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Exotic domain states, like vortex, offer the promise of superior properties and the potential

disclination strain is a key factor for their formation in ferroelectrics. Here we show that large scale

arrays of four-state vortex domains can be obtained in rhombohedral BiFeO3 thin films grown on

PrScO3 substrates by pulsed laser deposition. Cs-corrected scanning transmission electron micros-

copy demonstrates that each vortex domain is comprised of four ferroelectric variants with two

180� domain walls and two 109� domain walls. Atomic mappings of the lattice distortions unit cell

by unit cell reveal that the cores of the vortex might be charged. The strains are mainly concentrated

on domain walls. The formation mechanism of such large scale vortex-like states was discussed.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967878]

Topological defects,1 such as domain walls and exotic

domain states in ferroics, are typical features of ordered

materials and have long been of interest in the field of solid

state physics.1–3 One of the typical topological defects is vor-

tex, of which the order parameter features a curling fashion

with the possibility of special physical characteristics exist-

ing at the cores.4,5 The ability to control both the arrange-

ment and the amount of these topological defects could be of

importance for related studies and potential applications.6,7

In fact, the final domain state rests with the competition

between various energies associated to exchange and crystal-

lographic anisotropy of ferroics.3,8,9 For ferromagnetics,

Kittel in the 1950s pointed out the influence of crystallo-

graphic anisotropy on magnetic domain patterns where vor-

tex states could exist in systems with small anisotropy.8,9

Subsequent research has thoroughly demonstrated the exis-

tence of ferromagnetic vortex structures through experi-

ments.5,10,11 However, for ferroelectric materials such as

Pb(Zr)TiO3 and BaTiO3, the coupling between polarization

and lattice might be so strong that the disclination strain at

the area of vortex can be as high as 25%, far beyond their

plastic deformation limits.12 In addition, such disclination

strain diverges with the geometric size of a system. Thus,

vortex related states in ferroelectrics were often observed

under certain circumstances, for example, in disk-shaped

nano capacitors,13,14 nano dots15,16 and nano sheets, etc.17,18

As practical devices are mainly based on thin films,

manipulation of the geometry of the vortex related exotic

domain states in thin films is valuable for further studies and

applications of the exotic domain states. For ferroelectric

thin films, several studies indeed demonstrated the existence

of as-grown vortex states. Jia et al. pointed out a flux-closure

dipole state existing at the intersection of the 180� domain

wall and heterointerfaces with insufficient screening qual-

ity.19 A similar situation also exists in 109� domain patterned

BiFeO3 (BFO) thin films, where nano, four-quadrant vortex

(FQV) states were found near insulating heterointerfaces.20

Recently, Tang et al.12 and Yadav et al.21 both found full

flux closure vortex domains in PbTiO3 multilayer films. In

addition to the cross-sectional domain patterns, in-plane vor-

tex domains are also essential to study for their physical

properties especially at the core area, for example, with scan-

ning probe microscope (SPM) based techniques.4,22

Here we show that large-scale self-organized arrays of

in-plane four quadrant vortex (FQV) states can be obtained

in BFO thin films. Using advanced aberration-corrected

transmission electron microscopy, the detailed atomic struc-

tural features of these in-plane FQV states in BFO thin film

on PrScO3 (PSO) substrate were studied. The results show

that lattice distortions are mainly concentrated at domain

walls, which is an indication of the small disclination strains

of such FQV states. The present study would benefit the

related studies on vortex-like domain states in ferroelectrics.

BFO thin films (�55 nm) were grown on orthorhombic

(110) PSO single crystal substrates by pulsed laser deposition

(PLD).23 At room temperature, bulk BFO has a rhombohedral

structure (a¼ 3.965 Å, A¼ 89.4�) with spontaneous polariza-

tion (Ps) in the h111i direction, and it contains eight ferroelec-

tric variants corresponding to four ferroelastic variants. For

BFO grown on orthorhombic (o) scandate substrate, the four

ferroelastic variants degenerate into two, where a stripe

domain pattern can readily be obtained.24,25 Here, for simplifi-

cation, the rhombohedral BFO is treated as a pseudocubic

(pc) structure. Fig. 1(a) displays a typical domain pattern mor-

phology of a cross-sectional BFO thin film (�55 nm) grown

on PSO. The image is recorded far away from the [-110]o

zone axis of PSO under a two-beam condition. The subscripts

o and pc represent orthorhombic and pseudocubic, respec-

tively. A stripe domain pattern with domain walls on (010)O

planes (dotted blue lines) can be clearly identified. On one

hand, the (110) orientated scandates with a space group of

Pbnm have a monoclinic distorted constrain onto BFO which

can reduce the four ferroelastic variants of BFO into two,

resulting in stripe-like domain patterns.25,26 It is the typical

feature of a mechanical boundary condition that influences

the domain pattern geometry. On the other hand, the scandatea)Electronic mail: ylzhu@imr.ac.cn
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substrates are insulators, so the electrical boundary condi-

tion for BFO thin films is open circuit. The polarization

directions of nearby domains in a domain pattern prefer to

show a “head to tail” configuration near the film/substrate

interface to reduce the depolarization field. As a result, BFO

thin film develops a 109� polarization configuration.24,26 In

TEM experimental observation, the polarization vector

direction of each domain can be deduced by making use of

the failure of Friedel’s law,27,28 where images give rise to

bright contrast for the domain with the corresponding polar-

ization (Ps) vector satisfying g�Ps> 0. Figs. 1(b)–1(d) are

two-beam dark field images using different reflections of

g¼ (110)o, g¼ (-1-10)o, and g¼ (002)o, respectively, clari-

fying the Ps projection arrangement (labeled by colored

arrows). For the stripe-like 109� domains, the periodic up

and down arrangement of the out-of-plane Ps components

can reduce the out-of-plane depolarization field introduced

by the insulated substrate.20,29 In addition, such an incorpo-

ration of mechanical and electrical boundary conditions can

indeed generate interesting in-plane domain patterns which

are presented in the following context. To judge the quality

of the thin film system, electron diffraction experiments

were carried out. Fig. 1(e) is a superposed selected area

electron diffraction pattern taken from the area containing

both BFO film and PSO substrate along [-110]o the zone

axis. A definite epitaxial relationship can be determined to

be [-110]o//[100]pc and (001)o//(010)pc. The spot splitting

along the [001]pc direction denoted by vertical arrow can be

identified which is due to the difference in out-of-plane

lattice parameters of BFO and PSO. It is noted that the

in-plane lattice parameters keep the same since no spot split-

ting can be observed. In order to clearly reveal the 109�

domain pattern, an atomically resolved high angle angular

dark field (HAADF)-scanning transmission electron micros-

copy (STEM) image in the cross-sectional BFO/PSO thin

film is shown in Fig. 1(f), where the yellow circles denote

Bi atoms while red circles denote Fe atoms, and the arrows

denote the directions of Fe sub-lattice displacements. The

superposition of the atomic mapping with the Fe displace-

ment vectors is displayed in Fig. 1(g), showing the polariza-

tion distribution across the 109� domain wall.

The in-plane domain pattern of the BFO thin film is

revealed in Figs. 2(a)–2(c). In Fig. 2(a), the long stripe-like

domains with bright and dark contrasts alternately arranged

along [001]o ([010]pc) direction are believed to be 109�

domains (the domain walls are noted by dashed blue lines),

FIG. 1. (a) A typical dark field image

showing the domain pattern of a 55 nm

thick BFO film on orthorhombic PSO

substrate. (b)–(d) Two-beam dark field

images showing the domain patterns of

a large area using different reflections:

g¼ (110)o, g¼ (-1-10)o, g¼ (002)o,

respectively. The deduced Ps projections

are noted by arrows. (e) A selected area

electron diffraction pattern taken from

the area containing both BFO film and

PSO substrate along the [-110]o zone

axis. (f) An atomic resolution HAADF-

STEM image of cross-sectional BFO/

PSO thin film showing the 109� domain

pattern. The yellow circles denote Bi

atoms while red circles denote Fe atoms.

Arrows denote the directions of Fe sub-

lattice displacement. (g) The superposi-

tion of the atomic mapping with the Fe

displacement vectors, showing the polar-

izations across the 109� domain wall of

Figure (f).
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while the zigzag domain walls (dashed red lines) along [1-

11]o ([-110]pc) and [-111]o ([110]pc) directions intersecting

with these 109� domains were also observed. Based on the

phenomenological theory of domain wall geometry proposed

by Speck,30 these zigzag domain walls should belong to

180� type. The universal formation of the 180� domain walls

is expected to reduce the in-plane depolarization effects. It is

of special interest to notice that the intersection of these 109�

and 180� domain walls in Fig. 2(a) in fact represents a kind

of exotic domain array, namely, FQV arrays, as shown in

Fig. 2(b). Each FQV includes four nearby parallelogram

shaped domains, for example, A-B-C-D. Such a kind of

domain pattern is quite similar to the vortex domains where

four nearby domains comprise clockwise or anti-clockwise

polarization configurations.12 The geometry of the in-plane

FQV array is also schematically depicted in Fig. 2(c) where

the ferroelectric variants arrangement and the corresponding

Ps projections are indicated.

To further confirm this point, as shown in Fig. 1(f), we

again performed an aberration-corrected scanning transmis-

sion electron microscopy (STEM) which has been widely

used to study complex oxides, especially perovskite ferro-

electrics.23,31 Figs. 3(a) and 3(b) are atomic resolved

HAADF-STEM images of two typical FQV states. There are

four domains A-D and four corresponding domain walls.

The determination of these domains is based on the direc-

tions of sub-lattice Fe displacements, where the Ps projection

is opposite to sub-lattice displacement.12,20,23 The polariza-

tion relation between the nearby quadrant domains of each

FQV can then be easily identified. The Ps arrangements

from domain A to domain B (A/B) and from domain C to

domain D (C/D) are both “head-to-tail,” while the Ps
arrangements from domain A to domain C (A/C) and from

domain B to domain D (B/D) are antiparallel. This kind of

Ps arrangement features an important fingerprint for identi-

fying the domain wall types. Likewise, according to the

structural distortions, the domain walls of A/B and C/D are

(010)pc indicated by dashed blue lines in Figs. 3(c) and 3(d);

the domain wall of A/C is (110)pc while the domain wall of

FIG. 2. (a) A dark field image showing in-plane domain patterns obtained

near the [110]o ([001]pc) zone axis. (b) An enlarged area outlined by a yel-

low frame in (a) with the proposed ferroelectric variants (A, B, C, D). The

polarization projections are labeled by arrows. Each FQV state is comprised

by four intersecting ferroelectric variants (A–D). (c) A stereo schematic

showing the in-plane FQV structures. Arrows denote the directions of Ps
projections.

FIG. 3. ((a) and (b)) Atomic resolved

HAADF images of two kinds of FQV

states. The yellow circles denote Bi

atoms while red circles denote Fe

atoms. 109� domain walls are noted by

dotted blue lines and 180� domain

walls are noted by dotted red lines.

Arrows show the direction of the dis-

placement vectors, which is opposite

to the direction of polarization projec-

tions. ((c) and (d)) Two dimensional

mappings of the displacement vectors

of Fe sub-lattice.
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B/D is (1-10)pc (red dashed lines). As pointed out by previ-

ous theoretical and experimental works, it is found that the

109� domain wall has a “head-to-tail” Ps configuration with

domain walls on {100} planes, while the 180� domain wall

has an anti-parallel Ps configuration with domain walls on

{110} planes.24,30 Thus domains A/B and C/D form 109�

domains while domains A/C and B/D form 180� domains.

This configuration of the FQV matches well with inspections

based on the contrast analysis as shown in Figs. 1 and 2.

The interesting feature of such an FQV state can be further

revealed by two dimensional mappings of the sub-lattice dis-

placement vector, which can reflect the Ps arrangement. In a

unit cell by unit cell inspection, the vortex-like Fe sub-lattice

displacement distribution can be readily observed in Figs.

3(c) and 3(d), in which the displacement vectors are relatively

uniform in each domain, while reorientations exist at domain

walls. The overall displacement vectors form a pattern which

is similar to the vortex states described in Ref. 20. It is worth-

while to point out that the vortex domains are several nano-

meters in size near the interface, which is believed to be

related to the influences of the substrate in Ref. 20.

It is generally believed that vortex-related states would

introduce huge local disclination strains where severe lattice

distortions are expected.12 For the FQV states in the present

study, the uniform distribution (Fig. 2(a)) in an in-plane fash-

ion implies that the additional strain caused by a domain

intersection would not be prominent. To demonstrate the

internal strain for such an FQV state, we quantitatively ana-

lyze the local lattice distortions using line profiles (the results

are not shown here) and 2-D mappings of the lattice distor-

tions. The 2-D mappings of the lattice distortions are suitable

to show the distribution of the lattice distortion. To better

display the strain state of the FQV, we convert the lattice

spacing changes into horizontal strain exx and vertical strain

eyy (exx ¼ Lx�Ref :
Ref : � 100%; eyy ¼ Ly�Ref :

Ref : � 100%; here Ref. is

4.0 Å, exx represents the relative changes of lattice spacing

Lx, while eyy represents the relative changes of lattice spac-

ing Ly), and in the meanwhile we also extract the lattice

rotations Rx and Ry, representing the rotation angles of hori-

zontal lattice and vertical lattice, respectively, as shown in

Fig. 4. It is obvious that the remarkable changes of both the

lattice spacing and the lattice rotation appear basically at the

domain walls. Considering the intrinsic lattice distortions of

the 180� and 109� domain walls,23,32 these lattice distortions

mainly originate from the domain walls, and additional dis-

cernable lattice distortion can hardly be found in the domain

matrix. This indicates that the disclination strain for such an

FQV is relatively small, which is different from the giant dis-

clination strain in tetragonal ferroelectrics.12

In spite of the obvious lattice distortions at the domain

walls, structures at the core area are interesting since the core

might involve a charged domain wall (Fig. 3(b)). The pres-

ence of a charged domain wall usually induces unusual struc-

tural distortions20,23 and exotic physical properties. Balke

et al. showed that the conducting behavior was enhanced at

the vortex core in BFO.4 Efforts will be made to further

reveal the details of such a charged FQV core in the future.

For the formation of specific domain states, two aspects

can be taken into account. One is the thin film growth rate,

which has been demonstrated to have an important influence

on the geometries of BFO domain states. Martin et al. showed

that mosaic-like domains were observed with high growth

rates (�1–2 Å/s); while at low growth rates (�0.1–0.3 Å/s), a

stripe-like domain state could be obtained.33 For the present

BFO thin film, the growth rate is close to the low growth

rates. The stripe-like domains are in good agreement with the

FIG. 4. 2-D mappings of the horizontal strain exx (a), vertical strain eyy (b), horizontal lattice rotation Rx (c) and vertical lattice rotation Ry (d), respectively, for

the vortex domains shown in Fig. 3(a). (e)–(h) are 2-D mappings of exx, eyy, Rx, and Ry, corresponding to the vortex domains shown in Fig. 3(b). Note that

remarkable changes of lattice spacing and lattice rotation occur at the domain walls.
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phenomenological theory which predicts the domain geome-

tries under an equilibrium state. Another key aspect that deter-

mines the domain pattern geometries is substrate-induced

strains. Under a large tensile strain,29,34 BFO would possess a

structural distortion where the polarization vector would tilt

from the body diagonal [111] of prototypical rhombohedral

BFO into the in-plane direction.29 Such a rotation of the Ps

vector would of course result in the in-plane component of Ps

being larger than that of the out-of-plane component and

increase the ratio of in-plane depolarization field which would

account for the multiple in-plane domain configurations.

For each FQV, 109� ferroelastic domains are interrupted

by 180� ferroelectric domains, and the introduction of more

ferroelectric domain walls does not result in a large disclina-

tion strain. The intrinsic lattice distortion around the 180�

domain wall of BFO is small compared to the disclination

strain in 90� ferroelastic domains in tetragonal ferroelectrics.

Large disclination strains are expected to develop if a domain

pattern is comprised of purely ferroelastic domains, whereas

small disclination strains would be possible if it contains fer-

roelectric domains.

In conclusion, we demonstrated large scale arrays of in-

plane four-state vortex domains in strained BFO thin films

and quantitatively analyzed the atomic structures using

advanced aberration corrected transmission electron micros-

copy. Such exotic domain patterns are comprised of two

180� and two 109� domain walls, and lattice distortion map-

pings reveal that disclination strains are not eminent in spite

of the domain wall lattice distortion. These findings provide

further insights in exploring the in-plane vortex structures

for future studies and possible applications.
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