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Using Landau-Ginzburg-Devonshire theory and effective medium approximation, we analytically calculate
typical dependences of the pyroelectric and electrocaloric coefficients on external electric field, temperature, and
radius of spherical single-domain ferroelectric nanoparticles. The considered physical model corresponds to the
nanocomposite with a small fraction of ferroelectric nanoparticles. Within the framework of the analytical model,
we establish how the size changes determine the temperature and field behavior of pyroelectric and electrocaloric
coefficients on the example of BaTiO3; nanoparticles covered by a semiconducting shell and placed in a dielectric

polymer. We show that by changing the particle size one can induce maxima of the pyroelectric coefficient
and electrocaloric temperature variation, control their width and height. Obtained analytical expressions allow
selecting the interval of particle sizes, voltage, and/or temperature for which the pyroelectric energy conversion
and electrocaloric coefficient are optimal for applications. The observed size effect opens the possibility to

control pyroelectric and electrocaloric properties of ferroelectric nanocomposites that can be important for their
advanced applications in energy convertors and cooling systems.
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I. INTRODUCTION

Nanosized ferroelectrics attract permanent attention of re-
searchers as unique model objects for fundamental studies
of polar surface properties, various screening mechanisms of
spontaneous polarization by free carriers, and possible emer-
gence of versatile multidomain states [1-6]. This fully applies
to ferroelectric nanoparticles, for which effective procedures
of synthesis and methods of polar properties control have been
developed. Classical examples are the experimental results of
Yadlovker and Berger [7,8], who revealed the ferroelectricity
enhancement in Rochelle salt potassium nitrite nanorods. Frey
and Payne [9], Zhao et al. [10], Drobnich et al. [11], Erdem
et al. [12], Shen et al. [13], and Golovina et al. [14] demon-
strated the possibility to control phase transition temperatures
and other features of BaTiO3, Sn,P,S¢, PbTiO3, SrBi,Ta,Og,
and KTa;_,Nb,O3; nanopowders and nanoceramics by
finite-size effects. However, the ferroelectric nanoparticles
still contain many challenges for technology [15] and
theory [16].
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The continuum phenomenological Landau-Ginzburg-
Devonshire (LGD) approach combined with the electrostatic
equations allows establishing the physical origins of the
anomalies in the polar and dielectric properties of ferroelectric
nanoparticles and predicts changes of their phase diagrams
when the particle size decreases. For instance, using the LGD
approach Perriat et al. [17], Huang et al. [18], Glinchuk et al.
[19], Ma [20], Khist et al. [21], Wang et al. [22,23], Eliseev
et al. [24,25], and Morozovska et al. [26-28], showed that
the transition temperatures, the degree of spontaneous polar
ordering in spherical, ellipsoidal, and cylindrical ferroelectric
nanoparticles of size of 4-100 nm are conditioned by various
physical mechanisms, such as surface tension, correlation
effect, depolarization field originated from the incomplete
screening of spontaneous polarization, flexoelectricity,
electrostriction and Vegard-type chemical pressure.

Electrocaloric (ECE) and pyroelectric (PEE) effects that
are inherent to ferroelectrics are the subjects of intensive
experimental and theoretical studies [29-31]. Electrocaloric
(EC) and pyroelectric (PE) properties of ferroelectrics at
ferroelectric-antiferroelectric phase boundaries [32], ferro-
electric thin films [33-36], multilayers [37-39], and other
low-dimensional materials [40] can be very different from
those of single crystals [41].
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It is known [42,43] that the polar materials in adiabatic
conditions are characterized by the PEE (charge or electric
field generation under temperature change) and by the inverse
ECE (temperature change under application or removal of
an electric field). The vivid manifestation of PEE and ECE
in ferroelectrics is a consequence of the strong temperature
dependence of the spontaneous polarization [44-46], espe-
cially in the vicinity of phase transitions [47,48], or near the
morphotropic phase boundary [49]. This property is the basis
for the widespread applications of ferroelectric materials for
pyroelectric detectors and energy converters, as well as for
realizing their potentiality in modern electrocaloric converters
[50-52].

At present, ECE and PEE in ferroelectric crystals, ceramics
and polymers, thin films and multilayer structures are the
objects of intensive theoretical, experimental, and applied
studies. Nevertheless, ECE and PEE in ferroelectric nanopar-
ticles are relatively poor studied. The possible reason is the
strong influence of size effects via depolarization field [26]
and polarization-strain coupling [22,27] on the polarization
distribution, ferroelectric transition temperature, dielectric,
PE, and EC properties. There are only few studies directed
on the elucidation of the features of the PEE and ECE in
nanowires, nanotubes [53-56], and spherical nanoparticles
[57]. Moreover, the analytical description of ECE and PEE in
ferroelectric nanoparticles and their nanocomposites, allow-
ing for depolarization and incomplete screening effect, is still
missing.

Using the LGD theory and effective medium approxima-
tion, this work analyzes typical dependences of the polariza-
tion, dielectric permittivity, PE and EC coefficients on exter-
nal electric field, temperature, and radius for spherical ferro-
electric nanoparticles covered by a semiconducting shell and
placed in a dielectric medium. The considered physical model
corresponds to a nanocomposite “nanoparticles-matrix” with
a small fraction (less than 10%) of the ferroelectric nanoparti-
cles.

The manuscript has the following structure. Problem state-
ment, containing free energy, and basic equations with bound-
ary conditions, is formulated in Sec. II. Section III introduces
approximate analytical expressions for the transition tem-
perature, EC temperature change, heat capacity, and related
physical quantities. Size effects of ECE and PEE are analyzed
in Sec. VI by the example of BaTiO3 nanoparticles. Section V
presents analysis of the size effect on the PE and EC energy
conversion. Section VI contains conclusive remarks. Calcula-
tion details of the transition temperature, PEE and ECE, and
auxiliary figures are presented in Ref. [58], Appendixes A, B,
C, and D, respectively.

II. PROBLEM STATEMENT

Let us consider a spherical ferroelectric nanoparticle of
radius R covered by a semiconducting shell of thickness A.
The particle is placed in a dielectric medium (polymer, gas,
liquid, air or vacuum) with an effective isotropic dielectric
permittivity ¢, (Fig. 1).

A nanoparticle in a ferroelectric phase has a one-
component spontaneous polarization Ps(r) directed along the
crystallographic axis 3. The dependence of other electric

effective ambient

FIG. 1. A spherical ferroelectric nanoparticle (core) covered by a
semiconducting layer (shell) and placed in a paraelectric or dielectric
medium.

polarization components on the inner electric field E; is lin-
ear, P, = go(¢p — 1)E;, where i = 1 and 2, ¢, is an isotropic
relative permittivity of background [59], and ¢ is the uni-
versal dielectric constant. Since the ferroelectric polarization
component P3(r) contains both background and soft mode
contributions, electric displacement vector has the form D =
eoepE + P inside the particle. Outside the particle D = gpe E.
The electric field components E; depend on the electric poten-
tial ¢ as E; = —d@/0dx;. The potential ¢ satisfies the Poisson
equation inside the particle and the Laplace equation outside
it:

r <R,
r>R’

2 82 82 g_)l:; , |
aoeb(ax% + 02 + 8x§)¢_ {0’ (1a)
Equations (la) are supplemented by the conditions of po-
tential continuity at the particle surface, (@ext — @int)|r=g = 0
and field homogeneity at infinity, @ext|;—oco = —X3Fex. Here,
E. is the external electric field far from the particle. The
boundary condition for the normal components of the electric
displacements is (N(Dex¢ — Dint) + 05)|,=g = 0. The “effec-
tive” surface charge density oy is introduced to model re-
alistic screening conditions of the spontaneous polarization.
The polarization is incompletely screened at the ferroelectric
particle surface and the screening degree depends on its
ambient medium (dielectric, inert or chemically active gases,
liquids, semiconductor or imperfect electrode cover). Several
theoretical studies [21,25,28] use the linear dependence of the
charge density og on the electric potential excess at the surface
of the nanoparticle, 8¢ = @int|r=r — Pext|r—o0:

é
oslyp] ~ _EOEIFX(pv (1b)

where an “effective” screening length A [28] and the interfa-
cial dielectric permittivity & are introduced.
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It should be noted that the expression (1b) is approximate
because it includes an “effective” screening charge, while the
real space charge is distributed in a ultrathin layer near the
interface [60] or imperfect electrodes with nonzero screening
length [61]. Stengel et al. [62,63] introduced the concept of
the interfacial capacitance Cir for the A description. Actually,
Cir = goerS/A (in a flat capacitor approximation) allows to
justify the Eq. (1b), because the product Cir¢|,—g is the total
value of the interfacial space charge, g = osS, and therefore
P Crgli—r A, —ene M.

s 0EIF 4

To fulfill the inequality R > A, reliable estimations of
the A value should be used. Following Wang et al. [64]
and Tagantsev et al. [65], the effective screening length A
(more rigorously, A /er), should be much smaller than 1 A
(about 0.1 A) in accordance with modern ab initio estimations
[65,66]. One of the reasons why the “effective” A /elr can
be much smaller than the typical perovskite lattice constant
a ~ 0.5nm [65], is the high relative dielectric permittivity &g
in the double electric layer, which typically is more than 100.

Another important case (relevant to the nanoparticles
suspension in chemically active gases or liquids) is the
Stephenson-Highland (SH) ionic adsorption at the ferroelec-
tric surface [67,68]. Within SH model the dependence of the
surface charge density os[¢] on the electric potential excess
d¢ at the free surface is controlled by the concentration
of positive and negative surface charges in a self-consistent
manner via Langmuir adsorption isotherms, as is shown in
Refs. [6,28].

Since we would not like to be limited to a specific model,
further we perform calculations for A changing in the range
(0.1-10) nm, and keep e > 100 to provide an effective
screening of the nanoparticle spontaneous polarization.

LGD free energy functional G additively includes 2-4-6
Landau expansion on polarization powers Gy andau, polariza-
tion gradient energy contribution Ggq, €lectrostatic contri-
bution G, elastic, electrostriction, and flexoelectric contribu-
tions Gestfiexo- FOllowing Ref. [28], it has the form

G = Grandau + Ggrad + Ge + Ges+ﬂex07 (23)
o
GLandauZ/. Rd3r<§P32+§P;+%P36), (2b)
2 2 2
g1 [0P; gaa | (OPs P
Guna = | r{EL(2) +82(2) + (22) ],
grad /?<R F{ 2 (8)(3) + 2 |:<BX2 + 8)(1
(2¢)

3 E0€p
Gy = — / d r(P3E3 + —E,E,)
[Fl<R 2

. / a2 B8 Eote / EEdr,  (2d)
[FI=R >R

2 2

St

_ 3 2 2

Gestflexo = / d r<——2 0,01 — Q:30:;P3
[FI<R

F 0P _ p, 20 (2e)
3 / 3xk 3 E)xk

The coefficient « linearly depends on temperature 7, o =
ar (T — T¢), where T¢ is the Curie temperature and a7 is the
inverse Curie-Weiss constant. Coefficients  and y can be

temperature-dependent (e.g., for BaTiOs3), 8 = Br(T — Tp)
and y = yr(T —T,). Coefficient § is positive in the case of
a second-order ferroelectric phase transition (FEPT) of and is
negative in the case of a first-order FEPT. The gradient coef-
ficients g;; and g4 are positive and regarded as temperature
independent. In Eq. (2e), o;; is the stress tensor.

We omit the explicit form of the Gesifiexo for simplic-
ity; it is described in Refs. [69-71]. Since the values of
the electrostriction and flexoelectric tensor components, Q;jx;
and Fjjy, respectively, are unknown for many ferroelectrics,
we performed numerical calculations with the coefficients
varied in a physically reasonable range (|F;ji| < 10" m?/C,
|Qijxi| < 0.1m*/C?). Numerical results for BaTiO; single-
domain nanoparticles with sizes above the critical one proved
the insignificant impact of electrostriction and flexoelectric
coupling on their polar properties, since appeared elastic
fields are negligibly small in this case, and are concen-
trated in the immediate vicinity of the surface for small
extrapolation lengths. However, one should consider both
couplings for the rigorous determination of the critical size
corresponding to the phase transition between the polydomain
ferroelectric and paraelectric states of the nanoparticle or
thin film, because the inhomogeneous elastic field induced
by domain walls can be significant in the case (see, e.g.,
Refs. [1,2,6,22-24,70,71]).

It should be noticed that phenomenological LGD theory
(by its definition) uses the bulk coefficients for the descrip-
tion of bulk and spatially confined ferroelectric micro- and
nanosystems. The conditions of the size-induced phase tran-
sition follow from the contribution of the strain and polariza-
tion gradients, and depolarization/screening effects (see, e.g.,
Table I in Ref. [27] and references therein). The quantitative
applicability of LGD approach depends on the system sizes,
each of which should be much larger that the lattice constant,
that is about 0.4 nm for ferroelectric perovskites (see, e.g.,
Refs. [6,28] and references therein).

Allowing for the Khalatnikov mechanism of polarization
relaxation, minimization of the free energy (2) with respect
to the polarization P(r3) leads to the time-dependent LGD
equation [28]

8P3 * 3 5
ar +ar(T —To)Ps+ B P +y Ps

02 02 0P
- g44<8_xf + a—x%>Pz - g“a_xg =FE;. (3a)
The Khalatnikov kinetic coefficient I' determines the relax-
ation time of the polarization tx = I' /|| that typically varies
in the range 10~!" — 107" s far from FEPT. 7¢ is the Curie
temperature renormalized by the surface stress [20,26]. The
boundary condition for the polarization at the spherical sur-
face » = R is natural, 8133 /on|;—r = 0, n is the outer normal
to the surface. Below we also assume that the external field is
E. = Eysin(wt).

The dynamic dielectric susceptibility defined as x33 = %
obeys the equation

r

0
r% + [ar (T = T2) + 3B P2 + 5y P} xas

( 2 N 2) 9233 . (3b)
844 o0x? " 0x2 X33 — 811 02 =1
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TABLE I. LGD parameters for bulk ferroelectric BaTiO3.?

&b ar (C2mJK™1) Te(K) B(C*m])

y (C®m’J) g1 (m*/F) ga4(m*/F)

7 6.68 x 10° 381
Br = 18.76 x 10°

Br(T —393) — 8.08 x 108

yr(T —393) 4+ 16.56 x 10° 5.1 x 10710 0.2 x 10710

yr = —33.12 x 1072

*These parameters are valid until y > 0, i.e., for T < 445K.

o =6.02 x 10*kg/m?, C, = 4.6 x 10°Jkg~! K~! at room temperature.

The dynamic PE coefficient defined as I3 = —(%

the equation

3Tl
=2 4 [ar(T — TZ) + 38 P} + 5y P§]1;

ot
92 n 9? - CRIIE P
— —St— — = arhs.
844 02 o 3~ 81 0x2 T3

)E obeys

(3o

The EC temperature change ATgc, can be calculated from the
expression:

B JdP E
AT = —T/ —(—) dE = T/ — _TLdE,
g, PCp\OT /i g PCp

(4a)
where p is the density, T is the ambient temperature, and C,
is the specific heat. For ferroics, the specific heat depends on
polarization (and so on external field) and can be modeled as
following [72]:
0’g
aT?’
where C3 is the polarization-independent part of specific heat
and g is the density of the LGD free energy (2). According
to experiment, the specific heat usually has a jump at the
second-order FEPT and has a maximum at the first-order
FEPT, which height is about 10%-30% of the C, value near
Tc (see, e.g., Refs. [37,73]). Corresponding entropy change is
given by expression AS = — Elz (%)EdE.

Finite element modeling (FEM) has been performed to
find the solution of a coupled equations system (1)—(4) for
BaTiO3 nanoparticles placed in a polymer matrix, since such
nanocomposites have been intensively studied for energy stor-
age, PEE, and ECE applications [74-76]. We have chosen
BaTiOs because it is a classical proper ferroelectric with a
relatively high spontaneous polarization at room temperature,
relatively low FEPT temperature and well-known material
parameters. BaTiO; undergoes the first-order FEPT from the
ferroelectric to paraelectric phase. The first-order FEPT adds
additional interesting peculiarities of PE and EC properties,
analyzed below, in comparison with the ferroelectric materials
undergoing the second-order FEPT. Material parameters of
BaTiO; were collected from Refs.[77-80] and references
therein; they are listed in Table I of this paper and Table Al
in Ref. [58].

FEM results are shown in Fig. 2, where we have taken
into consideration the multiaxiality of BaTiOs3, electrostric-
tion and flexoelectric couplings, and have used the free
energy expansion with the material parameters from Ta-
ble AI in Ref. [58]. Two sets of initial conditions were
used for the polarization distributions, namely bi-domain

Cr=CO—T (4b)

and single-domain structures. The initial bidomain structure
was transformed into a vortexlike structure with the po-
larization rotating to align parallel to the particle surface
in order to minimize the depolarization electric field. As
the result, the latter could not be reduced to zero, but its
amplitude becomes significantly smaller [compare the scale
in Fig. 2(a) with Fig. 2(b)].

It turned out that the vortexlike domain structure (as an
electric toroidal multipole) is much less sensitive to a homo-
geneous external field than the single-domain state (electric
dipole), unless the field reaches values significantly higher
than the coercive field for a single-domain state. So, the
polarization vortex presents less interest for pyroelectric ap-
plications, since it is electroneutral as a whole. For elec-
trocaloric applications, where the polarization response to
small external fields should be as high as possible, the vortex
state also seems less favorable than the single-domain state.
Actually, to change the toroidal moment of vortex polar-
ization the curled electric field, Ecur = %Q X 7, originated

from a quasistatic magnetic field, rotE,, = — %E‘, is required
[54,56]. Corresponding vorticity vector 9°10'°® V/m? is very
high [81].

However, the vortexlike domain structure is relatively sen-
sitive to the screening conditions of ferroelectric polarization,
namely, it occurs and becomes absolutely stable with increas-
ing A/ep. Thus it makes sense using enough small values
of A/err to keep the nanoparticle in a stable single-domain
state. Below we consider A /e < 1 nm proving the stable
single-domain state of the nanoparticle.

Note that Chen and Fang [57] considered ECE in BaTiO3
nanoparticle within core-shell model. Unfortunately, the de-
polarization effects, which are inevitable in the case of zero
polarization at the particle surface considered in Ref. [57],
were completely neglected, and this fact does not allow us
applying obtained results to real systems.

III. APPROXIMATE ANALYTICAL SOLUTION

Phase diagrams of spherical ferroelectric nanoparticles
covered by a screening charge layer have several phases,
namely, paraelectric phase, single-domain ferroelectric phase
and polydomain ferroelectric phase including various domain
morphologies [28]. Free energy with renormalized coeffi-
cients has the form (see Appendix A in Ref. [58]):

P2 P4 P6
gr = ar[T — T (R, A)]7+ 'B(T)Z + V(T)F — NP Eext,

(5a)
where E., is the external electric field and P; = P. Ap-
proximate expression for the nanoparticle transition temper-
ature T, from the single-domain ferroelectric to paraelectric
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FIG. 2. Distribution of electrostatic potential [(a) and (b)], polarization components P, [(c) and (d)] and P; [(e) and (f)] in the cross-section
x, = 0 of the BaTiO; nanoparticle with radius 10 nm. Two different states are shown, single domain [(a), (c), and (e)] and vortexlike structure
[(b), (d), and (f)]. White arrows show polarization direction. Calculations were performed at 7 = 293K, e = 300, A = 2nm, ¢, = 15.
BaTiO; parameters are listed in Table I for the left plots [(a), (c), and (e)] and in Table Al in Ref. [58] for the right plots [(b), (d), and (f)].

phase is
1
areole, + 26, + er(RA)]

TR, N) =T — (5b)
Here the first term 7;¥ is the Curie temperature renormalized
by the surface stress. The second term originates from a
depolarization field [28].

In Eq. (5a), we introduced the screening factor of the
external field,

3e,
& + 286 + SIF(R/A) '

Derivation of Egs. (5) is given in Appendix A in Ref. [58].
Note that Egs. (5) are exact if the natural boundary conditions
for polarization are imposed at the particle surface. The depo-
larization factor n(R, A) in a definite sense determines pecu-
liarities of size effects in spherical nanoparticles, because its
form is the result of complex influence of geometry (shape),
ambience (dependence of dielectric constants) and depolariza-
tion field defined by specific screening conditions contributing
to the effective screening length &g /A. The form and values
of the depolarization factor can be very different for thin films

n(R, A) = (50)

and nanoparticles of different shape. The knowledge of 7 is
required for quantitative understanding of the physical picture,
while qualitatively it typically (but far not always) scales as
1/L, where L is a characteristic size of the nanosystem.

Minimization of the free energy Eqs. (5) leads
to the equation for the polarization «7(T — T)P +
B P34y P> =nE.. Differentiation of the equation
over external field and temperature leads to the
equations (arp(T — Ty) + 38 P> + 5y P4)(ddE—’;)T =75 and
(55)elar (T — To) + 38 P> + 5y PY] = —ar P — fr P* —
yr P°, respectively. Using these equations, we derived
analytical expressions for PE coefficient and EC temperature
change:

arP + Br P> + yr P°
ar[T — T (R, A)] + 3B P2+ 5y P¥’
T (2 II(R, A, P(E
( ( ))dE

(R, A) = (62)

ATgc
o JE, Cp

T (" arP P’ P’
_ T arP + pr P° +yr P
ne Jp Cp
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LT
n pCp

f’Z P“(Ez)—P“(El)H L 1PO(Ey)— Pﬁ(El)]}

{ [P*(E>) — P*(E})]

(6b)

Approximate equality in the expression (6b) is valid for the
case of a ferroelectric with the linearly temperature dependent
LGD-expansion coefficients (e.g., for BaTiO3), and for a
negligibly weak field dependence of the specific heat that may
be a rough approximation for vast majority of ferroelectric
perovskites. More rigorously,

T(QTP+}37 P3+)/T P’ )2
cp ~ VCr F s T <To (g
Q. T>T,

2, .
where Ty = T, + % is the maximal temperature of the

ferroelectric phase metastability. Derivation of Eq. (7) utilizes
|

Br(1 — )

ATgc ~ 7

or 1o 2
pC2< 3 [P (Ey) — P7(ED] +

In the linear approximation, valid for weak enough ex-
ternal fields (i.e., for E.; much lower than the coer-
cive field), P(Eey) ~ P(0) — %, and so P?*(Eex) —
P2(0) ~ —%, where P(0) = £Ps is the nanoparticle

spontaneous polarization. Within the approximation
ECX[

207 (T — Tr) '
)

T
ATgc(Eext) ® ——— oCO (arPs + BrP§ + vr 5)

and the nanoparticle spontaneous polarization is

1
Py(R, A, T) = \/5[/;32 +4yar(T«(R, A) —T) — Bl.
(10)

IV. SIZE EFFECT ON PYROELECTRIC AND
ELECTROCALORIC PROPERTIES

Below we analyze the correlations between the nanopar-
ticle polarization P, relative dielectric permittivity exp, PE
coefficient I1, and EC temperature change ATgc(E) calcu-
lated for a periodic external electric field, E,,, = Ej sin(wt),
different temperature 7, and nanoparticle radius R. The static
dependences have been calculated under the absence of time
derivative in the LGD-type equations (3) and setting w =
0 in the expression for the external field E,,, = Ej sin(wt).
By acting in this way not only stable, but also metastable
and unstable solutions can be obtained. For example, the

numerical solution of “dynamic” toy-model equation I‘% +
aP;+ B P;’ +y P35 =E, at I" > 0 converges to the stable

[P*(E>) — PY(ED] +

Eq. (4b) and the fact that the gg derivatives simplifies al-
lowing for the equation a7 (T — Ty )P 4+ B P3 4+ y P° = nEey
(see Appendix B in Ref. [58]). Followmg Landau theory, the
dielectric susceptibility xp = P +% FPTIS P diverges at
T =T, and E¢ = 0, while the polarization is finite for the
first-order phase transitions, leading to the divergence of the
difference §Cp = Cp — Cg. In reality both the external electric
field and critical fluctuations transform the divergence into a
maximum that is typically 2#10%—-30% in height of Cp (how-
ever there can be exceptions). Typically, the maximum shape
cannot be described by a rigorous analytlcal expression, but
semiempirically as xgp = , where

«/(aT<T—Ta>+3ﬁ P25y P 42
the empirical parameter § is small enough.

- - T (arP+pr PP 4yr PP
Since the polarization-dependent term ar (T T 3B P35y P

is positive, it always increases Cp and so decreases the in-
tegrand expression in Eq. (6b). As a result, the approximate
expression (6b) overestimates the ECE.

3
If the dimensionless parameter pu = CTJ%)"(E is small, the

first-order corrections to Eq. (6b) have the form

yr — 3uay ' BF

B PP (Es) — PED] + . ) ®)

(

solution only. Its static analog, «P; + 8 P33 +y P35 =Ep,asa
fifth-order polynomial equation, can have five different roots,
among which there is always a stable solution to which the
dynamical numerical algorithm converges.

Despite that the use of direct or alternating electric voltage
is not an established experimental method for measuring
PEE (see, e.g., Refs. [43,83-85]), the pyroelectric energy
conversion often involves the voltage application [82,84,86].
Concerning the electrocaloric measurements, both direct and
alternating electric fields are applied, that allows obtaining
valuable information about EC response and, especially, its
field hysteresis, which requires electric field reversal (see,
e.g., Refs. [29-39]). That is why below we plot and analyze
both dynamic and static dependences of PE and EC responses
whenever it is possible.

Figures 3-6 show typical dependences of P, exp, I1, and
ATgc on Eey, T, and R for BaTiO; nanoparticles with pa-
rameters listed in Table I. All dependences are calculated
for the relatively high interfacial permittivity ez = 300 (that
is realistic for paraelectric shells), enough high effective
screening length A = 2nm, and ambient permittivity ¢, =
15 characteristic for a high-k dielectric matrix (e.g., widely
used PVDF). We compared the “static” dependences (dashed
curves), which include unstable and metastable regions,
with thermodynamically stable “dynamic” dependences (solid
curves) calculated for the external field frequency w = 2 x
10*s~!. Note that temperature and size dependences P, exp,
I1, and ATgc shown in Figs. 4-6 correspond to the “positive”
branches of their hysteresis in Fig. 3(a).

Dependences of P, exp, Il, and ATgc on E. are
shown in Figs. 3(a)-3(d), respectively. The dependences are
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FIG. 3. Dependences of the polarization (a), relative dielectric permittivity (b), PE coefficient (c), and EC temperature change (d) on
external electric field calculated for several radii R = 4, 10, 15, 20 nm of BaTiO; nanoparticle (curves 1-4), T = 293K, ¢ = 300, A = 2nm,
g, = 15, T' = 10? SI units, and w = 2 x 10*s~! for solid curves. The static dependences (@ = 0) including unstable regions are shown by
dashed curves. Dotted vertical lines with arrows in plot (a) show stable paths. The unstable dependences are shown by dashed curves inside
the dotted rectangle in plot (d). Dashed ellipses in (a) and (d) indicate the regions, where |P(Eex)| > |P(0)| or |P(Eex)| < |P(0)|, respectively.
BaTiO; parameters are listed in Table 1, its density p = 6.02 x 10% kg/m? and specific heat C, = 4.6 x 10? Jkg~'|K~! at room temperature.

calculated for several nanoparticle radii R (curves 1 — 4) at
room temperature. The ferroelectric hysteresis loop (P(Ecx;))
is narrow for the smallest particle (R = 4 nm), then it expands
and becomes significantly wider (i.e., the coercive field E¢
increases) with the increasing particle radius [compare solid
curves 1-4 in Fig. 3(a)]. Note that the appearance of a very
narrow hysteresis loop at R = 4 nm is a purely dynamic effect
observed at nonzero frequency w. Actually, the static dashed
black curve calculated for R = 4nm does not contain any
unstable S-shaped region. Other static curves calculated for
R > 5nm contain the unstable S-shaped region corresponding
to the bistable states of the ferroelectric polarization. All
curves and loops in Fig. 3(a) show the behavior typical for the
ferroelectric nanoparticles undergoing the first-order FEPT to
a paraelectric phase with R decrease (i.e., the size-induced
phase transition). From Eq. (5b) the critical radius R, of the
size-induced transition is given by expression,

1 2¢e,
i g +2e > (11
areoeir(TF —T) EIF

R, (T, A) = A<

From Eq. (11) the critical size is about 8 nm at 293 K and
Ey =0, and so the particle with R = 4nm is paraelectric,
and other with R =10 — 20nm are ferroelectric at room
temperature.

Correlating with Fig. 3(a), Figs. 3(b) and 3(c) illustrate the
characteristic features (maximum, sharp double maximum, or
divergence) of enp and I1 emerging in the vicinity of the co-
ercive field that value increases with the R increase. Maxima
correspond to nonzero frequency w > 0, and divergences are
for w = 0 . The “unphysical” values of negative permittivity
corresponding to the unstable S-shaped regions in Fig. 3(a)
(dashed curves) are not shown in Fig. 3(b).

The dependences ATgc(Eex) calculated at w # 0 [solid
curves in Fig. 3(d)] correlate with the dependences exp(Eext)
[solid curves in Fig. 3(b)], but have several distinctive fea-
tures. For the smallest “paraelectric” particles (R < 4 nm) the
ATgc(Eex) static dependences (dashed curves) and very nar-
row dynamic loops (solid curves) have a vase shape (without
maximums). The ATgc value monotonically increases and
then saturates with E., increasing [solid curve 1 in Fig. 3(d)].
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FIG. 4. Temperature dependences of polarization (a), relative dielectric permittivity (b), PE coefficient (c), and EC temperature change
[(d)—(f)] calculated for several radii of BaTiO; nanoparticle R = 4, 10, 15, and 20 nm (curves 1-4) and external electric field amplitude
Ey = 0.01 [(a)—(d)], 0.1 (e), and 0.5 V/nm (f). The field frequency w = 2 x 10*s™! for solid curves, and w = 0 for dashed curves, which
include unstable regions. Dotted vertical lines with arrows show stable paths. Other parameters are the same as in Fig. 3.

In the “paraelectric” phase, ECE is positive (“heating” effect). The EC temperature change shown in Fig. 3(d) is posi-
It should be mentioned, that such behavior correlates with tive for the smallest particle, but becomes bipolar with the
quadratic field dependence of the electrocaloric effect in a  increasing particle size. This happens because the smallest
bulk paraelectric [82]. particle (R =4nm) is paraelectric, and its polarization is
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and 0.5 V/nm (curves 1-4). Other parameters are the same as in Fig. 3.

induced by external field only. Actually, the EC temperature
change of a paraelectric particle is always positive, since
ATic(Eext) % e F [P (Eex) = P20)] > 0 if [P(Eex)| >
|P(0)| at |Eext| > O [see Eq. (6b)]. When the particle becomes
ferroelectric with R increased above the critical size (e.g.,
for R > 10nm), the ferroelectric polarization hysteresis exists
[see Fig. 3(a)]. It is seen from the polarization hysteresis
loops [Fig. 3(a)] that both inequalities |P(Eex)| > |P(0)| and
|P(Eext)| < |P(0)] are valid due to the polarization bistablity
in the hysteresis range at 0 < |Eex| < E. (E. is a coercive
field). Consequently E-field dependence of EC temperature
change is bistable in the range 0 < |Ecx| < E., where both
positive and negative “branches” exist, and it changes its sign
to positive at |Ee| = E. [see solid red, magenta and blue
curves in Fig. 3(d)]. The ECE changes its sign to negative
(“cooling” effect) when the electric field becomes antiparallel
to the polarization direction. In this case the applied electric
field destabilizes the polarized state and therefore increases
the entropy. This is the “physical origin” of the negative ECE.
As soon as the polarization is switched along the electric field
at |Eex| = E., the ECE again changes its sign to positive.
In the ferroelectric phase (for R > 10nm) ECE is relatively
small with the exception of the coercive field vicinity, where it
reaches minus 2-3 K. These ECE maxima sharpness and their

magnitude increases with the increasing particle radius. The
static ATgc(Eex) dependences [Fig. 3(d), dashed curves 2—4]
almost coincide with dynamic those [Fig. 3(d), solid curves
2-4), except for the instability region marked by a dotted
rectangle [see Fig. 3(d), bottom].

As can be seen from the Figs. 3(c) and 3(d), one can induce
the appearance, control the width, magnitude, and sign of
[T(Eex¢) and ATgc(Eex) maxima by changing the particle size,
as well as tune the field interval within which PEE and ECE
are maximal.

Temperature dependences P(T), enp(T), TII(T), and
ATgc(T), calculated for the several radii of nanoparti-
cles and a relatively small amplitude of external field
(Ep = 0.01 V/nm) in the vicinity of the FEPT region, are
shown in Figs. 4(a)—4(d). The amplitude E; is well below the
thermodynamic coercive field of polarization reversal in our
case (0.2-0.8 V/nm) Fig. 3(a). The temperature “hysteresis”,
defined as the interval between the solid and dotted vertical
lines, is the widest for the smallest R and narrows when the
particle radius increases [compare solid and dashed curves 1—
4 in Fig. 4(a)]. The origin of the hysteresis is thermodynamic
bistability, therefore it disappears at bigger E, and/or for
higher w. The hysteresis position corresponds to the vicin-
ity of the transition temperature T, which is particle size
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dependent and goes up with increasing R, in agreement with
Eq. (5b).

In fact, all static dependences in Fig. 4 (dashed curves 1-4)
contain the unstable S-shaped regions, which width decreases
with the increasing particle size. The dependences P(T)
in Fig. 4(a) show the behavior typical for the ferroelectric
nanoparticle undergoing the first-order FEPT below T,. Cor-
relating with Fig. 4(a), Figs. 4(b) and 4(c) show typical sharp
maxima at @ > 0 on exp(7") and I1(T") or their divergence for
o = 0 emerging at T;;(R). The “unphysical” regions of the
negative permittivity, corresponding to the unstable “inverse
S”-shaped regions at the dashed curves in Fig. 4(a) are not
shown in Fig. 4(b).

Temperature dependences of EC temperature change
ATgc(T), calculated at frequency w # 0, R =4 — 20nm nm
and Ey =0.01 —0.5V/nm are shown by solid curves in
Figs. 4(d)—4(f). They reveal several distinct features. Corre-
lating with the P(T') behavior at FEPT [shown in Fig. 4(a)],
maximal AT7gc is located around Ti,. For Ey = 0.01 V/nm,
ATgc(T) is rather small and positive in the region of P(T)
hysteresis for all R [see solid curves 1-4 in Fig. 4(d)]. The
maximal value of ATgc increases by 2-3 K and the maximum
width strongly increases (up to 50-300 K) with increasing Ey

value for all considered R [see solid curves 14 in Figs. 4(e)
and 4(f)]. However, the width of ATgc peak significantly
decreases with the increasing R [see solid curves 1-4 in
Figs. 4(e) and 4(f)].

Note that at Ey < 0.1 V/nm the static dependences contain
regions of the negative ECE [see negative parts of dashed
curves 14 in Fig. 4(d)] corresponding to the unstable S-
shaped regions on polarization curves in Fig. 4(a).

The dependences ATgc(T) calculated for rather high am-
plitude Ey = 0.5V/nm are shown in Fig. 4(f) and reveal
several distinctive features in comparison with Figs. 4(d) and
4(e). First, for all particle sizes, the maximum of ATgc(T)
lies definitely below the peak of the dielectric permittivity.
Second, the temperature range of the maximal AT7gc narrows
and shifts to higher temperatures when the particle radius in-
creases due to FEPT sharpening and the shift of T¢,. Note that
even at the strong fields we still can control the temperature
range and width of the maximal PEE and ECE by changing
the particle size (see also Appendix C in Ref. [58]).

As can be seen from the Figs. 4(c) and 4(f), one can control
the width and height of I1(7") and ATgc(T') peaks by changing
the particle size and amplitude of E.y, as well as select the
temperature interval where I1(7") and ATgc(T ) are maximal.
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The static temperature dependences P(T'), exp(T), I1(T),
and ATgc(T) calculated for several values of the constant ex-
ternal field E.x; = Ey and R = 10 nm are shown in Figs. 5(a)—
5(d). The temperature hysteresis of P(T") existing for small
Ey [shown by black dotted lines in Fig. 5(a)] disappears, and
the dependence P(T) becomes significantly smeared with E
increasing above a critical field E,, that is about 0.1 V/nm for
R = 10nm [compare solid curves 1-4 in Fig. 5(a)]. Corre-
lating with Fig. 5(a), Figs. 5(b)-5(c) show rather asymmetric
maxima of the exp(7 ) and I1(T) emerging at the phase transi-
tion temperature, which magnitude and sharpness noticeably
decreases, and the position shifts to the higher temperatures
with increasing Ey. Such behavior is typical for smearing of
the first-order FEPT region by an external field.

The static dependences ATgc(T) are shown in Fig. 5(d)
for different E,. For all Ey and T < 250 K ATgc is nonzero,
but rather small. For E, = 0.01 V/nm, all negative values
of ATgc in vicinity of 280 K (the bottom part of curve 1)
correspond to the unstable S-shaped region of polarization
curve 1 in Fig. 5(a). This unstable static solution is rather an
artifact, but may become observable in the situations, when
unstable polarization can be observed (e.g., in the case of
strong pinning in the range of temperature hysteresis). For
Ep > 0.1 V/nm, the rise of ECE starts at temperatures above
200 K, and its rate increases with electric field (see curves
2-4). At T =~ 315K, ATgc abruptly reaches the maximum
of 2-3 K, which position slightly shifts towards higher tem-
peratures with the increasing electric field. Then ATgc grad-
ually decreases (see curves 2—4). The temperature range of
nonzero positive ATgc significantly broadens with increasing
Ey (compare the shape of the maxima for the curves 2—4). The
behavior of ECE correlates with the P(T) behavior (curves 2—4
in Fig. 5a) and reflects FEPT smearing at high electric field.
Note that the temperature hysteresis of negative ATgc(T),
existing for small Ey, disappears with increasing Ej [see black
solid and dotted curves in Fig. 5(d)].

Size dependences P(R), exp(R), I1(R), and ATgc(R) calcu-
lated for several amplitudes of the external field, Ey and T =
293 K are shown in Figs. 6(a)-6(d). These dependences corre-
late with the 7' dependences P(T), exp(T ), I1(T"), and ATgc(T)
shown in Figs. 4(a)-4(d), since T,y ~ 1/R per Egs. (5b)
and (8). The “size hysteresis”, defined as the distance (in
nanometers) between solid and dotted vertical lines, is the
widest for the smallest Ey, and it narrows and disappears
when Ej increases above the critical value E., that is about
0.1 V/nm at 293 K [compare solid and dashed curves 1-4
in Fig. 6(a)]. The origin of the effect is a thermodynamic
bistability, and so it disappears with the frequency increase
above the critical value, which is temperature- and field-
dependent. The bistability region corresponds to the vicinity
of the temperature-dependent critical radius R, given by
Eq. (11). The static dependences for small Ey contain the
unstable S-shaped regions, which width strongly decreases
with E; increase [compare solid and dashed curves 1 and 2
in Fig. 6(a)]. The dependences shown in Fig. 6(a) illustrate
the scenario of the first-order size-induced FEPT. Correlating
with Fig. 6(a), Figs. 6(b) and 6(c) show sharp maxima of
enp(R) and T1(R) emerging at the critical radius. With increas-
ing Ej the width of the exp(R) peak significantly decreases
[curves 1-3 in Fig. 6(b)], while the width of the IT(R) peak

remains almost unchanged [curves 1-3 in Fig. 6(c)]. These
peaks disappear for the strong enough field Ey [curves 4 in
Figs. 6(d) and 6(c)].

Size dependences ATgc(R) calculated at T = 293 K, low
frequency (w = 2 x 10*s™1), and several amplitudes E, are
shown by solid curves in Fig. 6(d). They look very different
for small (Ey < 0.1 V/nm) and big (Ey > 0.1 V/nm) ampli-
tudes of E.y [compare curves 1 and 2 with curves 3 and 4
in Fig. 6(d)]. The ATgc(R) behavior strongly correlates with
the P(R) behavior shown in Fig. 6(a). In particular, the size
hysteresis of ATgc(R) disappears for E larger than the critical
value E.; ~ 0.1V/nm.

At first let us analyze the dynamic dependences ATgc(R)
calculated at w =2 x 10*s~!. For Ey <« 0.1 V/nm,, ATgc
abruptly increases at R & R, from zero values to rather small
positive values ~0.2 K in the region of polarization hysteresis
and then exponentially decreases with R increasing [see solid
curves 1 and 2 in Fig. 6(d)]. For Ey > 0.5V /nm, ATgc
gradually reaches 1-2 K at small R < R, abruptly decreases
above the critical radius and tends to zero with R increasing
[see solid curves 3 and 4 in Fig. 6(d)]. Thus the region of
nonzero ATgc(R) is widest for the smallest E, and becomes
significantly narrower with Ej increase. The negative ECE
calculated for the static case w = 0 (dashed curves 1 and 2)
corresponds to the unstable solution and disappears at finite
w. As can be seen from the Fig. 6(d), we can control the
shape, magnitude and width of ATgc(R) peak by changing
the electric field amplitude.

As follows from Egs. (5b) and (5¢), T (R, A) — T and
n(R, A) — 0 in the limit ep(R/A) — oo corresponding to
the bulk material with R — oo. Note that the field term in
Eq. (5a) vanishes for n(R, A) — 0, making the study of ex-
ternal field influence impossible in the limit R — oo (infinite
sphere has no electrodes). Strictly speaking, this circumstance
does not allow a quantitative comparison of the magnitude
of the EC response of the particles and the bulk sample,
since the EC exists only at nonzero values of the external
electric field. However other studied physical quantities, such
as remnant polarization, linear dielectric permittivity, and
PE coefficient, exist under the absence of external field. In
order to understand from which radius the difference between
the dependencies for the nanoparticle and the bulk material
becomes negligible, the asymptotes in Fig. 6 for the smallest
Ep = 0.01 V/nm. As one can see, the dependences are similar
to those for bulk materials at particle radius larger than 20 nm.

V. SIZE EFFECT OF PYROELECTRIC AND
ELECTROCALORIC ENERGY CONVERSION

A. Size effect of pyroelectric figures of merit

For better displaying pyroelectric energy conversion it is
convenient to consider the corresponding figures of merit
(FoM) of pyroelectric materials. According to the operation
modes of pyroelectric convertors [43,83—85], the current (£7)
and voltage (Fy ) FoM have been introduced:

IT I
F=——, F=-——.
cp EoéCp

(12a)

Here, cp = pCp is the volume heat capacity and p is the
density of the PE material.
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In the energy conversion operation mode, a PE convertor
of the capacity type generates a pyrocharge Q, during a
thermal cycle. At that, the electric energy generated during
the heating/cooling cycle is proportional to Q2. If the PE
convertor is imposed to an incident radiation, the electric
energy generated during the thermal cycle is proportional to
the square of the pyrovoltage U, 2. For both these cases, two
different energy conversion FoM, Fgq and Fgy, have been
proposed [85,86]:

I’ n?
Fgo=—, Fu=
&0

. (12b)
E0ECH

The efficiency of the PE energy conversion is defined by
the pyroelectric (electrothermal) coupling factor [85,86]:
T

ke =
PE ™ cpeoe’

(12¢)

where T is the ambient temperature. The derivation details
of expressions (9b) and (9c) are given in Appendix D in
Ref. [58].

Expressions (9) for the PE FoM and coupling factor are
valid for a freely suspended ferroelectric layer, and should be
modified for nanocomposites, hybrid, or/and layered nanosys-
tems. In accordance with the theory of finite size effects in
ferroelectric nanomaterials [87], the form of basic expressions
relatively often remains unchanged, but the parameters are
substituted by effective ones. Hence, we introduce the PE
FoMs and coupling constant for nanoparticles (NP) in the
following form:

R LU LU 1§
] = —), = B =
CNP ! E0ENP PE E0ENPCNP
n? >
Fegq = , Fru=—F5—. (13)
E0ENP E0ENPCNP

The nanoparticle volume heat capacity, cnp = ,oC,I.?IP, intro-
duced in Egs. (13), is a temperature- and size- dependent
quantity. Figures 7 and 8 present temperature dependences
of the values (13) calculated for different particle radii R and
external electric field amplitude Ej.

Static temperature dependences of the specific heat vari-
ation 8Cp = Cp — C3, PE FoMs F;, Fy, Fsq, Feu, and
coupling constant Ky calculated for several R and relatively
small E, < E,, are shown in Figs. 7(a)-7(f). Dotted vertical
lines with arrows show thermodynamically stable paths. The
hysteresis region of the temperature dependences, defined
as the distance between the two dashed lines, decreases
and shifts towards higher temperatures with increasing the
particle radius. It should be noted that the positions of the
hysteresis for 6Cp and all FoM are the same and completely
coincide with the position of the P(T) hysteresis in Fig. 4(a).
Fy(T') shows a maximum within the temperature hysteresis
region, which magnitude does not depend on the particle
size [Fig. 7(c)]. This is related to similar character of I1(T")
and exp(7') divergences [Figs. 4(b) and 4(c)]. Temperature
dependences of other parameters [Figs. 7(b)-7(f)] have either
divergences or very sharp maxima at the edges of the temper-
ature hysteresis region, which are slightly suppressed for F7,
Kpg,and Fgy due to the increased §Cp in the region [Fig. 7(a)].

Static temperature dependences of 8Cp, Fj, Fr, Kpg, Frq,
and Fgy calculated for several amplitudes of the external field
Ey and R = 10 nm are shown in Figs. 8(a)-8(f). Dotted curves
show thermodynamically unstable regions, where the temper-
ature hysteresis exists. The temperature hysteresis disappears
for electric fields above the critical value, E, > E, where E,
is about 0.1 V/nm for R = 10 nm.

The temperature dependences of F;, Kpg, Fgg, and Fgy
[Figs. 8(b) and 8(d)-8(f)] have either divergences or very
sharp maxima at the edges of temperature hysteresis region.
The temperature hysteresis for F;, Kpg, Frq, and Fgy exists at
weak fields E; < E; (see black curves). The hysteresis region
disappears for E, > E. (see curves 2) and corresponding
dependences are characterized by the maxima shifted towards
higher temperatures under electric field increase (see curves 3
and 4). The increasing electric field also leads to the decrease
of Fj,Frq, Fru, and Kpg maximal values.

The temperature dependence of Fy does not have a diver-
gence even at small E; < E, but has a maximum within
the temperature hysteresis. Also Fy is characterized by the
absence of hysteresis for E; > E, and the increase of the
electric field leads to the shift of Fy maximum without affect-
ing its value [see curves 2—4 in Fig. 8(c)].

We would like to underline the evident similarity between
the temperature dependences of Fgq and Fgy [Figs. 7(e), 7(f)
and 8(e), 8(f)]. This similarity originates from the proportion-
ality of both Fgq and Fgy to %HT; [see Egs. (13)], as well
as from the relatively weak temperature dependence of the
heat capacity, Cp = 8Cp(T, R) + C9, since 8Cp(T, R) < C3
outside the immediate vicinity of the size-induced transition to
the ferroelectric phase. At that external field strongly broadens
and suppresses the maximum of §Cp(7, R) with retention of
sharp character of §Cp dependence in intermediate tempera-
ture range [compare curves 1—4 in Figs. 7(a) and 8(a)].

To resume the subsection, the results shown in Figs. 7 and 8
illustrate the possibility to control PE performances using the
dependences of corresponding FoM and coupling factor on
operating temperature, external electric field, and nanoparticle
size.

B. Size effect of electrocaloric coefficient hysteresis

Let us study the size effect and frequency features of
EC coefficient of ferroelectric nanoparticles, defined as the
derivative of EC temperature change on external electric field
[34,36],

5 - 48T (14)
dEext
The size effect of X(E.x) can be important for ECE appli-
cations. Field dependence of X calculated for several radii
of BaTiO3; nanoparticle and two frequencies are shown in
Figs. 9(a)-9(d).

In accordance with the field dependence ATgc(Eex;) shown
in Fig. 3(d), the dependence X(E.) is symmetrical with
respect to the coordinate origin [Figs. 9(a) and 9(c)]. The
field dependences X(E.x) are characterized by the presence
of a maximum, which position shifts to higher fields with
increasing the nanoparticle size [see curves 1—4 in Figs. 9(b)
and 9(d)]. As we have discussed already, this maximum corre-
sponds to the thermodynamic coercive field, which means that
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FIG. 7. Static temperature dependences of specific heat variation §Cp = Cp — Cg (a), and PE performances F; (b), Fy (c), Kpg (d), Frq
(e), and Fry (f) calculated for several radii of BaTiO; nanoparticles R = 4, 10, 15, and 20 nm (curves 1-4). External field amplitude
Ey = 0.01 V/nm. Dotted vertical lines with arrows show thermodynamically stable paths under the temperature increase or decrease. Other

parameters are the same as in Fig. 3.

the field induced entropy change is maximal at the polariza-
tion reversal in the single domain state. When the polarization
switching occurs just via polarization rotation, the increasing
entropy can be related to the appearance of the polarization
component perpendicular to the electric field direction. Sim-
ilar effect has been observed in antiferroelectrics [88]. The
appearance of a polydomain state in vicinity of the coercive

field is quite probable in experiment, but it is not the case for
a chosen small A and high ejg.

Comparing the field dependences of X(Ee) shown in
Figs. 9(c) and 9(d), it is seen that the widths of maxima
increase and their amplitudes decrease with increasing fre-
quency. The splitting of X(E¢) maximum is more pro-
nounced for particles with a size of 10 nm, close to the critical
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V/nm (curves 1-4). Other parameters are the same as in Fig. 3.

one ~8 nm. The smallest paraelectric particle shows a maxi-
mum on the X(Ey ) dependence, which might be attributed to
the critical point in a field-temperature phase diagram [89].
The smallest 4-nm particles, which size is well below the
critical size (~ 8 nm at room temperature), are characterized
by a zero value of ¥ at the zero field (curve 1), unlike the

situation for nanoparticles of a larger diameter (curves 2-4),
that corresponds to ATgc(Eexi) shown in Fig. 3(d).

Analysis of the radius and electric field dependences of
3 (Eex) presented in this subsection shows the possibility to
control the effectiveness of EC energy conversion by changing
the radius of a nanoparticle.
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and 7 x 10*s7! [(c) and (d)]. Other parameters are the same as in Fig. 3.

VI. DISCUSSION AND CONCLUSION

Using LGD theory, we calculated and analyzed the de-
pendences of polarization, dielectric permittivity, pyroelectric,
and electrocaloric properties on external electric field, tem-
perature, and radius of a spherical single-domain ferroelectric
nanoparticle covered by a semiconducting shell and placed in
a dielectric medium. The chosen geometry is typical for the
theoretical consideration of ferroelectric nanocomposites in
the effective medium approximation, if the volume fraction
of the nanoparticles is relatively small (e.g., less than 10%).

For numerical simulations we considered BaTiO3; nanopar-
ticles placed in a polymer matrix, since such nanocomposites
already exist and regarded attractive for pyroelectric and
electrocaloric applications. We have chosen BaTiO3; because
it undergoes the first-order phase transition from the ferro-
electric to paraelectric phase, and this fact adds additional
interesting peculiarities of PE and EC properties, such as
the temperature and size-induced hysteresis, in comparison
with the ferroelectric materials undergoing the second-order
phase transition. It should be noted that analytical expressions
derived in the paper can be applied for any other ferroelectric
material.

We established how the particle size determines the behav-
ior PEE and ECE in the single-domain ferroelectric nanopar-
ticles with the first order phase transition. We show that one
can induce the maxima of PE coefficient and EC temperature
variation, control their width and height by changing the parti-
cle size, as well as tune the voltage and temperature intervals
for which PEE or/and ECE are maximal. Also, we revealed
that it is possible to select the interval of particle radii, for
which PE and/or EC energy conversion are maximal at room
temperature. Corresponding trends based on our calculations
are summarized in Table II.

Allowing for the generality of performed consideration for
ferroelectric nanoparticles with the first order phase transition
of displacement type the obtained results are valid not only for
BaTiOs3, but for many other ferroelectrics with the same type
of phase transition [e.g., PbTiO3, (Pb, Zr)TiO3:La, KNbO3,
BiFeO;]. It follows from Table II that PE coefficient, FoM,
and energy conversion can be anomalously large for the
particles with size near the critical one. The electrocaloric
temperature change ATgc and its derivative on external elec-
tric field have maximal value around the critical size, but they
are not large, because the field mainly smears temperature
dependence of polarization.
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TABLE II. Size effect of polar, dielectric, PE and EC properties of single-domain ferroelectric nanoparticles with the first-order FEPT.

Nanoparticle property

Size effect at small static external electric fields
O<EKE;, 0=0)

Influence of external quasistatic electric fields
E (0 <K E < 10E,, w is zero or small®)

Ferroelectric polarization
P(TR)

[Figs. 3(a), 4(a), 5(a), and
6(a)]

Dielectric permittivity
enxe(T, R)
[Figs. 3(b), 4(b), 5(b),
and 6(b)]

PE coefficient, I1(T, R)
[Figs. 3(c), 4(c), 5(c), and
6(c)]

PE detection FoM, F;(T, R)
and F;(T, R)

[Figs. 7(b), 7(c), 8(b), and
8(c)]

PE energy conversion FoM
Feo(T, R) and Fgy(T, R),
and coupling factor

Kpe (T, R) [Figs. 7(d)-7(f)
and 8(d)-8(f)]

EC temperature change,
ATec(TR.E)

[Figs. 3(d), 4(d)—4(D), 5(d),
and 6(d)]

EC coefficient X(T,R,E)
(Fig. 9)

P(TR) disappears (at E = 0) or becomes rather
small (at E > 0) for temperatures 7' > T;,(R)*
and sizes R < R (T)."°

Temperature and size hysteresis of P(T,R) exists
near T~ T;,(R) and R~ R (T), respectively.

exe(T, R) is maximal (at £ > 0) or diverges (at
E=0)atT =T,(R)and R = R..(T),
respectively.

Temperature and size hysteresis of eyp(T, R)
existsnear T =~ T, (R) and R ~ R..(T),
respectively.

I1(T, R) is maximal (at £ > 0) or diverges (at
E=0)atT =T,(R)and R = R..(T). TII(T, R)
almost vanishes at 7 > T, (R) and R < R..(T).
Temperature and size hysteresis of I1(7, R)
exists near T ~ T.,(R) and R ~ R..(T),
respectively.

FoM are maximal at T = T.(R). The
temperature hysteresis exists close to

R = R (T). The hysteresis width increases
with R decrease.

The factors are maximal at 7 = T, (R). The
temperature hysteresis exists close to

R = R (T). The hysteresis width increases
with R decrease.

ATic(T,R)is zero at E = 0. At

0 < E K E;ATgc(T) is maximal at

T = T+ (R). ATgc(R) is positive below R, (T')
and changes its sign depending on the field
magnitude at R > R (T).

Temperature and size hysteresis of ATzc(TR,E)
exists near T ~ T, (R) and R =~ R.(T),
respectively.

Y (R) is close to zero at R < R..(T), maximal at
R = R..(T) and decreases with R increase at

R > R (T).

Narrowing of X (E) hysteresis width and
suppression of its maxima at £ = E qercive
occurs with R decrease.

External fields comparable with E, induce
irreversible polarization at 7 > T, (R), the
value of which increases with E increasing.
Increasing the field in the range 0 K £ < 5 E,;
smooth out all temperature and size features of
P(T,R). The temperature hysteresis disappears
at E > E... P(E) loops become wider and
metastable states disappear with w increase.
Increasing the field in the range 0 < E < S E,;
significantly broadens exp(7") maximum,
decreases the maximum height and shifts its
R-dependent position to higher 7.

The temperature hysteresis disappears at

E > E_.. The maximum (attributed to the
FEPT) disappears at £ > E.,.

Increasing the field in the range 0 K £ < 5 E,;
significantly broadens IT(7") maximum,
decreases the maximum height and shifts its
R-dependent position to higher T.

The temperature hysteresis disappears at

E > E,.

Increasing the field in the range 0 K E < S5 E,;
significantly broadens F;(T') and Fy(T)
maxima and shifts their R-dependent position
to higher T. The field increasing decreases the
height of F;(7') maximum, but does not change
the height of F;(T') maximum. The temperature
hysteresis of F;(T') and F;(T) disappears at

E > E..

Increasing the field in the range 0 K E < S E,;
significantly broadens Fpo(7T'), Fry(T'), and
Kpe(T') maxima, decreases their height and
shifts the maxima position to higher 7. The
temperature hysteresis of PE energy conversion
factors disappears at E > E,,.

Increasing the field in the range 0 K E < S E,;
significantly broadens A7gc maximum,
increases its height and shifts its R-dependent
position to higher T > T, (R).

The temperature hysteresis disappears at

E > E,.

The frequency increase narrows the region of
nonzero ATgc.

Increasing the field in the range 0 < E < S E,
induces nonzero X(E) at R < R..(T). X(E)
hysteresis disappears at E > E,,.

The coercive field of X(FE) hysteresis strongly
increases with R increase and then saturates to
the bulk value.

The frequency increase significantly broadens
¥ (E) maxima at coercive field, decreases peak
values and shift them to higher fields.

2T.+(R) is the critical temperature of the FEPT for a nanoparticle of radius R, which decreases with R decrease, increases with E increase, and
can be estimated from Eq. (5b) for small fields 0 < E < E,;. The FEPT at T = T, (R) smears and eventually disappears at £ > E,.

PR (T) is the particle critical size at a temperature T, which decreases with T and E increase, and can be estimated from Eq. (11) for small
fields 0 < E K E..R.(T) disappears at E > E.,.
“The frequency effect is mentioned in the table only for those few cases, which are studied in the paper. The systematic study of w effect will

be performed elsewhere.
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To summarize, the obtained analytical results demonstrate
possibilities to control the pyroelectric and electrocaloric
properties of ferroelectric nanocomposites, and the working
performances (figures of merits, energy conversion efficiency)
of PE and EC convertors by changing the nanoparticle sizes,
and tuning the amplitude and frequency of the external electric
field. This is important for advanced cryogenic and energy
harvesting applications. Using the ferroelectrics undergoing
the first-order phase transition adds additional interesting
peculiarities of the PE and EC properties, such as the tem-
perature and size-induced hysteresis, in comparison with fer-
roelectric materials undergoing the second-order phase transi-
tion.
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