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Supplemental Materials 

 
S1. Magnified vortex core areas 

 

For the clearness, we have magnified the core regions for both eight-fold and four-fold domains. The 

magnified red square area in Fig. 2(a) and blue square area in Fig. 2(b) are shown in Fig. S1(a) and Fig. 

S1(b), respectively. The corresponding Burgers circuits and Burgers vectors are shown. The total Burgers 

vector for two PEDs case is 2/3[210].  

In the core areas, the contrast of some atomic columns is not clear. The blurry atomic contrast at vortex 

core is largely due to the dechanneling effect of incident electrons. When an atomic column is not well 

aligned along the electron beam direction, the ability of atomic column to “focus” the electron beam into 

a narrow peak decreases, resulting in reduced intensity of atomic columns collected by the HAADF 

detector. Three main factors can result in the dechanneling effect and the blurry contrast at vortex cores in 

STEM images: (1) the vortex core does not go straight through the materials, leading to the overlapped 

ferroelectric domains along the observation direction and the coexistence of upwards and downwards 

shifted Y ions (i.e. two opposite directions along the c axis) in certain atomic columns; (2) the deviation 

of order parameters from the bulk values within the vortex cores, leading to the change in the shift of Y 

ions; and (3) PEDs do not go straight through the materials, leading to the non-uniform distribution of 

strain and atomic displacements (especially along the direction that is perpendicular to the c axis). Factors 

(1) and (2) mainly affect the atomic contrast features along the c axis, while factor (3) leads to horizontal 



lattice distortions. The resultant of these three factors gives rise to the blurry atomic columns at the vortex 

cores. 

Due to the complex interplay among these three factors in the 3D space, only qualitative information 

about the vortex cores was revealed from the 2D STEM images: for factor (1), projected atomic columns 

appear as elongated rods instead of dots; for factor (2), the corrugated configuration of Y layers becomes 

more flat at vortex core areas; and for factor (3), the intervals between adjacent atomic columns vary. At 

the very center of vortex cores, these three factors all play important roles and result in complex image 

contrast. 

Instead of ideal atomic configuration, atoms at the intermediate positions can be found within vortex 

core regions because of factor (2), i.e. the deviation of order parameter from the bulk values, which we 

have systematically studied in our previous work.[1] Our simulation results reveal the lowering of 

symmetry from P63cm to P3c1 or P-3c1 and some Y atoms locating at the intermediate position. In a 

dislocation-free system, such structural features can be misleading or obstructed by factor (1), only at the 

positions where factor (1) can be avoided, the true intermediate state Y atoms can be uncovered. In our 

current system, the factor (3) induced by dislocations makes the situation even more complex for 

quantitative structure determination. The symmetry lowering at vortex cores is common in both six-fold 

and non-six-fold vortex systems. 

 
FIG. S1 (a) Enlargement of the red square area in Fig. 2(a), showing the existence of two PEDs at the 

vortex core area. (b) Enlargement of blue square area in Fig. 2(b). Burgers circuits are illustrated in red 

dashed rectangles and the Burgers vectors for (a) and (b) are the same, i.e. b=2/3 [210]. 

 

S2. Analyses on domain boundary areas 



 

TEM images are the 2D projections of 3D structures, whereas hexagonal manganites have 3D 

distributed domain walls, and the domain boundaries are thus not necessarily to be sharp in STEM images. 

The center of an atomic column in a STEM image does not always represent the real positions of atom 

column at domain walls and vortex cores - overlap leads to the shift of atomic brightness centers. The 

shift value depends on the ratio between the upwards shifted atoms and downwards shifted atoms in each 

Y column, so the distorted atomic image does not directly reflect the change of symmetry. 

As shown in Fig. S2, in order to show the atomic structures of the overlapped domain boundary areas, 

we have removed the colors on these areas. Moreover, we have magnified the area in yellow dotted 

rectangle at the bottom right corner in Fig. S2(a) and the magnified result is presented in Fig. S3(a), 

where the splitting of atoms can be clearly observed. The corresponding atomic model for Fig. S3(a) is 

illustrated in Fig. S3(b). The atomic configurations on the left and right are β− and γ+, respectively. The 

area between green dashed lines is the domain boundary area, where the atomic configuration is the 

combination of β− and γ+ phases. More detailed analyses on domain walls can be found in another 

paper.[1] 

 
FIG. S2 Reproduced from Fig. 2 in the main text. The colors on the domain boundary areas are removed. 

 



FIG. S3 (a) Magnified image from the yellow dotted rectangle area at the bottom right corner in Fig. 

S2(a). (b) Corresponding atomic model for (a). β− and γ+ phases exist at the left and right side, 

respectively. The area between the green dashed lines is the boundary area and the atomic configuration is 

the combination of β− and γ+ phases. 

 

S3 Geometric phase analysis (GPA) results  

 

The full GPA maps (εxx component, x: the horizontal direction) for Figs. 2(a) and (b) are shown in Figs. 

S4(a) and (b), respectively. GPA was performed by a program developed in-house. A hanning window 

was applied to the STEM images to avoid streaking prior to the analyses. Two reciprocal lattice vectors g1 

= [030] and g2 = [002] in the power spectrum were chosen to calculate the displacement fields. To select 

the Fourier components, masks with a Gaussian profile were used. The FWHMs of the masks were 

1/15|g1| and 1/5|g2| for g1 and g2, respectively. 

Near the center of each image, the strain tensor component varies dramatically around the dislocation 

cores. The characteristics of εxx near the dislocation cores are consistent with previously reported 

experimental and simulated results.[2,3] Away from the dislocation cores, the variation of the strain 

tensor is relative smooth, suggesting that the contrasts presented at the center of each image are features 

instead of noise. Besides, obvious variation of εxx also occurs at both the left and right edges of these 

maps. This variation at the edges can be mainly attributed to the sample drift and scanning errors (e.g. 

flyback distortions) during the image acquiring process.[4] Apart from such artifacts at the edges, some 

nearly equally-spaced red and green vertical bands can be observed in both maps. This kind of bands is 

common in GPA maps calculated from STEM images.[4-8] According to our extensive observations and 

analyses, the appearance of these bands is due to the periodic vibration of the electron beam probe along 

the fast-scanning direction, which may be caused by electrical interference. By setting a suitable threshold 

for the power spectrum or applying a smaller Gaussian mask, it is possible to diminish these green and 

red stripe contrasts. 



From GPA results, we can distinguish that the distance between two PEDs in eight-fold image are 

larger than that in four-fold image. As discussed in the main text, two PEDs in eight-fold domains tend to 

split in order to reduce the free energy of the whole system, which is consistent with our experimental 

results.  

 
FIG. S4  Strain maps obtained by GPA. (a) and (b) are the strain tensor component εxx (x - the horizontal 

direction) for the eight-fold domains and four-fold domains, respectively. The color bar indicates change 

in strain intensity from -10% (compressive) to 10% (tensile). Two PEDs can be clearly identified in the 

middle of the images.  

 

S4. Definition of order parameter θ 

 

Using Peierls-Nabarro dislocation model, the x-component of displacement around an edge dislocation 

can be written as 
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where (x, y) is the coordinate of a vector connecting the dislocation core and the sensing point, b is the 

Burgers vector (b is normalized to unity for simplicity), and υ the Poisson ratio.[9-11] We further define θ 
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S5. Atomic models for 2-, 4-, 8-fold vortices 

FIG. S5. Schematic diagrams of the atomic arrangements of (a)2-, (b)4-, and (c)8-fold vortex cores. Each 

vortex core is associated with one single PED. The dividing line is in red on the left of each figure. The 

core areas are marked by the red circles where atomic distortion is expected (not shown). Domain walls 

are marked by the black lines.  

 

S6. Origin of formula 6 2m n⋅ − ⋅  

 

    The coefficient of m is 6 because the dislocation-free system adopts Z6 symmetry at low temperatures, 

six degeneracy states are separated by six domain walls around the vortex core when m = ±1. The 

coefficient of n is -2 because the effect of the semi-defect attached to a dislocation core on the poling 

configuration is equivalent to |n| antiphase domain walls bounded with the vortex core. It has been 

demonstrated that the pure antiphase domain walls are not energetically favorable, and each of them 

should be patched by generating another two interlocked ferroelectric and antiphase domain walls. In our 

case, when m and n have the same sign, the generated domain walls can coalesce with adjacent walls, 

leading to a decrease in the number of domain walls. By contrast, when m and n are opposite in sign, no 

coalescence will occur, the result being an increased number of domain walls. 

 

S7. Landau free energy model 

 

   The free energy density expansion can be represented in the following form: 
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where fbulk is the bulk free energy density and fgrad is the gradient energy density, and the values of all 

coefficients are taken from Ref. 12. The gradient term 21 θ θ(φ ) (φ )
2 3 3

i
Q i is Q ∂ + ∂ +  takes the horizontal 

displacement field into consideration. The critical temperature Ts of structural phase transition for YMnO3 

is set to 1270 K. 

The Monte Carlo (MC) simulation is performed on a 2D square lattice. The system size is L × L, where 

L = 500 or 200 are typically used in this study, and the periodic boundary condition is applied. It is 

assumed that x and y axes are, respectively, along the direction of [210] and [001] in the P63cm structure. 

For each lattice site, the value range of φ is 2π/360*{n|0 ≤ n < 360, n is integer}, variable Q can be a 

random number from the normal distribution with mean parameter Q0 and standard deviation parameter 

0.12. Q0 is a temperature dependent value and is obtained by minimizing the bulk free energy density, i.e. 

solving the following equation: 
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Q0 equals to 0 only when T ≥ Ts. Besides, the secondary order parameter P is calculated from equation
3

Pcos3φ/( + ' )P gQ a g Q= . During simulations, we assume that N (N is an even number) dislocations with the 

same Burgers vector length are formed simultaneously at temperature Td, while half of vectors have the 

opposite direction to the rest ones. For each dislocation, we calculate its contribution θi to the θ field via 

formula (A2). Then the distribution of θ can be obtained by summation
1

θ
N

i
i=
∑ . After the θ field has been 

imposed to the lattice sites at T = Td, its distribution will not vary with additional MC steps and 

temperatures, i.e. the positions of dislocations are fixed in our simulation model. 

    Initially, we start from a lattice with randomly distributed Q (with Q0(T) = 0) and φ, this corresponds to 

a disordered state at high T > Ts. Then the lattice is submitted to the thermal evolution toward the 

equilibrium via the Metropolis algorithm, step by step down to T = 0. In detail, for a randomly chosen site 

i, we update the values of Q and φ by the standard Metropolis procedure for the relaxation of the total free 

energy of system. 

At the beginning of a simulation procedure (T > Ts), the lattice presents a defect-free homogenous state 

with all Q values in close proximity to 0 and φ distributes randomly until T approaches Ts. Just below the 



phase transition temperature Ts, Q increases slightly in the demand of minimization of bulk free energy 

which is still non-sensitive to the value of φ (or (φ+θ/3), if Td > Ts), so there is no preference for φ (or 

(φ+θ/3)). However, the spatially configurations of order parameter field has noticeable impact on the 

gradient energy, so smooth variation of φ (or (φ+θ/3)) among adjacent sites is energetically preferred. The 

system in this state is in analogy with the low-temperature phase of the x-y model in spin system because 

their degeneracy spaces both adopt U(1) symmetry, then topological excitations (bounded vortex-

antivortex pairs without domain walls) will appear to minimize the total energy. Further decrease of 

temperature result in much larger value of Q, and this drives the system into six-fold degeneracy state to 

minimize the bulk free energy, i.e. {0, π/3, 2π/3, π, 4π/3 and 5π/3} are the preferred values for φ. 

Domain/domain wall emerges for balancing the local bulk energy and gradient energy, and the number of 

domain walls around each vortex core depends on the distribution of φ. If the dislocations have been 

produced at this stage, non-six fold vortices will appear. Otherwise, only six-fold vortices can be formed, 

and non-six fold types won’t appear until Td is reached. A rebalancing process happens after dislocations 

are imposed to the system, resulting in non-six domain walls around some vortex cores. 

 

 

S8. Structure features around the vortex cores 

 

By carefully examining Figs. 2(a) and (b), some specific atomic structural features which are different 

from the typical six-fold vortices can be found around the vortex cores.  

The most significant feature is the change of Y layer corrugated configuration around the core. In Fig. 

2(a), there are eight domains indicated by six different kinds of configurations converge to the center. This 

indicates that the order parameter φ which equals to the azimuthal angle of the bipyramid tilting jumps 

eight times around the core, because the value of φ is directly related to the corrugated configuration of Y 

atoms. The jump value of φ should be π/3 or -π/3 at each domain wall and the summation of all eight 

jump values should be 2nπ, where n is an integer. Thus, the variation of φ is non-monotonic around the 

non-six-fold vertex core. By contrast, the variation is always monotonic for six-fold vortices. 

Another feature is the edge dislocations found in vortex core regions. As shown in Fig. S2, a non-zero 

Burgers vector can always be found at the core of a non-six-fold vortex. Because of the existence of extra 

half atomic planes attached to the dislocation cores, the number of atomic planes above the vortex core 

must be different from the area below. Thus the structural phase is disturbed by this phenomenon, and the 

horizontal spacing between two adjacent Y atoms varies continuously around the vortex core due to the 

non-uniform strain field induced by edge dislocations. Such variation of atomic spacing can be described 

by the order parameter θ as defined in equation (A2). 



As described in the main text, the scalar order parameter θ was defined as the x-component of 

displacement field introduced by edge dislocations. It is also discussed that the corrugated configuration 

of R atoms of each unit cell is a function of both azimuthal angle of the bipyramid tilting (φ) and x-

component of displacement field (θ). According to the definition of θ, when varies from 0 to 2π, there 

will be a misplacement of lattice between the two sides of dividing line (see Fig. 3(b) or Fig. S6, the “up-

down-down” lattice above the dividing line mismatches with the lower “up-down-down” lattice, and the 

difference is 1/3[120]). Such jump of lattice at the dividing line originates from the integration of small x-

component displacements along the circle trajectory (white arrow shown in Fig. S6) around the 

dislocation core. So the integration of these displacements has a similar effect as the pure antiphase 

domain wall at the dividing line. However, all our experimental results show that the corrugated 

configuration does not change significantly at dividing lines (the configurations indicated by rulers 

marked in yellow are different above and below the dividing line in Fig. S6, but this does not happen in 

experimental images), this is because the lattice jump induced by dislocations is compensated by the 

changes of corrugated configuration at domain walls. In order to compensate the 1/3[120] lattice jump 

shown in Fig. 3(b), the value of φ should vary -2π/3 along the trajectory to transform the “up-down-down 

(α-)” configuration to “down-up-down (β-)” type. Normally, this variation of φ is realized by forming 

domain walls and the value of φ jumps at the walls. Therefore, when θ varies 2π, φ should vary -2π/3 

accordingly. The three-fold relationship between θ and φ ensures that the corrugated configuration is 

continuous at the dividing line, i.e. the angle parameter (φ+θ/3) varies continuously everywhere except at 

domain walls. In our theoretic model (equation A3), the angle parameter (φ+θ/3) was chosen based on the 

rule that the corrugated configuration should not be changed across the given dividing line. 

The third structural feature is the relative flat corrugated configuration of Y layers within the vortex 

cores. As shown in Figs. 2(a) and (b), the displacements of Y atoms along the c axis in cores are 

obviously smaller than the domain regions, which is due to the significant decrease of order parameter Q 

at cores.[1] In addition, the existence of edge dislocation will contribute to the blurred atomic contrast 

because of the accumulation of strain. 

These structural features, especially the second one, are the basis of our theoretical modeling. By 

performing a series of numerical simulation, these structural features were successfully verified, and the 

formation and evolution mechanisms of the non-six-fold vortices were systematically researched. 



 
FIG. S6. Two different labels of corrugated configuration can be obtained along two different labeling 

directions (the white and yellow arrows) even for the same area. 

 

Movie I 

 

To visualize this evolution process of order parameter fields, a movie showing the formation process of 

a pair of eight-fold vortices is provided. During this simulation, two dislocations with b = 1 and -1were 

assigned randomly to a 200 × 200 lattice at Td = 600 K. The supplementary files “Movie-I-Q.mov” and 

“Movie-I-angle.mov” correspond to the order parameter field of Q and (φ+θ/3), respectively.  
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