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Although topological defects, such as domain walls (DWs) or vortices, are naturally protected by

topological invariance, yet, we discover an exception that the six-state topology of the vortex

with Z2�Z3 symmetry is broken by a partial edge dislocation (PED) in hexagonal

Y0.67Lu0.33MnO3, where the topologies of the four-state vortex or closed DWs emerges. Using

aberration-corrected scanning transmission electron microscopy, we found that the PED plays an

important role in changing the phase of translation domain. The PED at the vortex core leads to

the formation of the four-state vortex, while the ones at closed DWs connect different types of

DWs, both corresponding to continuous phase changes. These results indicate that PEDs can

change the topology of translation-related domain vortices and more vortices with even domains

can be expected. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887057]

Topological defects are ubiquitous in condensed matter

physics such as domain walls (DWs) in ferroics,1,2 vortices

in superconductors, and defects in topological insulators;3,4

such defects accompany with broken symmetries and sepa-

rate regions with dissimilar order parameter orientations. In

ferroics, its magnetization or polarization dynamics is largely

determined by the type and motion of topological defects.

Especially, multifold properties of DW have been reported

intensively;5–8 furthermore, the concept of DW nanoelec-

tronics was proposed.9 Recently, in hexagonal manganites

RMnO3 (R¼ rare earth) Choi et al. unambiguously identified

a unique kind of topological defect characterized by the in-

triguing “cloverleaf” pattern, which consists of six inter-

locked structural and ferroelectric DWs merging into one

vortex core.10 This vortex, involving ferroelectric, magnetic,

and structural order parameters below its Neel temperature

and providing a promising routine for manipulating magne-

toelectric coupling, has attracted intensive researches.2,5,10–20

In principle, the structural translation DW corresponds to the

translation symmetry lost during phase transition, while par-

tial edge dislocation (PED) means anomalous lattice transla-

tion. When they come across within crystal, more topologies

of structural translation domain can be expected.

The trimerization-polarization of RMnO3 is produced by

the uncompensated displacement of R ions along the c direc-

tion, where one third of R ions (Rdown) shift downwards and

two thirds of R ions (Rup) shift upwards. Thus, polarized

domains in this system can be only 180� domains, here, we

denote them byþ or �. The balance ofþ and – can be char-

acterized by the Z2 symmetry. Structurally, when RMnO3

transforms from paraelectric state (P63/mmc) to ferroelectric

state (P63cm), three translation domains resulted from the

breaking of translation symmetry, here, we denote them as a,

b, and c.10,11 The alternative subsequence of abcabc… or

acbacb…can be characterized by the Z3 symmetry. Thus,

six different translation-ferroelectric states are denoted as

a6, b6, c6, which compose the vortex (aþ-b�-cþ-a�-bþ-

c�) or anti-vortex (aþ-c�-bþ-a�-cþ-b�) with the Z2�Z3

symmetry.

The complex but regular domain pattern with striking

six-state vortices is illustrated in the supplementary material,

Fig. S1, where the sign of the electric polarization changes

six times around the vortex core. Its topological order were

revealed by the graph theory, where every domain is sur-

rounded by an even number of vortices, while every vortex is

surrounded by six domains,21 this fact exactly corresponds to

the Z2�Z3 symmetry. The electric conduction and magne-

tism of the DWs have been investigated, and different types

of DWs display distinctly different electrical behav-

iors;5,10,13,14 the topology and its evolution were investigated

from growth experiments;2,11,12,16 the manipulation and

unfolding of the vortices were also carried out;22,23 the details

of the DWs at atomic scale were explored by aberration-

corrected scanning transmission electron microscopy (Cs-cor-

rected STEM), theoretical calculation,15,17,18,24,25 etc. Here,

we demonstrate another topology of the vortices involving

PEDs in Y0.67Lu0.33MnO3 by the Cs-corrected STEM; the

important role of the PED in changing the topology of trans-

lation domain is revealed. The details about the crystal

growth and TEM experiments can be found in the supple-

mentary material.

Figure 1(a) shows a typical dark-field TEM image of the

domains pattern containing a four-state vortex and closed

DWs, where the closed DW is connected directly by only

one vortex core. The dark and white contrasts represent the

domains with the upward (þ) and downward (�) ferroelec-

tric polarizations, respectively. Figure 1(b) is the schematic

diagram of Fig. 1(a). The topologies of the domains pat-

tern—a four-state vortex and closed DWs coexisting with

the typical six-state vortices can be visualized clearly. The

vortex A is a four-state one, where four domains with
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alternating upward and downward ferroelectric polarizations

merge into a core. The vortex D has one closed DW (CW1),

while the vortex E has two closed DWs (CW2 and CW3).

The rest (B, C, F, and G) are normal six-state vortices. Thus,

the topological order involving the Z3 symmetry are broken,

where the four-state vortex breaks the rule of the six-state to-

pology while the closed DWs break the rule of the even-

number-surrounding vortices. More patterns of topologies

can be seen in the supplementary material, Fig. S2.

Subsequently, an important issue comes out: what

causes the topology breaking? In order to clarify the nature

of these defects, we performed the high-angle angular dark-

field (HAADF) imaging around the defect regions. Figure 2

shows an HAADF image of a four-state vortex composed of

four alternative upward and downward polarized domains.

For simplicity, we will just mention the Y(Lu) atoms as Y

hereafter. Oppositely polarized domains can be distinguished

clearly by the down-up-up and up-down-down arrangements

of Y ions.

For the convenience of identifying their translation rela-

tionship in this vortex, we added two white horizontal lines

with periodic short vertical lines scaled by an interval of the

projecting lattice periodicity in Fig. 2. This “lattice ruler” is

used as a reference to identify the types of translation

domains as demonstrated in the supplementary material, Fig.

S1. Consequently, three translation-ferroelectric domains

can be readily identified as the aþ, c�, and bþ. However, it

causes a confused situation to define the fourth domain: the

upper left part can be recognized as b� while the lower right

part can be defined as a�.

Subsequently, we examined carefully the blurred region

of the vortex core and found that there is an extra atomic

(030) plane emerging above the vortex core. This extra

atomic plane corresponds to a PED. Along the [100] direc-

tion, a lattice period is composed of three (030) atomic

planes, while the displacement between the b� and a�
translation domains in Fig. 2 is two (030) atomic planes.

Thus, the PED provides exactly an extra atomic plane, lead-

ing to the mergence of the two original translation domains.

The same situation happens in the closed DWs as well,

where two types of translation domains merge into each

other with the existence of two edge dislocations as shown in

the lower right part of Fig. 3. Two types of translation-

ferroelectric DWs are connected with each other, which is

prohibited in normal six-state vortices. Two PEDs marked

FIG. 1. TEM dark-field image of do-

main pattern and its corresponding

schematic diagrams. (a) Dark-filed

image along the [100] direction. Red

circles label out the locations of

defects; the letters A-G in (b) are used

to mark vortex cores, partial edge dis-

locations (PEDs) are indicated by red

cycles with crosses. Three closed DWs

are labelled by CW1, CW2, and CW3;

(c) is the indexed version of the sche-

matic (b).

FIG. 2. HAADF image of the four-state vortex. The red dotted lines indicate

the locations of DWs, separating the whole image into four polarized

regions. The green, blue, and brown broken rectangles are used to represent

the unit cells of a, b, and c domains, respectively. The upward and down-

ward arrows indicate two opposite directions of electric polarization. In the

blurred region, the PED is indicated by red letter T, the polarized unit cells

at both sides of the PED are outlined by dotted yellow and blue lines.

FIG. 3. HAADF image of a closed DW. The red dotted lines indicate the

locations of DWs, these lines separate the whole image into two oppositely

polarized regions. The brown dotted lines represent the extra atomic plane,

separate the downward polarized regions into three parts further. Two types

of DWs (Type I and Type II) are labelled by the two blue short lines. Two

PEDs are indicated by T1 and T2, respectively.
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by T1 and T2, respectively, are identified. Concretely, an

extra (030) atomic plane introduced by T1 turns the b� to be

the a0�, while the one introduced by T2 turns the a0� to be

the c�.

More importantly, we would like to emphasize that a

pure tail-to-tail ferroelectric DW without the displacement

exists at the middle region between two PEDs where the aþ
is directly neighbored by the a�. However, pure ferroelec-

tric or translation DWs should be forbidden in RMnO3 sys-

tem, which is verified by previous theoretical analyses18,19

and experimental observations.15,17,24–27 Here, this pure

DW emerges as the by-product of two PEDs, since two

shifts toward left are required for the transformation from

the b� domain to the c�; the a0� appears as the transition-

state. The situation where the closed DW is accompanied

by one PED is also observed (see the supplementary mate-

rial, Fig. S3).

Based on these observations, the domain pattern in Fig.

1(b) can be indexed as depicted in Fig. 1(c). We conclude

that types of translation domains can be modulated by PEDs.

A PED provides a phase shift of 120�, which is exactly cor-

responding to the difference among the three “þ” or “�”

translation domains (aþ-bþ-cþ or a�-b�-c�). With appear-

ance of a PED, two translation domains would merge into

each other. For the four-state vortex in Fig. 2, the PED at the

core bridges the b� and the a�, this fact leads to the subse-

quence of the a�-bþ-c�-aþ-b� with the lack of the domain

cþ. For the closed DW (e.g., CW1) in Fig. 3, the PED

bridges the a� and the b�; whilst considering the subse-

quence of six domains surrounding the vortex cores B and C,

we find that the a� is the resulting choice below the CW1.

Further, we suggest that the PED can conveniently con-

trol the topology of the translation-ferroelectric domain pat-

tern. It can even cancel the translation DW by the

cooperation of another PED. One possible emerging routine

of the four-state vortex can be assumed as follows: a closed

DW forms first by a PED, then the PED approaches towards

the six-state vortex core until it merges into the vortex core,

the closed domain would vanish and the four-state vortex

would appear. In addition, the continuous phase shift intro-

duced by the PED corresponds to a wide pure translation

DW within one single ferroelectric domain, as the situation

of the fourth domain in Fig. 2, which lays foundations for to-

pology breaking.

Due to its phase shift nature, one PED pinned at the vor-

tex core can also introduce an extra translation domain with

opposite polarization and separate one primary domain into

three domains, this fact results in the appearance of two extra

domains and thus an eight-state vortex. Actually, we did

observe the 8-state-like vortex as shown in the supplemen-

tary material, Fig. S4.28 Thus, we can expect the vortices

with “even” number of domains companied by closed DWs,

for example, 8, 10, or 12-state-like vortices.

With regard to the origin of those PEDs formed in

Y0.66Lu0.33MnO3, we have no reliable evidence about it so

far. Primarily, we suspected that the doping of the Lu ele-

ment is the cause, however, elemental mapping experiments

carried out with the energy-dispersive x-ray spectroscopy at

atomic scale showed no element segregation existing in

those defect regions. At present, we just know that those

PEDs prefer to nucleate at the vortex cores or DWs as

observed in the HAADF images.

In summary, we applied the dark-field imaging tech-

nique and the HAADF imaging technique with the Cs-

corrected STEM to study the topology of the multiferroic

vortex in hexagonal Y0.67Lu0.33MnO3 single crystal. Lots of

abnormal four-state vortices and closed DWs were observed.

The important role of the PED in changing phase of transla-

tion domains is discussed. Furthermore, we proposed that the

PED can introduce other kinds of the vortices with even

number domains. These results extend our understanding of

the role of the PED in changing the topology of translation-

related domains and may open an avenue towards controlling

the multiferroic domain structure and its magnetoelectric

coupling.
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