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Low-dimensional ferroelectrics under different electrical and mechanical boundary conditions:
Atomistic simulations
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Ferroelectric nanodots and infinite wires of Pb(Zry4Tiy )O3 alloy under different boundary conditions are
investigated via Monte Carlo simulations using an atomistic first-principles-based effective Hamiltonian. These
nanosystems all exhibit a spontaneous polarization that points along a nonperiodic direction, for situations
close to short-circuit electrical boundary conditions and independently of the epitaxial strain. On the other
hand, unusual dipole patterns arise in these systems when they are under open-like circuit conditions. The
dependency of these patterns on the nanostructure’s dimensionality and strain is further revealed and explained.

DOLI: 10.1103/PhysRevB.72.214118

I. INTRODUCTION

Intense effort has been recently made in synthesizing,
characterizing, and/or simulating ferroelectric nanostructures
(FENs) because of their technological and fundamental
promise (see, e.g., Refs. 1-17 and references therein).
Among the different possible classes of FENs, the [two-
dimensional-like (2D-like)] thin films are, by far, the ones
that have been the most investigated. As a result, their prop-
erties begin to be rather well determined and understood. On
the other hand, studies on zero-dimensional-like (0D-like)
and one-dimensional-like (1D-like) FENs are rather scarce,
despite their potential in resulting to interesting phenomena.
For instance, Refs. 8 and 9 predicted that nanodots, nano-
disks, and nanorods all exhibit a vortex structure for their
electrical dipoles—leading to a nonzero toroid moment of
polarization rather than a net polarization—when under spe-
cific boundary conditions, namely, stress-free and open cir-
cuit. In our minds, what is crucially missing nowadays is to
know and understand how properties of OD-like and 1D-like
FEN depend on mechanical and electrical boundary
conditions—which is a feature solely known in ferroelectric
thin films.”'>!!" As a matter of fact, such boundary conditions
most likely have a dramatic effect on the FENs properties
and can vary from one experimental setup to another, de-
pending (i) on the used substrate, (ii) if the FENs are embed-
ded in a insulating versus metallic host, or (iii) if the FENs
are placed in a reactive atmosphere able to modify the FENs
surfaces composition.

The main aim of this paper is to fill up this gap by inves-
tigating ferroelectric nanodots and nanowires under different
electrical and mechanical boundary conditions. Our system-
atic study not only reveals unusual striking dipole patterns of
these ferroelectric nanostructures, but also allows one to un-
derstand how and why the different classes of low-
dimensional ferroelectrics (e.g., dots, wires, films) can differ
or look alike when under similar boundary conditions.

II. METHODOLOGY

We decided to focus on dots and wires made of (disor-
dered) Pb(Zry4Tiye)O5 solid solutions for mostly two rea-
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sons. First of all, such alloys are technologically important.
Second, our chosen Ti composition allows us to explore how
mechanical and electrical boundary conditions should, typi-
cally (e.g., as in the PbTiO5 simple system), affect electrical
dipoles in low-dimensional ferroelectrics. In other words, we
purposely avoid investigating lead-zirconate-titanate (PZT)
alloys with smaller Ti concentration because (i) anomalous
features (such as the easiness of rotating the spontaneous
polarization) occur in PZT bulks for Ti content ranging be-
tween =46 and =51 %,'3 and (ii) the rather unusual antifer-
rodistortive rotation of the oxygen octahedra can be acti-
vated, and compete with ferroelectricity, in Pb(Zr,_,Ti,)O;
bulks with x smaller than =50%."

In this paper, the x-, y- and z-axes are chosen along the
pseudocubic [100], [010], and [001] directions, respectively.
The nanostructures are represented by supercells that are ei-
ther finite in any direction, in the case of dots, or repeated
periodically along the z direction, in the case of nanowires.
We typically use supercells of 48 A length (12 unit cells) in
any nonperiodic direction. Moreover, two different supercells
of 12 and 24 unit cells, respectively, along the z-periodic
direction have been chosen to mimic the (same) infinite wire,
in order to check the dependency of its properties on the
supercell choice. The total energy of such supercells is writ-
ten as

gHeff(phvi’ 7, U-i) + BE <Edep>pi (1)

where p; is the local dipole at site i of the supercell and v; are
inhomogeneous-strain-related variables around this site i. »
is the homogeneous strain tensor while o; represents the
atomic configuration of the alloy.?’ The expression and first-
principles-derived parameters of (the alloy effective Hamil-
tonian) &y energy are those given in Ref. 20 for PZT bulk,
except for the dipole-dipole interactions for which we use the
analytical expressions derived in Ref. 21 for nanostructures
under ideal open-circuit (OC) conditions. Such dipole-dipole
interactions depend on the dimensionality of the system; that
is, their expressions differ for the case of dots (that are finite
along any Cartesian direction) and wires (that are infinitely
periodic along a single Cartesian direction). The second term
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of Eq. (1) mimics a screening of the maximum (i.e., associ-
ated with ideal OC conditions and dipoles having non-null
Cartesian components along nonperiodic directions) depolar-
izing field (Eg4,,,) inside the FEN, with the magnitude of this
screening being controlled by the S coefficient. =1 and
B=0 corresponds to ideal short circuit (SC) (full screening of
(Egep)) and OC (no screening of (Eg,,)) electrical boundary
conditions, respectively. A value of B in between corre-
sponds to more realistic electrical boundary situation for
which a residual depolarizing field exists inside the
nanostructure.'? Technically, (Edcp> is calculated at an atom-
istic level via the recently proposed approach of Ref. 22, and
(naturally) depends on the dimensionality, size, and dipoles
pattern of the investigated nanostructure. Note that decom-
posing the total energy of nanostructures under a residual
depolarizing field as a sum of one term depending on bulk
parameters and a second term associated with the internal
field, as done in Eq. (1), has been shown!’'? to reproduce
very well direct first-principles'> and experimental results.”
We will simulate different electrical boundary conditions by
changing the value of the screening coefficient B (or equiva-
lently, the magnitude of the residual depolarizing field).

Different mechanical boundary conditions can also be
simulated!"'* thanks to the homogeneous strain 7. For
example, during the simulation associated with a substrate-
induced strain in the (x,z) plane, three components of
7—in voigt notation—are kept fixed (namely, 7s=0, and
n=13=0, with & characterizing the lattice mismatch be-
tween PZT and a chosen substrate), while the other three
components relax.?” On the other hand, all the components
of strain tensor are allowed to relax during the simulation of
freestanding (i.e., stress-free) system.

The energy of Eq. (1) is used in Monte Carlo (MC) simu-
lation to determine the ground state of the investigated
FEN. Practically, we use the following procedure to,
indeed, determine the ground-state rather than a local
minimum: every simulation starts from a high temperature
T=2000 K, and is then followed by a two-step annealing.
The annealing rates for the first (100 K<7<<2000 K) and
second (10 K<T<100K) steps are 100 K/40000 MC
sweeps and 10 K/40 000 MC sweeps, respectively. Finally,
the simulation runs for 40 000 MC sweeps at =10 K, which
provides us with an accurate measure of the ground-state
configuration.

III. RESULTS

We first investigate how electrical boundary conditions
affect structural properties of a freestanding cubic finite nan-
odots of 48 A lateral size and of a stress-free nanowire that is
periodic along the z direction (chosen along the pseudocubic
[001] direction) and that has a cubic cross section of
48 X 48 A2 The results of our simulation for the spontaneous
polarization are shown in Figs. 1(a) and 1(c) for the dot and
wire, respectively. The left and right insets of Figs. 1(a) and
1(c) further display a cross section of a snapshot of the di-
pole pattern for ideal OC and SC conditions, respectively, in
these two systems. Under perfect SC conditions (8=1), the
dot and nanowire exhibit a spontaneous polarization having a
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FIG. 1. Ground-state spontaneous polarization in freestanding
dot (a) and wire (c) as a function of the screening coefficient 8. The
B dependency of the toroid moment of polarization in the freestand-
ing nanodot is shown in (b). Right and left insets to both (a) and (b)
show the projection of the dipole patterns on a chosen plane for
perfect SC and OC conditions, respectively, in the corresponding
nanostructure. (Note that these dipoles nearly lie in the plane shown
in the insets; that is, there is only a slight difference between the
dipole vectors and their displayed projections.) The infinite direc-
tion of the wire is along the z-axis. The x-, y-, and z-axes are chosen
along the pseudocubic [100], [010], and [001] directions,
respectively.

magnitude 0.96 and 1.07 C/m?, respectively, that is rather
close to that of the corresponding bulk material (1.00 C/m?)
calculated within the alloy effective Hamiltonian
technique.”® The resulting dipole patterns are very similar in
the two low-dimensional ferroelectrics, with the exception
that the dipoles can point along any (100) pseudocubic di-
rection (i.e., along the x-or y- or z-axis) in the dot, while they
can only align along the x- or y-axis in the wire; that is, they
align along a (100) direction that is perpendicular to the
infinite (z) direction of the wire. The desire of nanostructures
under SC to have a spontaneous polarization lying along a
finite direction has been previously found in ferroelectric thin
films'"!3 and is mostly caused by a gain in energy related to
short-range effects.'

Decreasing the 8 parameter with respect to the one asso-
ciated with perfect short-circuit electrical boundary condi-
tions induces a residual depolarizing field, whose magnitude
is proportional to 1—/. Such field opposes—and thus wants
to suppress—the spontaneous polarization. This is clearly in-
dicated by the linear decrease of the polarization magnitude
seen in Figs. 1(a) and 1(c) when decreasing B from 1 to some
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critical value around 0.88, corresponding to a 88 % screening
of the maximum depolarizing field, in both the nanodot and
the wire.

Below these critical values, the magnitude of the residual
depolarizing field inside the FEN becomes so large than the
dipoles have to rearrange themselves to efficiently suppress
it. A structural phase transition thus occurs. In case of the
dot, such transition is characterized by the vanishing of the
spontaneous polarization (as also found in Ref. 23 for some
BaTiO; nanodots under open-circuit conditions), and the for-
mation of a vortex dipole structure [see left inset of Fig. 1(a)]
that results in the appearance of a spontaneous toroid mo-
ment of polarization,” as indicated by Fig. 1(b). Interestingly,
the wire energetically chooses a different dipole pattern [see
left inset of Fig. 1(c)] to annihilate the macroscopic depolar-
ization field, namely, the dipoles now align along the infinite
direction of this wire (rather than perpendicular to it as for
SC conditions). This difference between the dipole pattern in
the dot versus the wire can be simply understood by realizing
that, unlike the wire, the dot is confined along any direction.
As a result, any nonzero macroscopic polarization pointing
along any direction would lead to the activation of a depo-
larizing field in the dot. Moreover, the infinite wire prefers to
have a macroscopic polarization rather than adopting a vor-
texlike dipole pattern below a critical value of B because the
formation of such latter pattern is more costly in terms of
short-range and elastic energies. Similarly, stress-free thin
films under OC-like conditions have also been found to have
a macroscopic polarization pointing along a periodic
direction.'! Interestingly, Figs. 1(b) and 1(c) and Ref. 11 tell
us that the magnitude of the order parameter—that is, the
spontaneous polarization in wires and films versus spontane-
ous toroid moment of polarization in the dot—in stress-free
FENs is independent of B below the critical values. In other
words, a given FEN adopts a specific dipole pattern to fight
once and for all against the depolarizing field, once this field
is large enough.

We next turn our attention to the same dot and wire, but
under different mechanical boundary conditions, namely,
those mimicking an epitaxial growth in the (x,z) planes. The
infinite (z) direction of the wire is thus chosen to lie in such
planes. The results for a fensile strain & of +2.65 % are
shown in Fig. 2 and are overall qualitatively close to the
corresponding ones in the freestanding systems. There are,
however, three differences worth of attention. First of all,
dipoles aligned along the z- or x-axis are now preferred over
dipoles parallel to the y-axis because of our chosen tensile
strains. This implies that the spontaneous polarization of the
dot under electrical boundary conditions close to SC can
only be along the x- or z-axis, i.e, it now has to avoid the
y-axis. Similarly, the wire under SC and tensile strain exhib-
its a macroscopic polarization that is solely aligned along the
x-axis, whereas for stress-free mechanical conditions, such
polarization had an equal probability to be parallel to either
the x- or y-axis. These tensile strains also imply that the
toroid moment of the dot under OC-like conditions can only
be along the y-axis as opposed to the case of stress-free dots
for which this moment has an equal probability to be along
any of the three Cartesian directions. Second, the magnitudes
of the spontaneous polarization and toroid moment are larger
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FIG. 2. Ground-state spontaneous polarization in dot (a) and
wire (c), under a tensile strain +2.65 % applied in the (x,z) plane, as
a function of the screening coefficient 8. The B dependency of the
toroid moment of polarization in the nanodot is shown in (b). Right
and left insets to both (a) and (b) show the projection of the dipole
patterns on a chosen plane for perfect SC and OC conditions, re-
spectively, in the corresponding nanostructure. (Note that these di-
poles nearly lie in the plane shown in the insets; that is, there is only
a slight difference between the dipole vectors and their displayed
projections.) The infinite direction of the wire is along the z-axis.
The x-, y-, and z-axes are chosen along the pseudocubic [100],
[010], and [001] directions, respectively.

than those of the freestanding systems for small 8. Such a
feature is due to the fact that the x- and z-components of the
dipoles expand as a result of their coupling with the tensile
strains.?*~2¢ Third, we numerically found another configura-
tion (Fig. 3) for a nanowire under tensile strain, and with 83
smaller than 86 %, that is slightly larger in energy than the
configuration shown in the left part of the inset of Fig. 2(c).
It consists of an infinite number of vortexes assembled along
the z direction of the wire, with neighboring vortexes rotat-
ing in opposite directions. The formation of this configura-
tion is driven by the desire of the wire to have nonzero com-
ponents of the dipole in both x and z directions, as dictated
by the tensile strain, while minimizing the depolarizing field
inside the wire.

We now study the effect of a compressive strain 6 of
—2.65 %—still applied in the (x,z) plane—on the dipole pat-
tern in the nanodot and wire. The results of our simulation
are shown in Fig. 4. Such compressive strain favors dipoles
aligned along the y-axis via the strain-dipole coupling,?*-2¢
which explains why the spontaneous polarization of the dot
and wire lies along such direction for electrical boundary
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FIG. 3. A cross section of another possible dipole pattern for a
nanowire periodic along the z direction, and under OC-like electri-
cal boundary conditions and a tensile strain applied in the (x,z)
plane. The arrows show the projection of the dipole patterns on a
chosen plane. (Note that these dipoles nearly lie in the plane shown
in the insets; that is, there is only a slight difference between the
dipole vectors and their displayed projections.) The x-, y-, and
z-axes are chosen along the pseudocubic [100], [010], and [001]
directions, respectively.

conditions close to SC (see Figs. 4(a) and 4(c) and their right
insets). However, for the smallest 8 values, any macroscopic
polarization aligned along the y-axis would generate a rela-
tively large depolarizing field that should strongly oppose
such polarization. The resulting ground-state configurations
must thus arise from a compromise between these strain ver-
sus depolarizing field factors. As a result, both nanosystems
form 180° stripe domain with the dipoles being mostly “up”
or “down” along the y direction, with two neighboring and
opposite stripes having a very small overall thickness
(namely, 48 A in the present case). Interestingly, such nan-
odomain patterns occur in any low-dimensional ferroelec-
trics under compressive strain and under residual depolariz-
ing field since they have also been found in ferroelectric thin
films experiencing similar mechanical and electrical bound-
ary conditions.”!" Note, however, that the wires and films
distinguish themselves from the dot in the sense that the
former exhibit stripe domains that are (infinitely) repeated
along a periodic direction, while the three-dimensional con-
finement of the nanodot results in a finite number of stripes.
Furthermore, unlike for the strain-free and tensile mechanical
boundary conditions, the ground-state dipole pattern in the
compressively strained dot leads to a vanishing spontaneous
(total) toroid moment of polarization,” in addition to a van-
ishing spontaneous polarization, for small S.

IV. CONCLUSIONS

In summary, we have used a first-principles-derived
scheme to reveal the rich variety of dipole patterns that can
occur in ferroelectric nanodots and nanowires as a result of
the interplay between mechanical and electrical boundary
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FIG. 4. (Color online). Ground-state spontaneous polarization in
dot (a) and wire (b), under a compressive strain —2.65 % in the
(x,z) plane, as a function of the screening coefficient 8. Right and
left insets to both (a) and (b) show the projection of the dipole
patterns on a chosen plane for perfect SC and OC conditions, re-
spectively, in the corresponding nanostructure. (Note that these di-
poles nearly lie in the plane shown in the insets; that is, there is only
a slight difference between the dipole vectors and their displayed
projections.) The infinite direction of the wire is along the z-axis.
The x-, y-, and z-axes are chosen along the pseudocubic [100],
[010], and [001] directions, respectively.

conditions. We also discussed, and explained, the differences
and resemblances that 2D, 1D, and OD nanostructures can
have when placed under similar boundary conditions. We are
thus confident that this study leads to a deeper understanding
of low-dimensional ferroelectrics, in general, and will help in
interpreting future experimental data, in particular.
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