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Ferroelectric nanostructures have recently attracted considerable research interests for the discovery of novel
topological dipole states. However, currently the preparation of high-quality nanodot arrays remains challenging,
precluding the clear characterization of the dipole states in the nanodots. Combining pulsed laser deposition
method with circular anodic aluminum oxide template, we reported an unexpected growth of high crystalline
quality PbZr0.52Ti0.48O3 nanodot array in quadrilateral shape with size being ∼80 nm. Piezoresponse force
microscopy measurement on various regions of the sample shows that the nanodots form rather diverse in-plane
domain patterns, with the appearance of abundant topological domain defects including flux-closure vortices,
center-divergent vortices, center-convergent vortices, and antivortices. A deterministic control of the domain
structure of the nanodots via applying an electric field is further achieved. The nanodots were found to favor
a center-divergent vortex pattern under negative tip bias, although the domain patterns of the nanodots at the
as-grown state are different. Phase field simulations were performed to reproduce the experimental observation,
and our results indicate that the screening condition of the nanodots is far from the ideal ones assumed in
previous theoretical modellings. The nanodots are potentially useful in developing multi-state and reconfigurable
electronic devices.
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I. INTRODUCTION

Being an important class of functional materials, ferro-
electrics hold promise for potential applications in infor-
mation processing, sensor and actuator devices for their
intriguing properties mediated by ferroelectric polarization
and domain structure [1–7]. With the help of state-of-the-
art experimental and theoretical techniques, ferroelectric thin
film structures (e.g., capacitors and superlattices) have been
extensively studied over the past two decades, with the dis-
covery of many important characteristics such as vanishing of
ferroelectric critical thickness [8–10], polarization-mediated
tunneling electroresistance effects [11–13], abnormal photo-
electric effects [14–16], domain wall conductivity [17–19],
novel nanoscale topological defects [20–22], etc. In parallel
with the research of ferroelectric thin films, low-dimensional
ferroelectric nanostructures (LDFNs) like nano-dots, wires
and tubes are also attracting much academic interests [23–27],
for the even stronger surface and size effects on the ferroelec-
tric polarization and domain structure. However, in contrast
with their film counterparts, research on LDFNs is still at the
very primary stage due to the challenges in both experimental

*Authors to whom correspondence should be addressed: chenwei-
jin@mail.sysu.edu.cn

†wangbiao@mail.sysu.edu.cn
‡zhengy35@mail.sysu.edu.cn

and theoretical investigations. Academic focuses are currently
mainly on revealing the ferroelectric properties such as ferro-
electric loops and domain structure in LDFNs [4].

At the early days, LDFNs were believed to possess a rather
weak ferroelectricity due to the strong depolarization effect,
casting a shadow over the potential application of LDFNs.
A milestone work was made in 2003 by Naumov et al.
[28] who predicted that polarization vortices would form in
LDFNs before developing a paraelectric state, with the size of
a single polarization vortex as small as several nanometers.
Since then, a large number of works have been devoted to
the research of this novel topological polarization texture.
Notably, theoretical simulations based on effective Hamil-
tonians, molecular dynamics, phase field models, etc., were
performed to reveal the formation conditions and response
characteristics of polarization vortices in LDFNs subjected
to various external electrical or mechanical stimulus [29–34].
Experimental efforts were also made to identify polarization
vortices in LDFNs [35–44]. One can notice the early works
where Pb(Zr, Ti)O3 (PZT) nanodots were prepared by pulsed
laser deposition (PLD) method in combination with anodic
aluminum oxide (AAO) template [35], and blurry signals
of polarization vortex were observed but rarely in some of
the nanodots by piezoresponse force microscopy (PFM) [36].
Vortex-like domain patterns (which are actually packets of 90°
stripe domains) were found in FIB machined BaTiO3 and PZT
platelets based on STEM with a high-angle annular dark field
(HAADF) detector [37–39]. More recently, a plenty of exotic
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FIG. 1. Schematic illustrations of the preparation process of PZT nanodots and typical topological domain defects observed in the sample.
(a) AAO template was transferred onto Nb-SrTiO3 substrate. Then PZT nanodots were deposited by PLD method. After that, AAO template
was removed from the substrate to obtain the exposed PZT nanodots. At last, the enlarged view of one deposited nanodot, which are in
quadrilateral shape and with a concave center. (b) Schematics of four kinds of vortex and antivortex domain defects in as-grown PZT nanodots.
They are flux-closure vortices, center-divergent vortices, center-convergent vortices, and antivortices. (c) Schematic of domain evolution of a
nanodot subjected to a tip bias.

and configurable topological textures (such as flux-closure
vortices, center-type vortices, and antivortices) were observed
by PFM in PLD deposited BiFeO3 nanodots [40–43] with
texture-mediated conductance [43]. Three-dimensional (3D)
imaging of the vortex structure in a BaTiO3 nanoparticle was
also achieved by Bragg diffraction technique and the vortex
core was shown to exhibit a reversible transformation path
driven by an electric field [44]. Despite of these theoretical
and experimental progresses, so far a clear picture on the
dipole states of realistic LDFNs is not yet accomplished due to
the challenge in preparation of high-quality LDFNs matching
the size and surface conditions with those investigated by
theoretical works, and also due to the limited spatial resolu-
tion and the complicated sample-probe interaction problem
of existed polarization characterization techniques. To better
understand the dipole states of realistic LDFNs, efforts on
growth of high-quality LDFNs and characterization of their
dipole states are still greatly demanded.

In this work, with a combination of PLD method
and circular AAO template [as schematically shown in
Fig. 1(a)], we succeeded in growth of high-crystalline quality
PbZr0.52Ti0.48O3 nanodot array, with all the nanodots being
quadrilateral shaped and in a lateral size of ∼80 nm. To the
best of our knowledge, such a large amount of high-quality
quadrilateral PZT nanodots has never been achieved by PLD

method, and is unexpected as circular AAO template was
used. Remarkably, despite the similar size and shape of the
nanodots, PFM characterization shows that the as-grown nan-
odots form rather diverse in-plane domain patterns, with the
formation of at least four type vortex and antivortex domain
defects including flux-closure vortices, center-divergent vor-
tices, center-convergent vortices, and antivortices [Fig. 1(b)].
What’s more, it is found that the nanodots tend to form a
similar domain pattern with a center-divergent vortex defect
after applying an electric field [Fig. 1(c)]. Our results indicate
that the screening condition of the nanodots is far from the
ideal ones in previous theoretical modellings, as elaborated by
our phase field simulations of nanodot domain structure with
taken into account both bulk and surface screening sources.
The diverse domain patterns and domain defects of the nan-
odots and the deterministic control by electric field should be
potentially useful in design of multi-state and reconfigurable
electronic devices.

II. METHODS

A. Sample preparation

PZT nanodots were deposited on an Nb-doped (001)
SrTiO3 substrate by PLD method with the assistance of
AAO template. The preparation procedure is illustrated

104417-2



CHARACTERIZATION AND CONTROL OF VORTEX AND … PHYSICAL REVIEW MATERIALS 3, 104417 (2019)

schematically in Fig. 1(a). AAO template supported by poly-
methyl methacrylate (PMMA) was first transferred onto a
cleansed Nb-doped SrTiO3 substrate. The size of AAO tem-
plate we chose is ∼105 nm in diameter, ∼250 nm in thickness,
and ∼125 nm in pitch of pores. Acetone was used for dissolv-
ing the PMMA for about 15 minutes. PZT nanodots were then
fabricated on this AAO covered Nb-doped SrTiO3 substrate
by PLD method. A KrF excimer laser (λ = 248 nm) was em-
ployed as the pulsed laser source focusing on a rotating PZT
target with a laser energy of 300 mJ and a pulse frequency
in 5 Hz. The substrate was heated at 600 °C in an oxygen
atmosphere of 20 Pa during the deposition progress. After
4000 laser pulse deposition, the sample was then annealed at
650 °C for 10 minutes. Then the sample was cooled down to
room temperature. The sample was immersed in 8% NaOH
solution for about 40 minutes to remove the AAO template.
Finally, there are only PZT nanodots left on the Nb-doped
SrTiO3 substrate.

B. Property characterization

The x-ray diffraction (XRD, Smartlab 9kw, Japan) was
used as a primary means to probe the phase of substance and
crystallinity of the as-grown sample, giving out the funda-
mental crystal structures and the patterns measured with Cu
Kα radiation at a working voltage of 40 kV and a current of
36 mA. The morphology feature of the PZT nanodots were
given by scanning electron microscope (SEM, Quanta FEG,
U.S.A.). The topographic images, the local piezoresponse
loops and the ferroelectric domain structures of the PZT nan-
odots were measured using atomic force and piezoresponse
force microscopy (AFM&PFM, Asylum Research MFP-3D
SPM, U.S.A.). A dual-frequency resonance-tracking tech-
nique is adopted to improve the PFM sensitivity. To have a
better visualization of the domain structure of the nanodots,
lateral PFM phase images at two sample orientations with a
90° rotation angle were both measured [45–47] (more details
can be found in Fig. S1 [48]). The sample was marked before
rotation so that the same scanned area can be tracked. In
the field control process, we chose the high voltage holder
to ensure that the nanodots are subjected to a large enough
voltage variation range. Cr/Pt coated probes (Budget sensors)
were used in the AFM and PFM measurements.

C. Phase field simulations

To provide theoretical insights of the domain patterns of
PZT nanodots observed in the PFM measurements, phase
field simulations were performed in our study. The phase
field model captures the evolution of the polarization field
in the ferroelectric based on the free energy minimization
principle. The polarization evolution obeys the so-called time-
dependent Ginsburg Landau (TDGL) equation. Because the
evolution of polarization accompanies with change of strain
field and electrostatic field, we also incorporate the mechani-
cal and electrostatic equilibrium equations into the modeling.
Detailed description of our phase field model can be found
elsewhere [31,33,34].

Geometry of the model PZT nanodot system is taken to be
similar to that of the as-grown PZT nanodots. According to

experimental measurement, the nanodots are in quadrilateral
shape with a concave center and size being ∼80 nm. In our
modeling, the size of nanodot is taken to be 80 nm × 80 nm
× 20 nm. The concave center locates on the top surface of
the nanodot with in-plane diameter being 60 nm and with a
suitable out-of-plane depth. Pyramid elements were used to
discretize the nanodot in such a geometry. The shape function
of the element is quadratic Lagrange type and each edge of it
is no larger than 2 nm.

The nanodot is assumed to be weakly clamped by the sub-
strate, as the XRD data indicates that there is a large difference
of the in-plane lattice parameters between the PZT nanodots
(∼4.035 Å) and the SrTiO3 substrate (∼3.905 Å). To mimic
such a weak clamping condition, the bottom surface of the
simulated nanodot is set to be fixed in displacement and other
surfaces are mechanically free. This mechanical condition
also guarantees a weakly clamped rhombohedral phase in the
nanodot. Screening charges are introduced both internally and
externally to induce the formation of otherwise energetically
unfavorable domain defects. The degrees of the two screening
sources have been carefully tuned to obtain the optimized
condition to reproduce the domain patterns in the nanodots ob-
served in experiment. The internal screening originates from
the fact that existence of electrons, holes and ionic defects
like oxygen vacancies can screen the polarization charges. For
simplicity, we lower the depolarization field by a factor of in
range of [0, 1] to mimic the internal screening effect. The
external screening is caused by the surface charges brought
by absorbents in the atmosphere like water. To simulate such
an effect, the atmosphere is represented by a surrounding box
[34] and a Bardeen type screening layer is assumed to reside
at the boundaries of the nanodot. Specifically, in the optimized
condition, the internal screening factor set to be 0.8, and the
Bardeen screening length is set to be 0.001 nm at the side
surfaces and 0.05 nm at the top and bottom surfaces of the
nanodot. The combining effects of such an anisotropic surface
screening and the internal screening allow the stabilization
and evolution behaviors of the nanodot domain pattern similar
to those of PFM experiment. The nanodot and surrounding
box are connected by the continuity condition of electric
displacement. With these settings, the domain pattern of the
PZT nanodot at room temperature is simulated by using a
few sets of randomly distributed polarization field as initial
configurations. More details of the phase field simulation can
be found in Fig. S4 to Fig. S8 [48].

III. RESULTS AND DISCUSSION

A. Basic characterization of the PZT nanodots

Figure 2(a) shows the XRD theta-2theta (θ -2θ ) scan of
the as-grown PZT nanodot sample. The XRD spectra ex-
hibits clear feature peaks at (001) and (002) orientations
of PbZr0.52Ti0.48O3 and SrTiO3, which are both in ABO3

perovskite structure [49]. The rocking curves and reciprocal
space maps (RSMs) of our PZT nanodot arrays in (002) and
(103) crystal planes are provided in Fig. S2 in Ref. [48]. The
full width at half maximum (FWHM) values of the rocking
curves at the two peaks are about 0.25 and 0.39, which are
even lower than those of the epitaxial PZT films reported in
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FIG. 2. Basic characterization of the PZT nanodots deposited on an Nb-doped (001) SrTiO3 substrate. (a) XRD diffraction pattern of the
nanodot sample. [(b) and (c)] SEM images of the sample at two different angles. (d) 3D AFM morphology images of the nanodots. (e) The
height profile of cross-section along the blue line in (d). (f) The out-of-plane phase image measured by PFM. (g) The phase-voltage hysteresis
loop and (h) the butterflylike amplitude-voltage loop of a selected nanodot.

previous works [50,51]. Moreover, the RSMs show that the
PZT nanodots have a single diffraction peak both in the (002)
and (103) reciprocal plane, indicating the high crystalline
quality of the PZT nanodots and an epitaxial growth in strain
relaxation mode. Based on the relative position of the RSM
peaks, one can estimate the lattice parameters of the PZT
nanodots to be a = b ≈ 4.035 Å and c ≈ 4.114 Å [52,53].
These XRD results together indicate a good epitaxy and
crystalline quality of the PZT nanodots.

The good-quality growth of the nanodots is also confirmed
from the SEM images [Figs. 2(b) and 2(c)]. It is clear that al-
most all the nanodots are in a quadrilateral shape, indicating a
high degree of crystallinity. The lateral size of the nanodots is
around 80 nm, which is smaller than that of the AAO circular
pores (which are about 105 nm in diameter). The growth of
quadrilateral shaped nanodot array is unexpected as the used

AAO template carries circular pores, which should normally
help growth of disk or ring shaped structures [54,55]. This
indicates that the amount of PZT species entering into the
AAO is not enough to fill the pores and the recrystalliza-
tion process of our nanodot sample is likely to be near an
open condition rather than constraint condition, similar to the
case of growing square shaped PbTiO3 nanodots by dip-pen
lithography [56]. Interestingly, from the SEM images and
the 3D AFM morphology images of the nanodots shown in
Fig. 2(d), one can clearly see that there is a concave center
of each nanodot [a schematic can be found in Fig. 1(a)].
Figure 2(e) depicts the height profile of cross-section along
the blue line in Fig. 2(d). The average height and lateral size
of the PZT nanodots are determined to be about 20 nm and
80 nm, respectively, and the depth of concave center of the
nanodot is about ∼5 nm.
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FIG. 3. The topography, lateral PFM phase of 0° (L-PFM 0°) and 90° (L-PFM 90°) at two sample orientations for four selected areas of
nanodots (labeled as A, B, C, and D) [(a)–(d)]. For each area, two of the nanodots as labeled with different color squares are picked out for
further analysis of the detailed domain pattern and domain defects.

We further measured the local piezoelectric response of
the PZT nanodots in the PFM mode. As shown in Fig. 2(f),
the out-of-plane piezoelectric phase contrast of the as-grown
nanodots is rather weak. Meanwhile, the nanodots show clear
phase-voltage hysteresis loop and butterflylike amplitude-
voltage loop as shown in Figs. 2(g) and 2(h), indicating a good
ferroelectric characteristic of the nanodots. Moreover, PFM
image of domain switching in the nanodots after applying
bias ±8 V in out-of-plane direction shows a clear out-of-plane
phase contrast of the nanodots after domain switching (Fig.
S3 in Ref. [48]). The initial weak out-of-plane phase contrast
of the as-grown nanodots and the clear out-of-plane phase
contrast of the nanodots after domain switching suggest that
the nanodots are subjected to a built-in field. Such a built-in
field tends to pole the nanodots with an out-of-plane polar-
ization in the same direction, thus the contrast of PFM phase
in this direction of the as-grown nanodots is not strong. Note,
a built-in field of ∼2 × 108 V/m is also clearly verified by a
∼4 V difference between the positive and negative coercive
voltages of the phase-voltage hysteresis loop. The existence
of a built-in field may be due to a few possible sources like an
asymmetric interfacial condition, the existence of charge de-
fects, as well as the strain-gradient-induced flexoelectric field
within the nanodots due to misfit strain relaxation. The origin
of built-in field in ferroelectric heterostructures is still in the
debate in the literature. One can find many works reporting
the observation of built-in fields for the PZT continuous films
and other ferroelectric nanostructures, different in magnitudes
and even directions [57–60]. Despite of the uncertainty of

origin, such a large built-in field tends to pole the out-of-plane
polarization of the nanodots in the same direction, and is
believed to the reason of the weak out-of-plane PFM phase
contrast shown in Fig. 2(f).

B. Domain pattern analysis of the PZT nanodots

To explore the diversity of the domain patterns and possible
domain defects of the as-grown PZT nanodots, we performed
PFM measurements on the nanodots at four different areas
(as labeled by A to D) of the sample. Note, most of the
nanodots show weak out-of-plane PFM phase contrasts as
those shown in Fig. 2(f), as attributed to the existence of a
poling built-in field, whereas the lateral PFM phase exhibits
quite diverse patterns [see Figs. 3(a) to 3(d), for area A to D,
respectively). Here, lateral PFM phase images at two sample
orientations, i.e., L-PFM 0° and L-PFM 90° (which has a 90°
rotation of the sample with respect to the L-PFM 0°case),
were both measured to provide a better visualization of the in-
plane polarization distribution of the nanodots. Remarkably,
although the nanodots are in similar shape and size, one can
clearly see from Fig. 3 that the nanodots at different areas
of the array show rather diverse lateral PFM phase images.
Even for nanodots within the same area, they also exhibit quite
different lateral PFM phase images with each other, indicating
the energy landscape of the nanodots is complicated.

The AFM topography, lateral PFM phase and amplitude
images were then used to reconstruct in-plane domain patterns
of the nanodots [45–47] (see Ref. [48] for more details of
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FIG. 4. [(a)–(d)] Analysis of the detailed domain patterns and domain defects of the selected nanodots at areas A to D shown in Fig. 3.
Note the selected nanodots are indicated by the color of the PFM image frame which corresponds to the color of the box enclosing the nanodot
shown in Fig. 3.

the reconstruction procedure). For each area shown in Fig. 3,
two of the nanodots are picked out for analysis of the detailed
domain pattern and the domain defects. The constructed do-
main patterns of the selected nanodots at areas A to D, with
the domain defects labeled out, are depicted in Figs. 4(a) to
4(d), respectively. Note, the color of the PFM image frame
of the selected nanodots corresponds to the color of the box
enclosing the nanodot shown in Fig. 3. From Fig. 4, it is
clearly seen that each nanodot contains at least one topological
domain defects. One can classify over four kinds of domain
defects, including flux-closure vortices, center-divergent vor-
tices, center-convergent vortices, and antivortices. This should
be for the first time to report such a diversity of vortex and
antivortex domain defects in as-grown PZT nanodots, though
similar domain defects have been confirmed in previous works
of BiFeO3 nanodots [40–43]. The common forming of such
vortex and antivortex domain defects in the nanodots indicates
that the screening condition of the nanodots is likely to be
at a moderate screening regime (i.e., neither the ideal open-
circuited one nor the ideal short-circuited one as commonly
assumed in theoretical modellings).

This is elaborated by our phase field simulation which,
with taken into account both bulk and surface screen-
ing sources, shows that nanodots with moderate bulk and
surface screening indeed have the tendency of stabilizing

diverse topological domain defects (see Supplementary Ma-
terials for more details [48]). Figures 5(a) and 5(b) depict
two simulated domain patterns of Pb(Zr0.52Ti0.48)O3 nanodots
subjected to moderate bulk and surface screening. The two
domain patterns were evolved from two different initial ran-
dom polarization distributions at 300 K in the absence of
external electric field. It is clearly seen that the predicted
domain defects include flux-closure vortices, center-divergent
vortices, center-convergent vortices, and antivortices, similar
to those observed in our PFM experiment. It is noteworthy
that PbZr0.20Ti0.80O3 nanodots have been grown and found
to form regular a/c domain patterns in the nanodots [35]. In
the work of Rodriguez et al. [36], polarization vortex states
were observed in some of the PLD-prepared PbZr0.40Ti0.60O3

nanodots, and the domain patterns in other nanodots seem to
be trivial without fruitful domain defects. The rather different
domain patterns between the PZT nanodot samples indicates
that the PZT composition also has a great effect on the domain
pattern of the PZT nanodots. This is like to due to the different
ferroelectric phases in these PZT nanodots: PbZr0.20Ti0.80O3

has the simpler tetragonal ferroelectric phase, whereas the
ferroelectric phases become more complicated in PZT closer
to the morphotropic phase boundary. We believe that the
composition of PZT nearby the 52/48 is important for the ap-
pearance of fruitful domain defects in our sample. The
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FIG. 5. Phase field simulation results of the domain patterns of PZT nanodots. [(a) and (b)] Two typical domain patterns of PZT nanodots
with abundant domain defects at a moderate screening condition in the absence of external electric field. The predicted domain defects are the
same as those observed in experiment. (c) The domain pattern of a PZT nanodot after applying the electric field. The nanodot evolves into a
domain pattern with only a center-divergent vortex defect.

FIG. 6. Evolution of domain pattern under a tip bias of −8 V to a single nanodot (as indicated by the dash boxes in the images). [(a) and
(c)] The topography, L-PFM 0°, L-PFM 90° phase images and reconstructed domain patterns before and after applying the tip bias to the
nanodot, respectively. [(b) and (d)]. The enlarged view of the topography, L-PFM 0°, L-PFM 90° phase images nearby the nanodot before and
after applying the tip bias to the nanodot, respectively.
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FIG. 7. Evolution of domain pattern of a large area of nanodots under a scanning tip bias of −8 V at the top half region and +8 V at the
bottom half region. (a) The topography, L-PFM 0°, L-PFM 90° and phase images before and (b) after applying the tip bias to the nanodot,
respectively.

moderate screening and the composition, together with the
peculiar size and geometry of the PZT nanodots, lead to a
delicate balance between the competitive energies of system,
giving rise to fruitful domain patterns and domain defects.

C. Electrical manipulation of the nanodot domain patterns

It is interesting to explore how the diverse domain patterns
of PZT nanodots with abundant domain defects evolve under
the effect of an electric field. To see this, we applied PFM tip
field to the nanodots and compared the domain patterns before
and after the field application. Figure 6 depicts the domain
pattern evolution of a single nanodot (as indicated by the dash
boxes in the PFM images) after applying a tip bias of −8 V.
The AFM topography, L-PFM 0°, L-PFM 90° phase images
and reconstructed domain patterns before and after applying
the tip bias to the nanodot are shown in Figs. 6(a) and 6(c),
respectively. To see the domain evolution of the nanodot more
clearly, in Figs. 6(b) and 6(d), we also depict the enlarged view
of the PFM images of the nanodot. One can clearly see that the
domain pattern of the specific nanodot has been changed by
the tip bias application, and those of the nearby nanodots have
also been affected, indicating a cross-talk effect. The nanodot
we concerned forms a domain pattern with a center-divergent
vortex, center-convergent vortex, and antivortex before the tip
bias application as shown in Fig. 6(b). Interestingly, after the
tip bias application, most of the domain defects are erased out,
and the nanodot finally evolves into a domain pattern with
only a center-divergent vortex defect.

To see the effect of tip bias on the domain pattern of the
nanodots more clearly, we further applied a scanning tip bias

of −8V to a 600 × 300 nm2 region of nanodots. For compar-
ison, we also applied a scanning tip bias of +8V to another
600 × 300 nm2 region of nanodots (Fig. 7). The PFM images
of the nanodots before and after the tip bias application are
shown in Figs. 7(a) and 7(b), respectively. Remarkably, one
can see that all the nanodots evolve into a similar pattern with
a center-divergent vortex after application of −8 V tip bias,
although the initial domain patterns of the nanodots are differ-
ent. Meanwhile, domain patterns of the nanodots subjected to
+8 V positive tip bias change much less significant than those
subjected to −8 V positive tip bias. This asymmetric feature
is consistent with the existence of a built-in field across the
sample as previously discussed in Section III A.

Note, the tendency of forming a domain pattern with a
center-divergent vortex of the PZT nanodot under tip bias is
also well captured by our phase field simulation. As shown
in Fig. 5(c), for the two diverse domain patterns of PZT
nanodots obtained at 300 K and at zero field [Figs. 5(a)
and 5(b)], after applying an z-directed electric field of
109 V/m, these two domain patterns evolve into the same
domain pattern with only a center-divergent vortex defect.
The evolution into such a simple domain pattern in the PZT
nanodots indicates such a domain pattern has a free energy
not only lower than those of the as-grown domain patterns
with abundant domain defects, but also lower than that of
the simple circular vortex domain pattern. In our phase field
simulation, a lower energy of the center-divergent domain
pattern than the circular vortex domain pattern is guaranteed
by the better surface screening at the side surfaces than at
the top and bottom surfaces of the nanodot. Otherwise, if the
side surfaces of the nanodot are in poor screening, the surface
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polarization tends to be parallel to the side surface, and
circular vortex domain pattern should be more favored [33].
It is noteworthy that the artificial creation of center-divergent
vortex has been recently demonstrated in BiFeO3 films by
applying a local tip field via a mechanism different from our
systems [61]. The deterministic control of the domain pattern
of the PZT nanodots by electric field is potentially useful
in developing reconfigurable electronic devices, considering
that PZT nanodots also carry texture-sensitive conductance,
similar to that demonstrated in BiFeO3 nanodots [43].

IV. CONCLUSION

In summary, PLD method combined with circular AAO
template was adopted to grow high crystalline quality PZT
nanodot array on an Nb-SrTiO3 substrate. The PZT nanodots
exhibit an unexpected quadrilateral shape with a concave
center and are in a lateral size of about 80 nm. Interest-
ingly, PFM measurement shows that the as-grown PZT nan-
odots stabilize rather diverse in-plane domain patterns, with
the appearance of abundant domain defects including flux-
closure vortices, center-divergent vortices, center-convergent
vortices, and antivortices, indicating that the nanodots are
subjected to a moderate screening regime different from the
ideal ones in previous theoretical modellings. Furthermore,

the nanodots were found to show the tendency of forming
a center-divergent pattern under negative tip bias, although
the domain patterns of the as-grown nanodots are different.
The abundant domain patterns and domain defects of the PZT
nanodots are potentially useful in developing multistate and
reconfigurable electronic devices. The growth of quadrilateral
shaped nanodot array with the help of circular AAO template
is unexpected. The effects of the growth parameters such as
the anneal temperature, the AAO pore size, the pulse number,
etc., on the formation of quadrilateral shaped nanodot need to
be further explored. It is also an interesting work to further
explore the texture-sensitive conductance of the nanodots.
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