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Introduction

Size-dependent and distinguishing degenerated
vortex states in ferroelectric nanodots under
controllable surface charge conditionst

W. M. Xiong,®® G. L. Jiang,®® J. Y. Liu,®® Qiang Sheng,®® W. J. Chen,?*° B. Wang®®
and Yue Zheng*®®

Here we propose a method to detect the degenerated tetragonal vortex states (i.e., the toroidal axis is along
the x-, y- or z-axis) in ferroelectric nanodots by applying a controllable surface charge (CSC) condition.
Electrodes are placed at two parallel surfaces of the nanodot to form a short circuit. Surface charges
with a controllable density are then applied to another two parallel surfaces of the nanodot. Under this
CSC condition, a characteristic short-circuit current vs. time (/-t) curve related with the evolution of
domain structure in a nanodot can be detected. The evolution paths and the characteristic short-circuit
|-t curves of the degenerated vortex states in ferroelectric nanodots have been systematically revealed
by our phase field simulations by solving the time-dependent Ginzburg—Landau (TDGL) equations. It is
found that the degenerated vortex states exhibit distinct evolution features under the CSC condition. In
the stages of placing electrodes and increasing surface charges, one, two, and zero short-circuit /-t
peak(s) are observed in the nanodots with (100), (010) and (001) vortex states, respectively. Therefore,
the unknown vortex states of a nanodot can be distinguished. We further investigate the effects of
temperature and nanodot size on the characteristic /-t curves of the vortex states. The results show that
the vortex states can be nondestructively distinguished by applying the CSC condition if the nanodot size
is within a moderate range (i.e., 8-=12 nm). Our study provides an alternative way of detecting the
degenerated tetragonal vortex states in ferroelectric nanodots without the use of a scanning probe
microscope, and also sheds light on the application of ferroelectric vortex domain structures in novel
devices such as memories, sensors and actuators.

exhibit novel or abnormal properties in comparison with the
bulk counterparts.”* Particularly, an interesting kind of

Because of their abundant functional properties, such as
ferroelectricity, piezoelectricity and pyroelectricity, ferroelectric
materials have attracted considerable attention from both
academia and industry, and are prospective for developing
electro-mechanical and electro-thermal sensors/actuators/
transducers as well as high-density memories."® For nano-
scale ferroelectrics, the surface/interface effects further modify
the material behaviors and lead to complex size effects. As
a result, nanoscale ferroelectrics have been frequently found to
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domain structure with the domains rotating in a closure,
namely vortex domain structure (VDS), has been found in low-
dimensional ferroelectric nanostructures under poor charge
screening conditions.'>"* To exploit the potential applications
of ferroelectric VDS, both theoretical and experimental works
focused on the formation mechanisms, novel characteristics
and controllability of VDS in various kinds of ferroelectric
nanostructures.**>

In the literature, using a first-principles-derived effective
Hamiltonian approach, Naumov et al*® predicted that low-
dimensional ferroelectric systems under open-circuit condi-
tion form VDS to decrease the depolarization energy. The
smallest vortex size was found about 3.2 nm, indicating that by
using VDS to store information one can reach an ultimate
storage density of 60 Tbit per inch®. A phase transition from
a polar state to a vortex state by varying the screening condition
of the depolarization field has also been further revealed.*
Based on molecular dynamics simulation, it has been found
that ferroelectricity with a toroidal ordering can be sustained in
nanoparticles with a few lattice constants." Meanwhile, quite
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a lot of researches have been taken on the controllability of VDS
in ferroelectric nanostructures through electrical and mechan-
ical means.”" Particularly, Prosandeev et al.*® showed that the
single vortex state in asymmetric ferroelectric nanorings can be
switched by a homogeneous electric field. Chen et al'?>
studied the effects of mechanical loads on VDS, and found that
mechanical loads can not only effectively control the vortex size
and orientation but also lead to a novel vortex pining effect as
well as the feasibility of vortex switching by a homogeneous
electric field.

In contrast with the theoretical progresses, it remains
a challenge to characterize and control the nanoscale ferro-
electric VDS in experiments. Nevertheless, one can note that
much experimental attempts have been made.”*** For example,
Hong et al.*” used focused ion beam technique to prepare well-
shaped ferroelectric nanodots and observed VDS in the nano-
dots via scanning transmission electron microscope.
Combining pulse laser deposition and piezoresponse force
microscopy, Gao et al.*® prepared well-ordered ferroelectric
nanodot arrays, and images of their measurements indicated
the existence of bubble domain patterns in the nanodots. Balke
et al.*® succeeded to control the formation of VDS in BiFeO;
film, and found an enhanced conductivity at the vortex core.”
With the further improvement of fabrication and characteriza-
tion techniques in the near future, one can expect that more and
more theoretically predicted features of the VDS could be
revealed experimentally.

In another aspect, it is well known that a depolarization field
would arise inside the ferroelectric if the surface polarization
charges have not been completely screened. As a consequence,
the domain structure of a ferroelectric can be controlled by
varying the screening extent of surface polarization charges.'**°
For a typical capacitor structure, the surface polarization
charges of the ferroelectric are compensated by the electron gas
from the electrodes. The screening extent can be controlled by
choosing proper electrodes. Screening of surface polarization
charges can be also achieved by surface ionic charges, e.g., by
those from atomic and molecular adsorbates.”**** Interestingly,
when placing a ferroelectric in a chemical environment, e.g.,
oxygen environment, surface redox reaction can occur, and then
an electric field across the sample could be induced by the net
charges generated during the reaction. In the literature, it was
found that VDS of ferroelectric nanostructures are sensitive to
the surface charge conditions.** More recently, Wu et al.>® have
predicted that fruitful domain patterns and evolution paths of
VDS can be realized in the ferroelectric nanodots via applying
a controllable surface charge (CSC) conditions to the nanodots.
The sensitivity of VDS to the surface charge condition indicates
potential applications of ferroelectrics on charge, gas or other
Nnano-sensors.

For a regularly shaped nanostructure, its vortex states are not
only degenerated in chirality but also degenerated in orienta-
tion. The typical examples include nanodots (e.g., PbTiO;) with
degenerated tetragonal vortex states and nanodots (e.g., BaTiO3)
with degenerated orthorhombic vortex states. It is natural to ask
if we can distinguish these similar vortex states according to
their signals during the same detection. While previous works
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on ferroelectric VDS focused on the formation and controlla-
bility of VDS,***3* there were hardly any works on how to detect
the vortex states except those using high resolution scanning
probe microscopes to directly probe the local dipole states.””>°
In this paper, we propose a novel method to detect the degen-
erated tetragonal vortex states of cubic ferroelectric nanodots,
and study the size and temperature effects on the domain
evolution of the ferroelectric nanodots under a controllable
surface charge (CSC) conditions. The distinct evolution behav-
iors of the degenerated vortex states and consequently the
characteristic current vs. time (I-t) curves of the vortex states
have been clearly revealed and completely summarized.

The physical model

In our work, a phase filed model of ferroelectric systems with
a CSC condition is adopted to capture the evolution of domain
structure. The spontaneous polarization is considered as the
order P = (Py, P,, P;) parameter, which is associated with the
spontaneous polar atomic displacements in a dielectric back-
ground material. The total polarization of a ferroelectric
consists of the linear term P and the nonlinear term P. The
electric displacement field is expressed as D = ¢oE + P* + P = ¢3E
+ %pE + P = &E + P, where ¢, is the dielectric constant of the
vacuum.  and g, are background susceptibility and back-
ground dielectric constant tensor,** ¢ respectively.

The temporal evolution of the spontaneous polarization in
ferroelectric nanodot can be simulated by solving the time-
dependent Ginzburg-Landau (TDGL) equations, i.e., P;/dt =
—MBJF/dP; (i = 1, 2, 3), where M is the kinetic coefficient related
to the domain wall mobility, F is the total free energy, and ¢ is
time. In order to simulate the domain structure of ferroelectric
materials in nanoscale, it is necessary to consider effects of
inhomogeneous electromechanical fields as well as that of
surface/interface on the total free energy of the system. In our
simulations, the total free energy can be expressed as
F= -rV (fLand +fgrad + felas +ﬁalec)dV + _[sturfdsy where V and S
are the volume and surface of the nanodot, respectively. fi.ana is
the so-called Landau free energy density. fyraq stands for the
density of gradient energy, which describes the free energy
contributed by the spatial polarization variation. The mechan-
ical stress field and its coupling with polarization contribute to
the elastic energy density fuas. felee is the density of electric
energy, including the energy contributed by the depolarization
field and external electric field. Due to the truncation of polar-
ization near surfaces, an additional surface energy should be
considered, and the surface energy density is fyurf-

A polynomial of Landau energy density f.anq is written as

Jiand = 1 ZP;Z +an ZPf4 +any PPPP+any P

i>) i

+ a2 Z(Pi4pj2 + P,-4Pi2> + a3 HPi27

i>j

37-39

where oy = (T — T,)/(2¢0Co) is the dielectric stiffness, T is
temperature, T, and C, are the Curie-Weiss temperature and
Curie-Weiss constant, respectively. o and «; are the higher-
order dielectric stiffness coefficients. The gradient energy
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density foraq can be expressed by the gradients of the polariza-
tion field as fyraq = 1/2GjiP; jPr,;, where Gy are gradient energy
coefficients. The ferroelectric phase transition involves a struc-
tural change, which leads to the appearance of spontaneous
strains eg = QyPrP;, With Qy; being the electrostrictive coeffi-
cients. The elastic energy density f.1.s can be expressed by fejas =
1/26,‘1‘](161‘]‘6](1 = 1/26y'kl(sij — Sg)(&‘kl — 821), where Cijk; are the elastic
coefficients, e; = ¢; — eg» are the elastic strains, ¢; are the total
strains. Since the background material is a cubic crystal struc-
ture, the background dielectric constants in three axial direc-
tions are the same. The electric energy density f... can be
written as foee = —PiE; — 1/2&,EE;>**** In our work, the upper
and lower surfaces (along z direction) are exposed to a chemical
environment and bonded with ionic surface charges (see
Fig. 1b). A boundary condition with the surface charges is thus
applied at these surfaces. The total electric field along z direc-
tion consists of the depolarization field E4cp, and the electric
field induced by the ionic surface charges from the chemical
environment Echem,"" L.€., E3 = Egqep + Echem- The total electric
field can be calculated by E; = —¢;, where ¢ is the electric

View Article Online
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potential. Supposing that no free charges exist inside the
nanodot, the electric displacement D; satisfies the electrostatic
equilibrium equation D;; = 0. As shown in Fig. 1b, short-circuit
and open-circuit boundary conditions are applied along x and y
directions, respectively. For the short-circuit boundary condi-
tion, the electrostatic potential is zero at the surfaces of the
ferroelectric nanodot.”> For the open-circuit boundary condi-
tion, we have D;n; = 0 on the surfaces,”® where n; is the
component of unit vector normal to the surfaces. According to
the ref. 19, for the surfaces with ionic charges, the boundary
condition can be written as Dn; = g, where ¢ is the surface
charge density. Finally, the surface energy density f;,.r can be
written as fuus = D;P?/265%, where 6T are the extrapolation
lengths,** D are the coefficients related to the gradient energy
coefficients and surface orientation, D;° = Gy1n; + (Gq + G'44)(n;
+ny) (i,j, k=1, 2, 3).>* One can deduce the boundary conditions

as 0P;/dx; = iPi/(S;ff (i,j =1, 2, 3,x=-"2 g), with x; being

the coordinate orientations and /4 being the length of simulated
system.

(a) Degenerate vortex states to be detected
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Fig. 1 Schematics of the method for detecting the degenerated vortex states in ferroelectric nanodots under a CSC condition. (a) Three
degenerated vortex states (with the toroidal axis either along x-, y- or z-axis) to be detected, and (b) schematic of the detection. In stage 1,
electrodes are placed at two parallel surfaces of the nanodot to form a close circuit. In stage 2, a CSC condition is applied to another two parallel
surfaces. An unknown vortex state may be distinguished by its characteristic short-circuit /-t curve.
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Simulation method

In the simulations, we employ cubic PbTiO; nanodots with
various sizes (i.e., the dimensions ranging from 6 nm to 14 nm)
as models. Polarization distribution of the nanodot is obtained
by solving discretized TDGL equations. Values of the expansion
coefficients of the Landau potential, electrostrictive coefficients,
elastic coefficients and extrapolation lengths”***** are listed in
Table 1 in the ESI.f Domain patterns are characterized by the
average polarization P and the electric toroidal moment
g=1/V[,xrx (P—P)dV, r is the position vector.* In addition,
the nonzero toroidal moment (i.e., g # 0) indicates that the
toroidal order, which is a specific ordering of electric dipoles
arranged in a loop, exists in the ferroelectric nanodots. To
denote the paraelectric-ferroelectric transition, we also calcu-
late the average magnitude of the polarization of all the sites,
i.e., (P) = mean(y/P;% + P,> + P3?).

According to previous works,"* three degenerated
tetragonal-like vortex domain patterns favor to form in the free-
standing ferroelectric nanodot under the ideal open-circuit
boundary condition as shown in Fig. 1a. Specifically, these
three vortex states are defined as (100) (i.e., |g,| >> |gy| and |g;]),
(010) (i, Igy| > |g:| and |g.|) and (001) (ie., |g.| > |g:] and
|gy|) vortex states, according to the direction of toroidal
moment, which can be along (100), (010) and (001) axis
direction, respectively. Generally, nanodots with different initial
vortex orientations have different characteristics, e.g., different
current-voltage signals under the same applied voltage. This is
our starting point to propose a method to distinguish these
three degenerated vortex states through detecting the I-t curves
under a CSC condition.

The detection can be divided into two main stages, as shown
in Fig. 1b. In stage 1, the short-circuit boundary condition is
applied at the two parallel surfaces along (100) direction. This
can be obtained by placing two parallel electrodes with ideal
screening capability. Then, in stage 2, surface charges with
a controllable density are applied to the upper and lower
surfaces of the nanodot. The controllable negative or positive
surface charges are produced by the adsorption reaction at the
two surfaces. In general, the reaction and thus the amount of
surface charges should be a strong function of the adsorption
gas pressure. To simplify the calculation, we directly set the
amount of the surface charge density to be ¢ to mimic the CSC
condition, but ignore the detailed chemical equilibrium
process.

As the short-circuit boundary condition is along (100)
direction, a short-circuit current is generated related to the
movement of screening charges in the electrodes. This charge
movement is governed by the net polarization along (100)
direction, i.e., (P;). The short-circuit current is given by I = dQ./
dt = S.dg./dt,*” where Q. is the total charge in the electrodes, S
is the area of the electrode, and dg./dt is the current density.
The above formula shows the positive correlation between the
short-circuit current and the current density. dg./dt is propor-
tional to dP;/dt. For numerical stability of simulations, the
following dimensionless variables are employed as

r* = \/|ao|/G1iol, t* = |ao|Mt, P* = PPy, ey = |ap|eo, @1 = a3/
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|a0|y oy = a11P02/|a0|7 agp = 0‘12P02/|040|, a1y = 0‘111P04/|a0|7
a112 = 05112P04/|0¢0|; alg = 0‘123P04/|050|, Qu = Q11P02; Q1 =
Q12P02, Qus = Q44P02: S = 511(|050|P02), 512 = 512(|a0|P02), Sis =
S44(|0(0|P02), G;l = Gll/G1107 G;Z = GlZ/G1107 GZ4 = G44/G1107
G'14 = G44/G119, where ) is the value of oy at room temperature,
P, is the magnitude of the spontaneous polarization at room
temperature, and G4, is a reference value of the gradient energy
coefficients. To simplify the calculation, dP;/d¢* will be calcu-
lated instead of calculating the exact short-circuit current.

Results and discussions

Domain patterns with various sizes under ideal open-circuit
condition

Domain patterns in cubic PbTiO; nanodots with their sizes
ranging from 6 nm to 14 nm are calculated under an ideal open-
circuit condition. Note that, these domain patterns are all
simulated by using a random perturbation as the initial input of
TDGL equations. Fig. 2a shows the temperature dependence of
the toroidal moment (g, g, &) in the 8 x 8 x 8 nm® nanodot
with initial (001) vortex state. It can be seen that |g,| decreases
as the temperature increases, and drops to zero when the
temperature reaches ~575 K, which is near the ferroelectric—
paraelectric phase transition point. Similar results can be ob-
tained in the 8 x 8 x 8 nm® nanodots with initial (100) or (010)
vortex state. The domain patterns of the three vortex states in
the 8 x 8 x 8 nm® nanodots at room temperature are shown in
Fig. 2c. From the toroidal moment and domain patterns, one
can clearly see that the three vortex states are tetragonal and
degenerated. Because of the effect of depolarization field, the
vortex domain patterns are energetically favorable to reduce the
depolarization energy. To see the size effect, Fig. 2b shows |g;|
with the nanodot size ranging from 6 nm to 14 nm. With the
nanodot size increasing from 6 nm to 14 nm, the paraelectric-
ferroelectric phase transition temperature increases from 475 K
to 675 K because of the reduction of surface effect. As shown in
Fig. 2d, one can also see that the tetragonal and degenerated
vortex states can exist for all simulated sizes.

Domain evolution and characteristic short-circuit current
under the CSC condition

In this section, we investigate the domain evolution and the
characteristic I-¢ curves under the CSC condition. At room
temperature, the toroidal moment and polarization in an 8 x 8
x 8 nm’ ferroelectric nanodot initially with the (100) vortex
state are simulated and plotted in Fig. 3a and b, respectively.
When placing the electrodes along (100) direction, |g,| keeps
almost unchanged and |gy(,)| keeps near zero. Meanwhile, a net
polarization |P;| along (100) direction of about 0.11 C m™2 is
induced. As ¢ along the (001) direction increases, a net |P;] is
induced and linearly increases with the increase of ¢. Mean-
while, |P;| keeps a large value and |g,| decreases slowly when o
is lower than 0.2 C m 2, indicating that the toroidal order
remains stable in the nanodot. When ¢ increases to ~0.2 C m ™2,
|g¢| drops to zero, and |P;| exhibits a sudden increase, indi-

cating that the toroidal order disappears. Then, with a further

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Simulated results of ferroelectric nanodot with various sizes under an ideal open-circuit boundary condition. (a) Toroidal moment
components in 8 x 8 x 8 nm?® nanodot with (001) vortex state, (b) toroidal moment component |g,| in nanodots with (001) vortex states, (c) the
equilibrium domain patterns of 8 x 8 x 8 nm® nanodots with (100), (010), and (001) vortex states under T = 300 K, and (d) the equilibrium
domain patterns of (001) vortex state in nanodots with different sizes under T = 300 K. All vortex domain patterns in the following figures are

shown with the same color bar scale.

increasing of g, |P;| also decreases to zero, and |P;| increases
linearly with ¢.

In Fig. 3¢, dependence of dP;/dt* on ¢ is plotted, and the
corresponding domain patterns of selected points are also
inset. During the detection, a current peak appears right after
placing the electrodes. It could be explained by the simulated
results shown in Fig. 3b. It is found that |P;| changes to
a nonzero value when placing electrodes. Moreover, the vortex
state also maintains in the nanodot. This coexistence of both
net polarization and toroidal moment in the nanodot indicates
that the domain state is actually a polar-vortex multi-order state.
Then, comparing the corresponding domain patterns of labeled
B and C points, we could find the vortex core shifts to the side

This journal is © The Royal Society of Chemistry 2016

surface of the nanodot with the increase of ¢. This is because
that an electric field along z-axis positive direction is formed by
the surface charges to tilt the dipoles along the z-axis. When o
increases to ~0.2 C m™ 2, the toroidal order disappears and
a single c-domain state (|P;|>> |Py)|) forms. Specially, |P;|
changes from nonzero to null at this moment, but there is no
obvious current change. That is because the change process is
so long that the change of |P;| for each time step is very little.
Then, the single c-domain is stable with the further increase of o
and there is no current peak.

As shown in Fig. 4a and b, for the nanodot initially with (010)
vortex state, a sudden decrease of |g,| from ~1.2to 1.0 e A lis
observed after placing two parallel electrodes. As the surface

RSC Adv., 2016, 6, 28393-28405 | 28397
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Fig. 3 Simulated results of a nanodot (8 x 8 x 8 nm?®) with initial (100) vortex state at T = 300 K during the process of increasing . (a) Toroidal
moment components, (b) polarization components, and (c) dependence of dPj/dt* on ¢. Corresponding domain patterns are also depicted at

some selected points.

charges is applied on the upper and lower surfaces, a net |P;| is
induced and linearly increases with the increase of ¢. Mean-
while, |g,| firstly increases a little bit and then gradually
deceases to zero, indicating the vanishing of the toroidal
ordering. When ¢ increases to 0.16 C m™ >, |P;| drops from 0.38
to 0.11 C m > Then, with a further increase of ¢, |P;| linearly
increases with ¢. As ¢ further increases to 0.36 C m™ >, |P|
changes to zero and only |P;| keeps nonzero.

From the corresponding domain patterns and dependence
of dP;/dt* on ¢, a 180° domain pattern with a domain wall of ~2
nm forms after placing the electrodes. As shown in Fig. 4c, this
domain pattern is similar to that found in the BaTiO; nanodot
under the high charge screening condition.”® During the
process of placing electrodes, |P;| keeps zero and no short-
circuit current peak is observed. When ¢ increases to 0.16 C
m ™2, a current peak appears due to the change of domain
structure from the 180° domain pattern to a single ac-domain
pattern (|Py;)|>>|P;|) with the disappearance of domain wall.
Then, with a further increase of o, c-domain state forms,
meanwhile, |P;| drops to ~0 and another reverse current peak is
observed.

Similar to the previous case, for the nanodot initially with
(001) vortex state, |g,| suddenly decreases from ~1.2 to 1.0 e

! after placing two parallel electrodes (see Fig. 5a and b).
With the increase of o, |g,| decreases slowly and |P;| keeps
increasing, while |P;| and [P,| keeps ~0. When ¢ increases to
~0.26 C m ™2, |g,| drops to zero, and |P;| has a sudden increase

28398 | RSC Aadv., 2016, 6, 28393-28405

from 0.1 C m > to 0.5 C m 2. Then, |P;| linearly increases with
a further increase of . As shown in Fig. 5c, the short-circuit
current peak has not been observed during the whole process
of increasing ¢. According to the domain patterns shown in
Fig. 5c, a transformation from vortex state to 180° domain
pattern with a domain wall of ~2 nm is induced by placing
electrodes. Then, domain wall tilts and gradually vanishes with
the increase of ¢. When ¢ increases to ~0.26 C m™2, the 180°
domain pattern disappears and a single c-domain pattern
forms in the nanodot. For this nanodot initially with (001)
vortex state, |P;| keeps ~0 and no current peak can be detected
during the detection.

Summarizing the results in Fig. 3¢, 4c and 5c, one can see
that ferroelectric nanodots with degenerated tetragonal vortex
states exhibit quite different behaviors during the detection. In
order to clearly illustrate these behaviors, we plot the charac-
teristic I-¢ curves of the 8 x 8 x 8 nm® nanodots with degen-
erated vortex states under different temperatures as shown in
Fig. 6. The domain patterns can be given as a function of
temperature and ¢, and represented by the phase diagrams in
Fig. S1 in the ESL} In the detection, one, two and zero peak(s) in
the I-t curves can be observed for the nanodots initially with
(100), (010) and (001) vortex states, respectively. These inter-
esting results indicate that an unknown vortex state in a ferro-
electric nanodot could be distinguished by observing its
characteristic short-circuit I-¢ curve, and the features of the I-t
curves can't be affected by the temperature.

This journal is © The Royal Society of Chemistry 2016
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moment components, (b) polarization components, and (c) dependence of dP;i/dt* on ¢. Corresponding domain patterns are also depicted at
some selected points.
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Fig. 5 Simulated results of a nanodot (8 x 8 x 8 nm?®) with initial (001) vortex state at T = 300 K during the process of increasing . (a) Toroidal
moment components, (b) polarization components, and (c) dependence of dPi/dt* on ¢. Corresponding domain patterns are also depicted at
some selected points.
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and (c) T =400 K.

Domain pattern evolution with the decrease of surface charge
density

According to the above results, the initial vortex orientation in
a ferroelectric nanodot can be distinguished through the char-
acteristic I-¢ curves during varying the CSC condition. Then, it is
also important to ask whether the initial vortex state can reform
after removing the surface charges and electrodes. If so, it is
also an important finding for the behavior of the detection on
the VDS being nondestructive. In this section, we thus simulate
how the domain structure evolves in the process of decreasing o
and removing the electrodes. As shown in Fig. 7, a c-domain
state forms at room temperature under the condition of ¢ = 0.6
C m ™ for all kinds of the nanodots. For the nanodot with initial
(100) vortex state, |P;| decreases with the decrease of ¢ in the
whole process of decreasing ¢ as shown in Fig. 7a. When ¢
decreases to 0.24 C m™ %, |P;| becomes nonzero while |g,| keeps
~0. Then, |P;| increases before ¢ decreases to 0.12 C m 2, and
a polar-vortex state forms at ¢ = 0.12 C m™>. Meanwhile, |P;|
drops from 0.18 to 0.11 C m™ 2, and |P;| drops from ~0.35 to
~0.1 C m ? when ¢ decreases from 0.13 to 0.12 C m 2. With
a further decrease of g, |P;| keeps ~0.11 C m~? and |P;| lineally
decreases. Finally, [P;| drops to zero at the moment of removing
the electrodes, indicating vortex reconstructs. Comparing the
initial and final values of polarizations and toroidal moment
components in Fig. 7a and 3c, the domain pattern in the
ferroelectric nanodot has not been destroyed in the whole
detection.

As shown in Fig. 7b for the nanodot with initial (010) vortex
state, |P;| lineally decreases until ¢ decreases to 0.25 C m 2.
When o decreases from 0.24 to 0.2 C m™ 2, |P;| increases from
zero to 0.5 C m™2, and |P;| decreases from 0.44 to 0.13 C m™>.
This indicates that an ac-domain state forms. Then, |P;| slowly
increases with the decrease of ¢, and |P;| lineally decreases. An
a-domain state forms when the ionic surface charges are all
removed. After the electrodes are removed, |g,| increases
abruptly from zero to 1.2 e A™*, indicating that the initial (010)
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vortex state re-forms. In the nanodot with (001) vortex state, the
domain evolution is similar to the evolution of the nanodot with
(010) vortex state as shown in Fig. 7c. The phase diagrams
depicting the domain pattern are summarized in Fig. S2 in the
ESLY

Note that c-domain state forms for all the three vortex states
when the nanodot is under a high o (Fig. 7). Generally, the
single c-domain patterns evolved from the three vortex states
have no obvious difference, and the re-formed vortex state could
be along any one of the directions after the CSC condition is
turned off. However, the nanodot could keep the initial vortex
orientation after the processes of increasing and decreasing o.
Comparing the Fig. 7a-c, similar single domain patterns are
obtained under the condition of ¢ = 0.6 C m 2, and small
differences of polarization components can be observed. Here
we consider that the single domain state under a high o is
related to the initial state, and these small differences can affect
the domain evolution and determine the final domain struc-
ture. In a real measurement experiment consisting of several
steps, it is not likely for a system to reach a totally stable state.
Therefore, information related to the initial state will exist to
affect the evolution of domain structure. Nevertheless, in
practical application, we suggest using a lower upper limit of ¢
in the detection to avoid forming single domain.

Size effect on the characteristic current in ferroelectric
nanodots

In following simulations, we would like to investigate the effect
of nanodot size on the characteristic I-t curves, domain evolu-
tions and final domain patterns. Fig. 8a-c show the evolution
paths of polarization components and toroidal moment
components (insets) in the 6 x 6 x 6 nm® nanodots with initial
(100), (010) and (001) vortex states, respectively. Under the
short-circuit condition along x direction, the nonzero compo-
nent of toroidal moment drops to zero and another two
components of toroidal moment keep ~0 in the nanodots.
Meanwhile, |P;| jumps to a large nonzero value while another
two components of polarization keep ~0. Then, with the
increase of g, |P;| gradually decreases and drops to zero during
the process of increasing ¢. Meanwhile, |P;| keeps increasing
with ¢. Fig. 8d shows the dependence of dP;/d¢* on ¢ in the
nanodots with initial (100), (010) and (001) vortex states. The
characteristic /-t curves indicate that two opposite current peak
can be observed for the nanodot with one of the initial degen-
erated vortex states. The first peak is induced by the placement
of electrodes and the second peak appears during the process of
increasing ¢. From the corresponding domain patterns shown
in Fig. 8e, the nanodots with three degenerated vortex states
have similar domain evolution paths. During the process of
increasing ¢, the dipoles tilt to the positive z-axis direction and
a single ac-domain state is stable. With a further increase of ¢,
the single ac-domain state transforms to a single c-domain state
and the latter state keeps stable in the nanodot. Then, during
the process of decreasing ¢, the single c-domain state trans-
forms to a single a-domain state in the nanodots with initial
(100) and (001) vortex states after removing the ionic charges.

This journal is © The Royal Society of Chemistry 2016
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Fig.7 Simulated results of toroidal moment components, polarization components (insets) of 8 x 8 x 8 nm® nanodots at T = 300 K during the
process of decreasing surface charge density. (a) Nanodot with (100) vortex state, (b) nanodot with (010) vortex state and (c) nanodot with (001)
vortex state. Corresponding domain patterns of labeled points in the nanodots with (d) (100), (e) (010), and (f) (001) vortex states are shown.

Specially, the (010) vortex state re-forms in the nanodot when
ionic charges are completely removed.

Interestingly, the evolution behaviors of polarization and
toroidal moment exhibit huge differences in the 14 x 14 x 14
nm’ nanodots with initial (100), (010) and (001) vortex states at
room temperature. As shown in Fig. 9a, in the nanodot with
initial (100) vortex state, |g,| drops from 2.06 e A~ to zero and
|P1| increases from zero to 0.57 C m~ > when placing the elec-
trodes on the (100) surfaces. Then, with the increase of g, |P;|
keeps decreasing and |P;| keeps increasing. After o reaches 0.52
Cm 2, |P;| drops to zero and |P;| has a large increase from 0.39
Cm ?t00.62 C m > As shown in Fig. 9b, for the nanodot with
initial (010) vortex state, |g;| decreases from 2.06 e A" to 1.40 e

This journal is © The Royal Society of Chemistry 2016

A" after placing the electrodes. Meanwhile, the components of
polarization keep zero. With ¢ increasing, |g,| keeps unchanged
and |P;| keeps increasing when ¢ is less than 0.1 C m 2. When o
increases to 0.12 C m™?, |g,| drops to zero and |P;| increases
from 0.12 C m~>t0 0.41 C m~ >, Then, |P;| linearly increases with
the increase of ¢. In the nanodot with initial (001) vortex state
(see Fig. 9c), |g.| keeps a value of 2.06 e A~* when electrodes are
placed on (100) surfaces. Meanwhile, another two components
of toroidal moment and components of polarization always
keep zero. |g,| gradually decreases and |P;| linearly increases
with the increase of ¢. When o increases to 0.36 C m™ 2, |g,|
drops to zero, |P;| has a sudden increase from zero to 0.53 C
m~?, and |P;| has a small decrease. Then, with a further increase

RSC Adv., 2016, 6, 28393-28405 | 28401
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Fig. 8 Simulated results of toroidal moment components, polarization components of 6 x 6 x 6 nm® nanodots with initial (a) (100), (b) (010),
and (c) (001) vortex states at T = 300 K. (d) Dependence of dPj/dt* on ¢ of the three degenerated vortex states. Corresponding domain patterns
in the nanodots with (e) (100), (f) (010), and (g) (001) vortex states during processes of increasing and decreasing a.

of o, |P;| and |P;| linearly decreases and increases, respectively.
|P;| suddenly decreases from 0.27 C m > to ~0 and |P;]
increases from 0.33 C m 2 to 0.57 C m > when ¢ increases to
0.54 Cm .

The dependence of dPj/dt* on ¢ in the 14 x 14 x 14 nm?®
nanodots with initial (100), (010) and (001) vortex states is
shown in Fig. 9d. A current peak appears with the placement of
electrodes on the nanodot with initial (100) vortex state, while
no current peaks are observed for the nanodot with initial (010)
or (001) vortex state at this moment. With the increase of o,

28402 | RSC Adv., 2016, 6, 28393-28405

a small current peak appears for the nanodot with initial (100)
vortex state. Different with the results in 8 x 8 x 8 nm® nano-
dot, there are no obvious current peaks for the nanodot with
initial (010) vortex state throughout the whole process of
increasing o. For the nanodot with initial (001) vortex state, two
weak opposite current peaks can be observed. The first peak
appears with a sudden increase of [P;| and another peak
appears because of the decrease of |[P;| from a large value to
zero. From the characteristic I-¢ curves, an unknown vortex
state can be detected through this method. The corresponding

This journal is © The Royal Society of Chemistry 2016
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Fig.9 Simulated results of toroidal moment components, polarization components of 14 x 14 x 14 nm?® nanodots with (a) (100), (b) (010, and
(c) (001) vortex states at T = 300 K. (d) Dependence of dP;/dt* on ¢ of the three degenerated vortex states. Corresponding domain structures in
the nanodots with (e) (100), (f) (010), and (g) (001) vortex states during processes of increasing and decreasing o.

domain patterns in the nanodots with initial (100), (010) and
(001) vortex states are depicted in Fig. 9e-g, respectively. From
the evolution of domain patterns during the process of
decreasing g, the evolution behaviors are similar for the nano-
dots with three degenerated vortex states. 90° domain forms
when ionic surface charges are completely removed and
a domain pattern with two (010) vortices forms in the nanodot
after removing the electrodes. This indicates that the initial
domain pattern has been destroyed after the detection. After the
detection, the domain pattern transforms from a tetragonal-like

This journal is © The Royal Society of Chemistry 2016

vortex domain pattern to a vortex domain pattern with two (010)
vortices.

To be more systematic, the dependence of dP;/d¢* on ¢ in the
nanodots with their sizes ranging from 6 nm to 14 nm is
summarized in Fig. 10. For the 6 x 6 x 6 nm® nanodot with one
of the degenerated vortex states, one current peak appears with
the placement of electrodes. During the process of increasing o,
another reversed current peak can be observed. It is found that
characteristic I-¢ curves for the nanodots with initial (100),
(010) and (001) vortex states are similar. In addition, the similar

RSC Adv., 2016, 6, 28393-28405 | 28403
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Fig.10 A summary of the dependence of dPi/dt* on ¢ in the nanodots
with their dimensions ranging from 6 nm to 14 nm.

results can be calculated in the nanodots with their sizes
smaller than 6 nm, e.g., 4 nm (not given). For the nanodots with
their sizes ranging from 8 nm to 12 nm, a current peak appears
for the nanodots with initial (100) vortex state when placing two
parallel electrodes on (100) direction, while no current peak is
observed for nanodots with another two vortex states. With o
increasing, two opposite current peaks generate for the 8 x 8 x
8 nm® and 10 x 10 x 10 nm® nanodots with initial (010) vortex
state, and one current peak is observed for the 12 x 12 x 12
nm? nanodot with initial (010) vortex state. Thus, the degen-
erated vortex states in the nanodot could be distinguished by
their characteristic I-¢ curves. And the final domain patterns are
the same with the initial domain patterns, indicating that the
detection is nondestructive. In the 14 x 14 x 14 nm® nanodot,
two opposite current peaks generate for the nanodots with
initial (100) and (001) vortex states while current peaks cannot
be detected in the nanodot with initial (010) vortex state.
Differently, in the nanodot with initial (100) vortex state, one
strong current peak is induced by the placement of electrodes
and another weak current peak appears during the process of
increasing . While both of the opposite current peaks for the
nanodot with initial (001) vortex state are detected in the
process of increasing ¢. Three degenerated vortex states exhibit
distinct evolution behaviors. But the final domain patterns
shown in Fig. 9e and f indicate that the initial vortex domain
states transform from a tetragonal-like vortex domain state to
a vortex domain state with two (010) vortices. The initial
domain pattern is thus destroyed during the detection. More-
over, the initial domain pattern in a larger nanodot, i.e., 16 nm,
also is destroyed according to the simulated results.

Conclusions

In summary, to find a method to detect the vortex states which
are degenerated in orientation, we investigate the vortex
domain evolution of the ferroelectric nanodots under a CSC
condition. The evolution characteristics of the degenerated
vortex states and the effects of the nanodot size as well as
temperature have been comprehensively revealed. Our results
show distinct evolution characteristics of the degenerated
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vortex states in the nanodots with their sizes ranging from 6 nm
to 14 nm, and indicate that the size effects on the domain
structure evolution under the CSC condition are significant.
Importantly, we calculate the characteristic short-circuit I-¢
curves related with the evolution of domain structure in the
nanodots. In the processes of placing electrodes and increasing
surface charges, we observe one, two or zero peak(s) of the I-¢
curve for the nanodots with initial (100), (010), or (001) vortex
states, respectively. Then, the characteristic I-¢ curves for all of
the nanodots with their sizes ranging from 6 nm to 14 nm are
systematically simulated and discussed. It is thus possible to
distinguish the vortex states by their characteristic /-t curves.
One can nondestructively distinguish the vortex states of
a nanodot by applying the CSC condition if its size is in-between
a moderate range. Moreover, the vortex state should be distin-
guished in the nanodot with defect under this CSC condition.
Interestingly, according to previous work,*® the vortex core can
be pinned by the defect. Thus, the kind of defect may be
understood by analyzing the /-t curve, which is related to the
vortex orientation. We also note that degenerated rhombohe-
dral vortex states in BaTiO; exhibit distinct /-t curves under the
CSC condition and we would like to take a systematic investi-
gation in the future works.
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