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Porous tetragonal PbTiO3 nanowires, synthesized through an intermediate pre-perovskite structure, exhibit
distinct behaviors from those of the corresponding bulk PbTiOs. Here we investigate the role of nanopores in
the ferroelectric, dielectric, and piezoelectric properties of ferroelectric PbTiO3; nanowires employing phase-
field simulations. It is found that the presence of pores gives rise to large enhancements in both dielectric
constant and piezoelectric coefficient by ~50% and 30%, respectively, compared with those of the bulk PbTiOs.
It is shown that the smaller the pore size is, the higher the dielectric and piezoelectric responses of the nano-
wire are. A charge compensation mechanism is proposed to explain the experimentally measured change of
oxygen ions concentration at the pore surfaces. The findings provide in-depth insights into modulation of
material properties through nanopores.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Ferroelectric materials find a variety of applications such as ferro-
electric random access memories (FRAMs), sensors, actuators, and
microelectromechanical systems (MEMS) [1-5]. The demand for
device minimization has led to extensive experimental and theoreti-
cal efforts on the low-dimension ferroelectrics, such as thin films
[5-9], nanowires [10—20], nanotubes [3,21,22], etc., have been car-
ried out recently.

Lead titanate (PbTiOs), a prototypical ferroelectric material of the
ABOj3 perovskites [23—-28], is a model system for understanding the
ferroelectric properties and related phenomena at the nanoscale
[29,30]. There are two known structures for PbTiO5 (PTO), its room-
temperature tetragonal phase (TP) and high-temperature cubic phase
(CP) [31]. Recently, a new phase, named as pre-perovskite phase (PP)
with a significantly larger molar volume than either TP and CP
phases, was discovered in PTO nanowires fabricated through a hydro-
thermal method [11,13-20,32—34]. Annealed at temperatures higher
than 350°C, the PP phase was found to transform into the TP phase,
resulting in the appearance of nanopores in the nanowires due to the
higher density of TP phase than the PP phase [13,18]. A number of
interesting behaviors were observed for the TP phase, including
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near-zero thermal expansion [13], enhanced piezoelectric properties
[18], and inhomogeneous distribution of oxygen ions [13]. However,
the underlying mechanisms for these phenomena are not well under-
stood [13].

In this work, we employed the phase-field model of ferroelectrics
[3,24] to study the effects of nanopores on phase transition and ferro-
electric properties in PTO nanowires taking into account of charge
compensation and surface stress. In particular, we study the influence
of nanopores on the dielectric constant €,33 and piezoelectric coeffi-
cient ds3 in the PTO nanowire and compare them with those in bulk
PTO. We also determine the temperature dependence of lattice
parameters and inhomogeneous distributions of polarization and
depolarization field and discuss their effect on oxygen vacancy distri-
bution.

2. Phase-field model

In the phase-field model of ferroelectrics, the temporal evolution
of the polarization P can be obtained by solving the time-dependent
Ginzburg—Landau equation [3,19]:

P SF

] (1)
with L relating to the domain wall mobility. Eq. (1) is numerically
solved with the boundary condition of aP/on = 0 (n being the surface
normal) [35,36] on all outside surfaces of a nanowire.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.01.023&domain=pdf
mailto:tuy123@psu.edu
mailto:tiannan.yang@gmail.com
mailto:lqc3@psu.edu
mailto:cwnan@mail.tsinghua.edu.cn
https://doi.org/10.1016/j.actamat.2020.01.023
https://doi.org/10.1016/j.actamat.2020.01.023
https://doi.org/10.1016/j.actamat.2020.01.023
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat

M.-J. Zhou et al. / Acta Materialia 187 (2020) 146—152 147

The total free energy F in Eq. (1) includes bulk energy, gradient
energy, elastic energy, and electrostatic energy [24]:

F= //fdx3 = /V(fbulk Jrfgradient + felastic +felectrostatic)dx3¢ (2)

where X = (X1, X2, X3) is the position vector. The bulk free energy den-
sity fyuik for porous PTO nanowires is given by

Foute = Pfait + (1= p)fpie, 3)

where p(x) represents an order parameter for describing the PTO bulk
(p =1) and the pores (p = 0). A diffuse interface between each pore and
the PTO bulk is adopted following ,0(‘;];) = (1 + tanh (;3 d(x)-R)))/2,
where d(x) is the distance between the position x and the center of its
nearest pore, R is the pore radius, and 8 = 2/3 nm™! corresponding to an
interface width of 3 nm. For the PTO bulk region, a 6™-order polynomial
of the polarization [5] is used to describe the bulk energy density,

FER = en (P2 4P P2 ana (P} + P+ P) -+ (P23 + P3PS + PEP2)
+ o111 (P8 + P§ + P§) + a1z [(P? + P3)P2 + (P? + P2)P3 + (P3 + P2)P?))
+ O[]ng%P%P%
(4)
where a4(T) = 3.8 x 10° (T —752.15) C?m?N, o1, = —-7.3 x 107
C*m°N, a; = 75 x 108 C*m®N, aq1; = 2.6 x 108 C5m!ON,
a112 = 6.1 x 108 C%m'°N, and o125 = —3.7 x 10° C®m'°N [37,38],
and temperature T in K. For pores, we use the following expression to
describe the bulk energy density,

Sk = o (P +P3 + P3), (3)

where o} = 1.4 x 10° C?m?N is assumed.
The gradient energy density is given by Wang et al. [39]

1 aP 2 faPy\?  [aPs5\?
foradient = z)’n <<E> + <%> + (@)
1 aPy  OP,\?  [oPy  aPs\%  [oP, aPs3\?
*EV‘H((@*%) o) s e ®
1 aPy P\ (oP; aPs\% (0P, oP5\?
+§y44m<<8x2 3X]> + X3 0Xq + X3 0Xp ’
where y; are the gradient energy coefficients

¥11=3.45 x 107'°C?m*N, y44 = Yaam = '» y11 [40].
The elastic free energy density [37,39] can be calculated using

taken as

1
Setastic = 5 Cija (& — £5) (B — &) (7)
2

where the Einstein summation convention over repeated indices ij,k,
I'=1,2,3 is adopted. c is the elastic stiffness tensor. To distinguish the
PTO phase and the pore regions, the elastic stiffness tensor takes the
form of ¢ = pc”™°, where ¢"T° represents the elastic stiffness tensor of
the PTO bulk region in cubic reference phase with c;; = 1.746 x 10!
Pa, ¢15 = 0.7937 x 10" Pa, and c44 = 1.111 x 10! Pa. The total strain
€ is obtained by solving the mechanical equilbrium equation [35,36]

80y
-

)

with the stress given by o = Cjjy(&y —€Y). The eigenstrain €0 arising
from the polarization order and the surface stress is given by

) = QuPiP—siju oy, 9)

where Q is the electrostrictive coefficient of PTO with Q;; = 0.084
m*C2, Qi = —0.026 m*C2, and Quq = 0.0675 m*C~2, as determined
from the experimentally measured lattice parameters [34]. s = ¢lis
the compliance tensor, and & is the surface stress tensor at the pore
surfaces. Following [41,42],0° is a function of the spatial gradient of p,

aw\: [ap\? ap ap ap ap
oS _x| e <ip>2+<iﬂ>2 _pp
X1 0Xo X1 0X3 0Xp 0X3

30 ap ap ap N2 [ap\?

(10)

Here « = 3.8 x 1078 J/m is the gradient energy coefficient of p. In
addition to the surface stress at the pore surfaces, the surface stress
on the external surfaces of the PTO nanowire is also considered by
applying a stress boundary condition ¢, =—t/Rw on the side surface
of a cylindrical nanowire. p is the scalar surface stress parameter
with a typcial value of 5-30 J/m? [43,44], taken as u = 9 J/m? in the
present work. Ry is the radius of the nanowire taken as Ry, = 50 nm
following a medium value within the experimental range of 10-250
nm [13,17]. The normal surface stress component o, is perpendicular
to the outside surface of the nanowire [39]. The effect of surface
stress on the polarization and stress distribution is discussed in Sup-
porting Information.

The electrostatic energy density is calculated by

1
felectrostatic =-PiE; ) 808351‘51‘- (1 1)

where €y and € are the vacuum dielectric constant and the back-
ground dielectric constant [45], respectively. The spatial distribution
of the electric field E is obtained by solving the electrostatic equilib-
rium equation in the absence of free charges,

V-D=0 (12)
where the electric displacement D is given by
D = g&’E + P. (13)

There have been experimental reports on migration and redistri-
bution of the oxygen ions (0?7) in porous PTO nanowires, forming an
inhomogeneous concentration of 02~ ions, which provides partial
compensation to the bound charges arising from the polarization
inhomogeneity in the nanowire [13]. Such effect is especially strong
near the surfaces of the nanopores with a ~5% fluctuation in the molar
fraction of 0% This indicates an ionic contribution to the electro-
static screening in the nanowire in addition to the electronic contri-
bution. In the present phase-field model, by assuming that the
screening effect is linearly dependent on the local electric field, such
ionic contribution is implicitly treated by absorbing it into the back-
ground dielectric constant €°. Due to the cubic symmetry of the high-
temperature CP-PTO phase, the background dielectric constant ten-
sor satisfies &} = €” and g} = 0(i # j). Here, €Pis assumed as

€% = 950 exp (—Tb /T) , (14)

due to an Arrhenius-type temperature dependence of the ionic defect
concentration, with T = 550 K.

The local concentration distribution of the 0%~ ions in the porous
PTO nanowires can be estimated from the electric-field distribution.
The total electric charge densityp®@ = g, V - E consists of two parts:
1) the bound charge pt°und — _v . P related to the polarization field
and 2) the background charge p2%€™°"™ containing both ionic and

electronic contributions, identified as

plgackground _ pgotal_plgound =gV-E+ V.P :—So(sb—U VvV -E. (-15)

For a quick estimation, we attribute p2**&"d only to the ionic

contribution and neglect the electronic contribution. The background
charge density is then related to the ion concentration c, as
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Fig. 1. (a) Schematic of the porous PTO nanowire. (b) Polarization distribution in the
porous nanowires. The direction and size of the black arrows indicate the direction
and magnitude of the polarization vector, and the background color represents the
intensity of P; (see the color bar).

Due to the relatively large mass of Pb®* and Ti** ions compared with
the 0%~ ion, their migration under an electric field can be ignored.
Therefore, we assume a fixed concentration of Pb?* and Ti*" ions
which is the same as that in perfect PTO crystals, i.e.,

1

co(Pb*") = ¢ (Ti*") = —.
Vo

(17)

Here, V, = a°c is the unit cell volume (a and ¢ being the lattice
parameters of the tetragonal phase PTO [20]). Combining Eqs. (15)—
(17), the concentration of 0~ ions is given by

—£E-1)V-E 3
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3. Results and discussions

We first model a TP-PTO nanowire containing 3 identical spherical
pores with a radius of R = 6.8 nm, as illustrated in Fig. 1 (a). The radius
and length of the nanowire are taken as 10 nm and 100 nm, respec-
tively, which are smaller than experimental values due to computa-
tion load concerns. The total volume of the pores takes up 13% that of
the nanowire, which is established under an assumption of a constant
volume of the PTO nanowire during the PP-PTO — TP-PTO phase
transition and the fact that the density of PP-PTO is 87% that of the
TP-PTO [13]. A diffuse pore surface with a thickness of 3 nm is
adopted. The equilibrium polarization distribution in the porous TP-
PTO nanowire at T = 293 K is shown in Fig. 1(b). As seen, a ferroelec-
tric single domain is formed with the polarization along the axis of
the nanowire, which is consistent with previous experimental
reports [13]. Furthermore, the magnitude of the polarization in the
PTO phase is mostly uniform except for a decrease in regions near
the surfaces of the pores.

The average polarization P in the porous PTO nanowire at differ-
ent temperatures is shown in Fig. 2(a). The simulated results on the
bulk PTO are also provided for comparison. As seen, at temperatures
far below the Curie temperature of the ferroelectric phase transition,
the nanowire shows a slightly smaller polarization than that of the
bulk PTO due to the existence of pores. For example, at T =293 K, the
average polarization of the nanowire is P; = 0.67 C/m?, which is 11.8%
lower than that of the bulk at P; = 0.76 C/m?. The polarization differ-
ence increases with temperature (e.g., 18.7% at T = 593 K). A ferroelec-
tric-to-paraelectric phase transition occurs upon further increasing
the temperature in both systems, where the nanowire shows a
decreased Curie temperature of Tc = 715 K compared to the bulk at
Tc=765K.

Similar to the polarization, the c/a ratio of the lattice parameters
of the porous PTO nanowire, as provided Fig. 2(b), shows a decrease
from that of the bulk PTO. The temperature dependence of the c/a
ratio from the phase-field model also shows a very good agreement
with experimental measurements for both the nanowire and the
bulk [13].

2- —_ p—
«(07) = e Vo’ (18) It is found that the ionic contribution to the charge compensation
And the molar fraction of 02~ ions follows st;ongly affects the polarlzatlon anq c/a ratio of the porous PTO nano-
wire. For example, if we only considered the electronic charge com-
> CV(OZ’)VO pensation with a temperature-independent background dielectric
c(07) = ——"— x 100% (19) b_ Lo ot
5 constant of €” = 145 and neglect the ionic part, both the polarization
and c/a ratio would decrease much faster with increase in tempera-
ture and would deviate significantly from the experimental data (see
(a) 0.8f (b) 1.07f
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Fig. 2. (a) Average polarization P5 and (b) c/a ratio of the porous PTO nanowire and the bulk PTO as a function of temperature. The blue and red squares are the experimental data for
the bulk PTO and the porous PTO nanowire, respectively [ 13]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) The distribution of molar fraction of 0>~ ions in two perpendicular cross sections in the porous PTO nanowires at T = 293 K. (b) The molar fraction of 0%~ ions along the

central axis of the porous PTO nanowire across one pore at different temperatures.
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Fig. 4. (a) Effective dielectric constant €33 and (b) effective piezoelectric coefficient ds3 of the porous PTO nanowire and the bulk PTO as a function of temperature.

Fig. S1). Hence, the ionic charge compensation is crucial to the polari-
zation distribution and lattice parameters of the PTO nanowire.

Fig. 3 (a) shows the distribution of molar fraction of O®>~ ions
in a PTO nanowire at T = 293 K, which shows a change from
c(0?7) = 61.4% to c(0?>") = 58.5% across a pore along the axis of the
nanowire. The difference of Ac(0?~) = 2.9 across the pore agrees
with the experimentally measured value of 5% in previous report
[13]. Such a variation in ¢(0?~) provides partial compensation to the
bound charges arising from polarization discontinuity around a pore
surface. In the cross section perpendicular to the axis of the nanowire
across each pore, ¢(0?") is mostly unchanged with c(0?") = 60%, the
same value as a perfect PTO crystal, which is also consistent with the
experimental measurement [13]. These agreements with experi-
ments support the use of ionic charge compensation mechanisms in
the phase-field model.

The distribution of c(0?") across each pore in a porous nanowire
at higher temperatures is examined and shown in Fig. 3(b). Upon
increase in temperature, the difference in ¢(0?~) between the two
sides of the pore along the axis of the nanowire first slightly increases
till reaching a maximum value of Ac(0?7) = 3.4% at T = 473 K, and
then starts to decrease and eventually disappears at T=773 K. Such a
temperature dependence is mainly caused by the competition
between the two mechanisms: 1) the enhanced charge compensation
at low temperature (g increases following Eq. (13)) resulting in an

increase of Ac(0?7), and 2) the decreased polarization near Curie
temperature leading to a decrease of Ac(0?).

We next study the dielectric and piezoelectric properties of a
porous PTO nanowire. The effective dielectric constant of the nano-
wire is calculated from the polarization response to an applied
electric field E5 = 0.1 MV/m following &.; = AP;/(gAE;), and the
results are shown in Fig. 4(a). The dielectric constant €33 of the
porous PTO nanowire shows a notable enhancement from that of
the bulk PTO within calculated temperature ranges. For example,
at T = 293 K, the effective dielectric constant of the nanowire is
€33 = 99, which is 52.3% higher than that of the bulk at €33 = 65.
Such enhancement is stronger at higher temperatures, e.g.,
€33 = 570 at T = 673K, with a 113% enhancement from the bulk at
€33 = 267. Other than the dielectric constant, an enhancement of
the piezoelectric coefficient is also found in the PTO nanowire.
Fig. 4(b) shows ds3 following d33 = Ag33/AE obtained from the
strain change upon applying an applied electric field. As seen, the
nanowire shows a piezoelectric coefficient d33 = 98 pC/N at T = 293
K, which is enhanced by 32.3% over the value 74 pC/N of a bulk
crystal. The enhancement of the piezoelectric coefficient is in
agreement with previous experimental measurement [18]. Similar
to the dielectric constant, the enhancement in ds3 of the nanowire
also slightly increases with increasing temperature, reaching 68.3%
enhancement at T=673 K.
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Fig. 5. Spatial distribution of (a) the dielectric constant €,33, (b) the piezoelectric coefficient ds3, (¢) polarization Ps, and (d) energy density fat T= 293 K in the central x;- X3 cross sec-
tion of the PTO nanowire. The black lines with red numbers at the color bars indicate the corresponding values of the bulk PTO.

To understand the dielectric and piezoelectric enhancements of
the nanowire, a close examination on the spatial profiles of the
dielectric and piezoelectric responses in the PTO nanowire is per-
formed. As presented in Fig. 5(a), the dielectric responses in most
regions of the nanowire show enhancements of €33 = 90—110 over
the bulk value of 65. In addition, regions around the pore surface
undergo an even stronger response to €33 > 150, with the highest
value reaching €,33 = 214. Such enhanced dielectric responses result
from the locally reduced polarization stability relating to a decreased
polarization [46] and an elevated free energy caused by the existence
of the nanopores. For example, Fig. 5(c) and (d) show the spatial dis-
tributions of the polarization P; and the total free energy density f
under zero field. As seen, regions around the pore surfaces show a
much-reduced local polarization with an elevated free energy in
comparison to the bulk PTO. As a result, these regions exhibit the
strongest polarization responses upon applying an external field. The
rest of the PTO phase show a relatively smaller difference in both the
polarization and free energy from those of the bulk. Similar phenom-
enon is observed in the piezoelectric response, with the strongest
response up to dsz = 180 pC/N around the surfaces of the pores, as
shown in Fig. 5(b), demonstrating the direct connection between
reduced local polarization stability and the enhanced properties.

We further investigate the effect of the pore size on the structure
and properties of the porous PTO nanowires. Fig. 6(a) illustrates the
structures of four PTO nanowires with different pore radii R used in
the present work. The total volume fraction of the nanopores is fixed
at 13%. The c/a ratio of the four different PTO nanowires is shown in
Fig. 6(b). It can be observed that the c/a ratio decreases with increas-
ing temperature for all PTO nanowires. In addition, a notable
decrease in the c/a ratio with decreasing pore radius is observed at all
temperatures. This is understood as the effect of the increased total
surface area of the pores on the polarization reduction, since the total
number of pores increases with decreasing pore size and a fixed a
total volume of the pores. It is also worth noting that previous experi-
mental reports indicated an increasing c/a ratio of PTO nanowires
that are prepared with increasing annealing time from 5 min to
180 min [13]. Since the pores in the nanowire merge during the
annealing process, a longer annealing time can give rise to fewer
pores with a larger pore size, bringing possible connections to the c/a
ratio of the nanowire. As shown in Fig. 6(b), the experimentally mea-
sured c/a ratios of the porous PTO nanowires after annealing for
5 min, 30 min, and 180 min agree well with the simulated values of
PTO nanowires with a pore radius of R = 4.1 nm, 5.2 nm, and 6.8 nm,

respectively. Therefore, the observed annealing time effect on the c/a
ratio can be attributed the result of the effect of the pore size.

Fig. 6(c) shows the effective dielectric constant €33 of the porous
PTO nanowires with different pore sizes. It is found that g,33 increases
with temperature for all four PTO nanowires. In addition, within the
whole temperature range of T = 293-673 K, €33 also undergoes a
rapid increase with a decreasing pore radius. For example, €3
increases from 99 to 160 with the pore radius decreasing from
6.8 nm to 3.1 nm at T = 293 K. As has been established earlier, the
dielectric response is greatly enhanced around the pore surfaces of
the PTO nanowire. Hence, such a pore size dependence of the dielec-
tric constant is also a natural result of a larger total surface area of
pores within PTO nanowires with a smaller pore size and a fixed total
volume fraction of pores.

The effective piezoelectric coefficient ds3 of the different PTO
nanowires is shown in Fig. 6(d). Similar to €33, the PTO nanowires
show higher d33; with smaller pore radii resulted from the larger total
pore surface area. However, in the PTO nanowire with a pore radius
of R = 3.1 nm, d33 undergoes an abnormal decrease with temperature
at T > 623 K, which is absent in nanowires with other radii. In fact,
the PTO nanowire with R = 3.1 nm shows a lower ds3 than the one
with R = 4.1 nm at temperatures T > 650 K. This is understood by the
concurrent action of the temperature dependence of the polarization
and that of its response to an external field. Taking the relation dp;; =
2Q;iiPr&im [47] of the piezoelectric coefficient of a homogeneous sys-
tem, as the electrostrictive coefficient Q is mostly independent of the
temperature, d33(T) is determined by the product of the dielectric
constant €33 and the polarization Ps. In most cases, the effective
dielectric constant g,33 of the nanowire shows a stronger tempera-
ture dependence than that of the average polarization Ps, giving rise
to an increasing ds3(T) due to the increasing €,33(T). The exception of
the PTO nanowire with R=3.1 nm at T > 623 K is caused by the stron-
ger polarization dependence at temperatures near the Curie tempera-
ture, where the decrease in P3(T) becomes dominant, resulting in the
decreasing d33(T) with increasing temperature.

4. Summary

A systematic investigation on the structure and properties of
porous PTO ferroelectric nanowires is carried out using phase-field
simulations. It is shown that the introduction of nanopores within
the PTO nanowires significantly alters the ferroelectric, dielectric and
piezoelectric properties. First, a notable enhancement of both
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Fig. 6. (a) Schematic of 4 porous PTO nanowires with pore radii of R = 6.8 nm, 5.2 nm, 4.1 nm, and 3.1 nm, respectively. (b)—(d) (Curves) (b) c/a ratio, (c) effective dielectric constant
€33, and (d) effective piezoelectric coefficient ds3 of the porous PTO nanowires with different pore radii as a function of temperature. 3 sets of experimentally measured c/a ratios of
PTO nanowires annealed for 5 min, 30 min, and 180min, respectively [13], are plotted in (b) for comparison, as shown by the squares.

dielectric and piezoelectric performances of porous PTO nanowires is
observed due to significantly enhanced polarization responses near
the pore surfaces. For example, in a PTO nanowire with a pore radius
of 6.8 nm at T = 293 K, the dielectric constant €33 and the piezoelec-
tric coefficient dss are enhanced by 52% and 32%, respectively, com-
pared with those of the bulk PTO. Secondly, studies on the effect of
pore size indicate that porous PTO nanowires containing smaller
pores tend to have a higher dielectric constant and a higher piezo-
electric coefficient. The c/a ratio of the nanowire is found to be
reduced with decreasing pore size, which explains the annealing
time dependence of the c/a ratio reported in previous experiments.
Furthermore, a redistribution of oxygen ion concentration around
the pore surfaces arising from electrostatic interactions is also dem-
onstrated, which is consistent with previous experimental reports.
This work provides an in-depth understanding of the crucial role of
nanopores in tuning the properties of ferroelectric materials, which
offers a new pathway for the performance optimization of ferroelec-
tric materials.
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