appears (see, e.g., points 11-16).

The polarization switching scenario exhibits a single-
domain structure with a further increase of V,, and the
hysteresis loop acquires a saturated shape without any
steps (see the dark-green loop calculated for Vy =2 V).
The corresponding polarization distribution is quasiuni-
form for the entire loop [see color images 1—6 in the plot
Fig. 2(c)]. The coercive voltage corresponding to the dark-
green loop (approximately 0.14 V) is significantly higher
than the coercive voltages corresponding to other loops
(approximately 0.01-0.02 V) in Fig. 2(a). This is because a
single-domain polarization switching occurs at the thermo-
dynamic coercive field, which is significantly higher than
the critical fields of domain-wall motion. The shape of the
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single-domain loop is defined by the structure of the LGD
potential only.

As it has been shown earlier [46], the domain struc-
ture appearance and its morphology in the ferrielectric
state, as well as the critical sizes of the CIPS core corre-
sponding to the FI-PE phase transition, depend strongly
on the magnitude and anisotropy of the polarization gra-
dient coefficients, g33; [see Eq. (1)]. In particular, a small
increase in gi3; (e.g., above 107 J m*/C?) leads to a
relatively small increase of the critical sizes (less than sev-
eral nm), but it strongly suppresses the domain-structure
appearance in the FI state. For instance, in the case g =
2x 1072 Jm3/C? (used in this work, see Table SI in
the Supplemental Material [30]) and A = (0.1 — 0.5) nm,
CIPS nanoparticles are mostly single-domain above the
critical sizes (approximately 5 nm) and PE below the
critical sizes. Furthermore, for the case of natural bound-
ary conditions used in this work, g33;7;(dP3/dx;) =0,
polarization gradient effects can be neglected in the single-
domain state. In order to study the role of anomalously
strong nonlinear electrostriction coupling, the “inverted”
signs of the linear electrostriction coupling, and the influ-
ence of the terms y P + 8P] in Eq. (1) on the pressure
effect of the polarization switching in CIPS nanoparti-
cles, in what follows we limit our consideration to the
single-domain polarization-switching scenario.

B. Pressure effect on the single-domain
polarization-switching scenario

Numerical results presented in the section are obtained
and visualized using a specialized software, Mathematica
13.1 [47]. The field dependence of a quasistatic single-
domain polarization can be found from the following
equation:

aPs

r—
at

+a*Py+ B*Py+yP;+8P, =E.  (3)
Here, B*(0;) = B —4Z;30; and E is the external field
inside the core, whose frequency w is regarded to be
very small, e.g., ot < 10™*. The depolarization field, E,,
and stresses, o;, contribute to the “renormalization” of
coefficient « (7)), which becomes the temperature-, stress-,
shape-, size-, and screening-dependent function «* [20]:

ng
eolepng + e5(1 — ng) + na(L/1)]
—20:(Qn + Wij30). “4)

O(*(T, ng, Ui) = (X(D +

The derivation of the second term in Eq. (4) is given
in Ref. [48]. Parameters ¢, and &; are the background
dielectric permittivity [34] of the ferrielectric core and the
relative dielectric permittivity of its screening shell or sur-
rounding medium, respectively. Here A = A(E;), whose
value can be rather small due to the surface band bending

induced by the “bare” depolarization field E4y [see details
after Eq. (S.5), Appendix A within the Supplemental Mate-
rial [30]]. If we assume that A(Ep) > L and &; = g, the
estimate £ = &,Ey/(epng + €5(1 — ng)) = Ey is valid. The
dimensionless parameter n, is a shape-dependent depolar-
ization factor introduced as [49]

1+¢ _
:_%_)a %__

1 — 2
na(§) = gf <1n

Here & is the eccentricity ratio of the ellipsoid,
which depends on the dimensionless shape factor
R/L. Both shape-driven and size-driven effects are
intertwined in Eq. (4), because its second term,
na/(eolepnag + &s(1 — ng) + ng(L/N)]), is a complex func-
tion of the shape factor R/L (via the factor n,;) and the
size L in the polar direction (via the ratio L/A). The
depolarization factor is determined by the shape (i.e., ellip-
soid aspect ratio, R/L) only (see, e.g., Fig. S1, Appendix
B within the Supplemental Material [30]). For a polar-
ization orientation, shown in Fig. 1, the factor is max-
imal for a disk (ny; = 1), has an intermediate value for
a sphere (ny = 1/3), and is very small for a long nee-
dle (ng ~ (R/L)) with P3 11 X3. The depolarization factor
controls the magnitude of depolarization field, which in
turn determines the transition temperatures, phase bound-
aries and critical sizes of nanoparticles [2,20]. Thus, it
is reasonable to consider three main shapes, a disk, a
sphere, and a needle, which allow the whole picture of
shape-dependent depolarization effects to be imagined.

The diagrams in Figs. 3(a)-3(c) illustrate a typical
influence of the hydrostatic pressure, o, and temperature,
T, on the value of spontaneous polarization, Py, which
corresponds to the absolute minimum of the LGD free
energy for various phases (or states) of a CIPS nano-
disk, nanosphere, and nanoneedle. All diagrams contain a
large dark-violet region, where the PE phase with Py = 0
is absolutely stable. As we have shown earlier [20], a
part of the dark-violet region located between the dashed
white curve and the sharp violet-red boundary contains the
metastable FI phase, since CIPS undergoes a first-order FI-
PE phase transition at the sharp violet-red boundary. The
magnitude of P, has a jump at the boundary. The PE phase
becomes metastable in the region between the dotted white
curve and the sharp violet-red boundary, where FI becomes
absolutely stable. The dotted and dashed curves are the
boundaries of the PE and FI phases’ absolute instability,
and the PE and FI phases coexist between these curves. To
underline this, we add thin red stripes (i.e., FI metastable
and PE absolute stable regions) and violet stripes (i.e., FI
absolute stable and PE metastable regions) in the region
between dotted and dashed curves.
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FIG. 3. (a)A(c) The spontaneous polarization, Py, and (d)(f) the shape of quasistatic hysteresis loops, P3(E), calculated as a function
of temperature 7 and pressure o for the stressed CIPS nanodisk with a radius R = 100 nm and a semiheight L = 10 nm (a),(d),
nanosphere with a radius R = 10 nm (b),(e), and nanoneedle with a radius R = 10 nm, and semilength L = 100 nm (c),(f). Color
coding in the diagrams (a)(c) is the absolute value of Py in the deepest potential well of the LGD free energy. PE is the paraelectric
phase, FI1 and FI2 are ferrielectric states; the CEP is marked by a triangle and the BEP is marked by a circle (see the explanation of
abbreviations in the text). Color scale in the diagrams (d)—(f): red is paraelectric curves (PCs), orange is double loops (DLs), yellow is
triple loops (TLs), light-green is pinched loops of the first type (PL-I), brown is pinched loops of the second type (PL-II), dark-green is
pinched loops of the third type (PL-III), cyan is single loops of the first type (SL-I), and blue is single loops of the second type (SL-II).
The static curves are shown as the thin black dashes inside the hysteresis loops in the right column. The screening length A = 0.5 nm,
surface-tension coefficient © = 0; CIPS parameters are listed in Table ST within the Supplemental Material [30].

The intersection of the dashed and dotted curves is the ~ shown in inset to Fig. 3(a). Here the red point in the deep-
CEP, denoted by a triangle in Fig. 3. Phase diagrams, est well of the red curve corresponds to a relatively large
shown in Figs. 3(b) and 3(c), also have the BEP marked  P; in the FI1 state, and the blue point in the deepest well
by a white circle, which is positioned where the dashed  of the blue curve corresponds to a relatively small P in the
and dot-dot-dashed curves intersect. The dot-dashed and  FI2 state. Note that the color scale of P, corresponds to the
dot-dot-dashed curves separate the region where the static ~ deepest potential well of the LGD free energy.
dependences of polarization on the applied electric field Upon cooling the FI2 state transforms into the FI1 state.
(named “static curves”) have four or six turning points;  For Fig. 3(c) and 3(b), at temperatures below the BEP tem-
this number defines the structure of quasistatic hysteresis  perature and pressures smaller than the BEP pressure, a
loops of polarization (as described in Appendix B within ~ smooth isostructural transition from the FI2 to FI1 states
the Supplemental Material [30]). The static curves, which  occurs with a continuous increase of Py. The polarization
correspond to zero frequency external field, w = 0, are value, corresponding to the shallower well, is sensitive to
shown as the thin black dashes inside the hysteresis loops  the BEP, but it is not shown in Figs. 3(b) and 3(c).

in the right column (described in more detail below). The The diagrams in Figs. 3(a)-3(c) can be explained within
quasistatic hysteresis loops are calculated from Eq. (3) for  the pseudospin formalism. The presence of the three-well
ot =107, local potential for the In3* cations in the CIPS lattice deter-

As we have shown earlier [20], the FI phase has two  mines the observed peculiar shape of the 7— o phase
states. The large red region in Figs. 3(a)-3(c) is the ferri-  diagram with one PE and two ferrielectric (FI1 and FI2)
electric state 1 (FI1) with a relatively large Py, and a small  states. The shape of the local potential determines the char-
blue region is the ferrielectric state 2 (FI2) with a small P;.  acter of the phase transition from PE to FI states, either
The physical reason for the difference in Py in FI1 and FI2 ~ a first-order transition with a steplike appearance of P
states is the structure of four-well potential, schematically  or a second-order transition with a continuous increase of
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P,. The stability of the local potential central well for the
In** cation determines the first-order character of the PE-
FI phase transition for o > 0. The side well of the In**
cations’ local potential is stabilized for o < 0, and the
second-order PE-FI2 phase transition occurs.

The behavior of the spontaneous polarization across the
T — o diagram determines switching peculiarities of the
polarization in different regions of the “loop” diagrams
shown Figs. 3(d)-3(f). The diagrams in Figs. 3(d)-3(f)
illustrate a typical influence of the hydrostatic pressure o
and temperature 7 on the shape of quasistatic hysteresis
loops, P3(E), calculated for a CIPS nanodisk, nanosphere,
and nanoneedle. The diagrams contain a red region of para-
electric curves (PCs), an orange region of double loops
(DLs), a yellow region of triple loops (TLs), a light-green
region of pinched loops of the first type (PL-I), brown and
dark-green regions of pinched loops of the second and third
type (PL-II and PL-III), a cyan region of single loops of the
first type (SL-I), and a blue region of single loops of the
second type (SL-II). These different shapes of the hystere-
sis loops (red curves) and their corresponding static curves
(thin black dashes inside the hysteresis loops) are shown
in the right column; their detailed classification is given in
Appendix B within the Supplemental Material [30]. The
classification takes into account both the loop shape and
the structure of the static curves.

The regions of PC and DL, separated by a dot-dot-
dashed curve in Figs. 3(d)-3(f), are located inside the PE
phase region shown in Figs. 3(a)-3(c). Indeed, the DL can
be observed in the PE phase above the first-order transi-
tion, as shown by Ishibashi [22]. These loops are related to
a first-order phase transition induced by the electric field.

The yellow region of TL in Figs. 3(d)-3(f) is located
inside the blue region of the FI2 phase shown in
Figs. 3(a)-3(c). TLs fill the triangular region inside the dot-
ted, dashed, and dot-dot-dashed curves in Figs. 3(d)-3(f).
The CEP and BEP are two vertices of the triangle. As it
follows from the structure of the static curve, a TL can
be imagined as the result of superposition of a “central”
single loop (corresponding to the switching of the “small”
polarization in the FI2 state) and a double loop (corre-
sponding to the switching of a “larger” polarization in the
FI2 state). The coexistence of these two polarizations in
the four-well FI2 state determines the stability of TL in the
yellow triangular region in Figs. 3(d)-3(f).

The shape and transformation of the pinched loops in
the light-green (PL-I), brown (PL-II), and dark-green (PL-
IIT) regions in Figs. 3(d)-3(f) are also determined by the
temperature and pressure evolution of superposed single
and double loops. The region of PL-I is located above the
dashed curve in the PE and FI1 coexisting region. Thin
strips of PL-II and PL-III regions are located near the
diffuse boundary between FI2 and FI1 states. The cyan tri-
angular region of SL-I partially fills the region between
the dot-dashed, dot-dot-dashed, and dashed curves in

Figs. 3(d)-3(f). The SL-I region is located inside the FI1
state in Figs. 3(a)-3(c). The SL-I region is also stable in
the PE and FI1 coexistence region. The large blue region
of SL-II in Figs. 3(d)}-3(e) is located inside the FI1 and
FI2 states’ regions of absolute stability in Figs. 3(a)-3(c).
The absolute stability of the FI states appears when the
four-well potential transforms into the two-well potential,
shown by red curves with a red filled circle in the insets in
Figs. 3(a)-3(c).

A common feature of Fig. 3 is the strong anomalous
influence of the hydrostatic pressure on the appearance
of polarization switching in CIPS nanoparticles, i.e., the
unusual shape hysteresis loops and particularly the exis-
tence of the wide regions of DL, PL-I, and TL. The strong
increase of the polarization-switching region for o > 0
and the increase of the hysteresisless region for o < 0,
is caused by the anomalous temperature dependence and
“inverted” sign of the CIPS linear and nonlinear elec-
trostriction coupling coefficients. The unusual shape of
the quasistatic single-domain hysteresis loops, including
the DL, PL, and TL, is defined by the specific structure
of the static curves, which is determined by the eighth-
order LGD potential. The above-mentioned properties of
polarization switching are common for CIPS nanodisks,
nanospheres, and nanoneedles, but there are some distinct
features, which are analyzed below.

In the case of CIPS nanodisks, shown in Fig. 3(a), the
region of the FIl state is relatively small and strongly
decreases with a temperature increase. Under the expan-
sion pressure of —40 MPa (or greater in magnitude) a very
small region of the FI2 state appears and continuously
transforms into the PE phase. The FI1-PE and FE1-FE2
phase boundaries are sharp. The PC region prevails in
tension-stressed (o < 0) nanodisks; the wide SL-II, PL-I,
and DL regions prevail for compression-stressed (o > 0)
nanodisks in the diagram in Fig. 3(d). Four types of loops,
namely the PL-II, TL, DL, and PL-I, coexist in the CEP.
The PL-II region is almost absent for disks, occupying
a very small region at low temperatures and o < 0. The
PL-III region is absent for disks, at least for the consid-
ered parameters, and a small region of TL is located at
low temperatures (below 40 K). Since sizeable regions of
PL-III and TL loops are required for nonvolatile multibit
memory cells [27], CIPS nanodisks do not look promising
for advanced memories. Since the wide region of DL are
useful for energy storage, CIPS nanodisks may be quite
suitable for this application.

In the case of CIPS nanospheres, shown in Fig. 3(b),
the region of the FI1 state is much larger compared to the
case of nanodisks, shown in Fig. 3(a). Under the expan-
sion pressure of —40 MPa (or greater in magnitude) a
relatively wide region of the FI2 state appears and con-
tinuously transforms into the PE phase. The first-order
FI1-PE phase boundary is sharp, and the FI1-FI2 bound-
ary is sharp above and diffuse (i.e., second order) below
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the BEP. Comparing Fig. 3(e) with 3(d), one can see that
a thin region of PL-III appears for o < 0 in the temper-
ature range from 0 to 100 K. The dominant regions for
the case of the nanodisk [Fig. 3(d)] for high temperatures
and 0 < 0 is PC and for temperatures lower than 250 K
and o > 0 is SL-I and SL-II; CEP is present and BEP is
absent. For nanospheres [Fig. 3(e)] there are two special
points, CEP and BEP, located in the middle of the loop dia-
gram. The SL-II, PL-III, and TL loops coexist in the BEP.
The size of the SL region increases compared to the case
of the nanodisks. The temperature range of the PL-III and
TL regions stability is from 0 to 120 K. The DL are stable
from 100 to 400 K. Since relatively large regions of the
pressure-induced PL-III, TL, and DL loops are predicted
for stressed CIPS nanospheres, they can be promising can-
didates for energy storage (from 100 to 400 K) and multibit
memory cells (from 0 to 120 K).

The diagrams of CIPS nanoneedles, shown in Figs. 3(c)
and 3(f), look similar to the diagrams of nanospheres,
shown in Figs. 3(b) and 3(e). However, the transition
region between FI1 and FI2 states in Fig. 3(c) is wider
and shifted toward higher temperatures and pressures in
comparison with Fig. 3(b). Due to the size effect, the SL-II
region is larger, and the sizes of DL, PL-I, PL-II, PL-
III, and TL regions are slightly smaller for nanoneedles
than for nanospheres and shifted to significantly higher
temperatures [compare Figs. 3(e) and 3(f), respectively].
Indeed, the depolarization-field contribution, given by the
term ng/(eolepng + e5(1 — ng) +ny(L/A)]) in Eq. (4), is
smaller for nanoneedles with a semilength L = 100 nm
than for the nanospheres with a radius R = 10 nm. The
CEP and BEP are shifted to higher temperatures in com-
parison to the previous case. Since the temperature range
of'the TL region stability reaches 260 K at © = 0, which is
relatively close to room temperature, CIPS nanoneedles are
more promising candidates for multibit memory cells than
nanospheres, where the TL region stability reaches 120 K
at u = 0. The stressed CIPS nanoneedles are less promis-
ing for energy storage than nanospheres and nanodisks,
because the region of DL in Fig. 3(f) is smaller than the
region for nanospheres in Fig. 3(e), and much smaller than
the DL region for nanodisks in Fig. 3(d). However, it does
not mean that CIPS nanoneedles cannot be used in energy
storage, because the region of DL in Fig. 3(f) is wide
enough and exists in the temperature range (250-400) K.

Next, we analyze the pressure influence on polariza-
tion switching at room temperature, since the temper-
ature is a critical parameter for most applications. It
is seen from Fig. 4, calculated for a CIPS nanodisk,
nanosphere, and nanoneedle, that by varying the sign of
applied pressure (from expansion to compression) and
its magnitude (from zero to several hundreds of MPa),
a quasistatic hysteresisless paraelectric curve can trans-
form into a double, pinched, or single hysteresis loop.
The above-mentioned properties of polarization switching

are qualitatively similar for CIPS nanodisks, nanospheres,
and nanoneedles at room temperature, but there are some
quantitative differences which are analyzed below.

For CIPS nanodisks, the pressure-induced transition
from double to single hysteresis loops occurs at rela-
tively high compression pressures [see Figs. 4(a)—4(c) and
Fig. S9, Appendix C within the Supplemental Material
[30]]. As the pressure increases from 70 to 170 MPa, small
double loops grow and become more pronounced, finally
merging together into a pinched loop of the first type (PL-
I). A further increase of pressure from 170 to 210 MPa
leads to a gradual growth of the pinched section width, and
the pinched loop finally transforms into a single loop of the
second type (PL-II). The two coercive fields of the double
loops vary in range (0—60) mV/nm and decrease with an
increase in pressure; the coercive field of pinched and sin-
gle loops increases from 20 to 60 mV/nm with an increase
in pressure.

For CIPS nanospheres, the pressure-induced transition
from double to pinched hysteresis loops occurs under a
pressure increase from 20 to 100 MPa [see Figs. 4(d)—4(f)
and Fig. S10, Appendix C within the Supplemental Mate-
rial [30]]. A further increase of pressure from 100 to
140 MPa leads to a gradual growth of the pinched section,
and the pinched loop of the third type (PL-III) eventu-
ally transforms into a single loop of the first type (SL-I).
The coercive fields for nanospheres are one and a half
times smaller than the fields for nanodisks. For CIPS
nanoneedles, the pressure-induced transition from double
hysteresis loops to pinched loops, and then to single loops,
occurs within a much narrower pressure range, from —40
to 10 MPa [see Figs. 4(g)4(i) and Fig. S11, Appendix
C within the Supplemental Material [30]]. The coercive
fields for nanoneedles are approximately 2 times smaller
than the fields for nanospheres.

Figure 5 shows the onset and temperature evolution
of stress-induced PL-III and TL hysteresis loops in CIPS
nanoneedles in the temperature range (265—300) K. Under
zero surface tension (u = 0), the TL appears from the
PL-III in the temperature range (265-270) K for a pres-
sure o = —50 MPa, and gradually transforms into a DL
near 280 K [see Figs. 5(a)-5(c)]. SL-I and PL-III are sta-
ble for stress-free nanoneedles (see Fig. S12, Appendix
C within the Supplemental Material [30]). Negative sur-
face tensions, u = —(0.7 — 1) N/m, induce a TL around
290 K for zero external pressure, o = 0 [see Figs. 5(d),
4(f)]. Hence it is possible to shift the 7 — ¢ range of the
PL-III and TL stability to zero stress and room temper-
ature by a small negative surface tension, which shows
the CIPS nanoneedles’ potential for nonvolatile and/or
dynamic multibit memory cells.

The value of the coercive field (in fact, the coercive volt-
age) is measured in polarization switching experiments.
As a rule, the field is directly related with the height
of barrier for the case of a single-domain polarization
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FIG. 4. Electric field dependence of the polarization P;, calculated for CIPS nanodisks with R = 100 nm, L = 10 nm (a)(c),
nanospheres with R = 10 nm (d)—(f), and nanoneedles with R = 10 nm, L = 100 nm (g)—(i), under different hydrostatic pressures:
o =70 MPa (a), 170 MPa (b), 210 MPa (c), 60 MPa (d), 100 MPa (e), 140 MPa (f), —40 MPa (g), —10 (h), and 10 MPa (i). Black
dashed curves are static dependences and red solid loops are quasistatic hysteresis loops. Temperature 7= 300 K, screening length

A = 0.5 nm; other parameters are the same as in Fig. 3.

the ferroelectric transition is of the second order). As a
rule, the barrier, estimated from the experimental poly-
domain polarization switching, is very different from the
“phenomenological” switching barrier, as well as from
the barrier calculated by density-functional theory (DFT),

switching in the case of three-well thermodynamic poten-
tial (when the ferroelectric transition is of the first order);
or the field is directly related with the depth of potential
well for the case of a single-domain polarization switch-
ing in the case of two-well thermodynamic potential (when
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Electric field dependence of the polarization Ps, calculated for CIPS nanoneedles with sizes R = 10 nm and L = 1 yum.

Temperature, 7, hydrostatic pressure, o, and surface-tension coefficient, u, are listed in the legends. Black dashed curves are static
dependences and red solid loops are quasistatic hysteresis loops. The screening length A = 0.5 nm; other parameters are the same as

in Fig. 3.

because the domain formation reduces the depolarization
field energy. The phase diagrams of CIPS nanoparticles,
shown in Fig. 3, contain the boundaries of the first and
the second phase transitions, e.g., FI1-PE and FI2-PE
transitions, in dependence on temperature and pressure.
Thus, the situation with CIPS nanoparticles is complex,
and unlikely the switching barrier calculated within LGD
phenomenological approach, which correspond to high
temperatures and/or nonzero pressures, can be compared
with DFT calculations valid for a bulk or 2D CIPS at low
temperatures and zero pressures.

C. Possible applications

We predict that compressed CIPS nanodisks reveal
wide temperature and pressure ranges of DL stability in
comparison with multiaxial perovskite ferroelectrics, such
as BaTiO; and PbTiOj; single crystals. In particular, DL
are stable in the temperature range (100—400) K at pres-
sures (0—70) MPa [see Fig. 3(d)]. At zero pressure, the
width of the DL region is 100 K, while the width reaches
200 K at 0 = 40 MPa. Hence, compression-stressed CIPS

nanodisks as energy-storage nanomaterials can be com-
petitive with classical antiferroelectrics, such as PbZrO;
thin films [50]. Indeed, CIPS nanodisks’ in-field polar-
ization can reach 4 pC/cm?, and their thermodynamic
coercive field varies in the range (5-50) mV/nm. PbZrO;
thin films have much higher in-field polarization (approxi-
mately 40 £C/cm?) and also much higher thermodynamic
coercive fields (approximately 500 mV/nm). Of course,
the stored energy in a CIPS nanoflake [proportional to
the area above the DL, see green region in Fig. 6(a)] is
much smaller than in a PbZrO; thin film, but the losses
and writing voltage are also much smaller for CIPS. The
region of DL stability for stressed CIPS nanospheres and
nanoneedles is smaller than for nanodisks [see Figs. 3(e)
and 3(f)], but it is still relatively wide, e.g., 150 K
at zero pressure, which is a large value in comparison
with most ferroelectrics where the width does not exceed
(10-50) K.

Unexpectedly, we predict that stressed CIPS nano-
spheres and nanoneedles reveal sizeable temperature and
pressure ranges of TL and PL-III stability [see Figs. 3(e)
and 3(f)], which are very rare in ferroelectrics and
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antiferroelectrics. These types of loops can be used for
dynamic and/or nonvolatile multibit memory cells, as pro-
posed in Ref. [27] and schematically shown in Figs. 6(b)
and 6(c), respectively. The stability of PL-III and TL at
zero external stress, room temperature, and relatively small
negative surface tension pu makes nanocomposites with
CIPS nanoneedles promising for use in dynamic and/or
nonvolatile multibit memory cells.

The pressure-induced transition of the hysteresis loops
in composites with CIPS nanoparticles can be used in
precise pressure sensors for high-pressure applications,
such as air compressors or shockwave detectors. The
pressure-induced transitions of the polar state and switch-
ing scenario in CIPS nanoparticles occur at relatively low
pressures (e.g., several MPa) in comparison with other fer-
roelectrics (approximately GPa), which is quite reasonable
for practical applications. This can be useful for high-
pressure piezosensors, because this could lead to higher
precision of pressure measurements.

We should note, that the experimental verification of
our theoretical predictions is still absent, because it is
a big challenge to make high-quality ensembles of van
der Waals layered chalcogenide nanoparticles in the form
of regular ellipsoids with a controllable aspect ratio.
However, it is possible to synthesize multilayer CIPS
nanoflakes and control the height of the flake by chang-
ing the number of layers [51], make nanowires by curling
CIPS layers and nanoflakes and controlling their radius and
number of layers, as well as to grind multilayer nanoflakes
using a ball milling, and then to separate the milled par-
ticles by average sizes using nanoporous sieves. From a
theoretical standpoint, the nanoflake with a height 2R much
bigger average lateral size 2L can be substituted by a disk-
shape nanoparticle with the accuracy of several percent
for L > 10 R [20]. The average sizes of milled particles
can be considered as “effective” sizes of an ellipsoidal
nanoparticle. The accuracy of an “effective” size approach
is determined by the scattering of sizes and shapes in the

Compression

CIPS nanoparticles for energy storage (a); and dynamic (b) and nonvolatile (¢) multibits with memory states £1 and +2.

ensemble, but it is the only way to obtain analytical results
using an effective media approach.

IV. CONCLUSIONS

We reveal an unusually strong influence of hydrostatic
pressure on the appearance of polarization switching in
CIPS nanoparticles, hysteresis loop shape, magnitude of
the remanent polarization, and coercive fields, which is
explained by the effect of the anomalous temperature
dependence and “inverted” sign of CIPS linear and non-
linear electrostriction coupling coefficients. In particular,
by varying the sign of the applied pressure (from expan-
sion to compression) and increasing its magnitude (from
zero to several hundreds of MPa), a quasistatic hysteresis-
less paraelectric dependence can transform into a double,
triple, pinched, or single hysteresis loop. The form of
quasistatic hysteresis loops is defined by specific static
dependences of polarization on applied electric field, i.e.,
“static curves.” The structure of the static curves has very
specific features for CIPS, since its LGD potential is an
eighth-order polynomial in the polarization powers.

Due to the sufficiently wide temperature and pressure
ranges of double, triple, pinched, and single hysteresis
loop stability (at least in comparison with many other fer-
roelectric materials), stressed CIPS nanodisks can be of
particular interest for applications in energy storage (in
the region of double loops), and CIPS nanoneedles and
nanospheres can be used in nonvolatile and/or dynamic
multibit memory cells (in the region of PL-III and TL
loops).

A physical origin of TL loops, which are very rare in
ferroelectrics and antiferroelectrics, is the coexistence of
“small” and “larger” polarizations in the four-well fer-
rielectric state. Since the temperature range of the TL
region stability is relatively low for nanospheres and
close to room temperature for CIPS nanoneedles, the
nanoneedles are more promising candidates for multibit
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memory cells than nanospheres. The stress control of
the polarization switching scenario allows the creation
of advanced piezosensors based on nanocomposites with
CIPS nanospheres.
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