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Outline 
•  Hexagonal rare-earth manganites (RMnO3) and the 

“trimerization” (structural transition) inducing ferroelectricity 

•  Visualization of frozen vortex loops 

•  Theoretical modeling with a 6-state “clock spin” (Z6) model in 3D 

—  Emergent symmetry at the critical point : Z6 ➛ U(1) 

— Dual (vortex-loop) description of the phase transition 

•  Comparison with the  
Kibble-Zurek theory 
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 * The discoveries of elements with atomic numbers 113–118 have been reported but not fully confirmed.The systematic names and symbols
for elements greater than 112 will
be used until the approval of trivial
names by IUPAC.
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As R (rare earth) of RMnO3, one may choose … 

Perovskite RMnO3 Hexagonal RMnO3 

Perovskite*RMnO3! Hexagonal*RMnO3!

H exagonal 

TC>1000 K & TN�90 K 
Ferroelectric insulator 

Y MnO3**

*
 

Common properties 

•  Ferroelectric insulators 

•  Tc > ~1300 K 

•  TN ~ 100 K (*) 

(* We are not concerned about magnetism in this talk) 
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Trimerization with Z6 symmetry breaking 

Bas B. Van Aken, et al., Nature 2004 

Buckling of MnO5 polyhedra accompanied by displacements of rare earth ions 
➜ Ferroelectricity ARTICLES

NATUREMATERIALS DOI: 10.1038/NMAT2632
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Figure 1 | The crystallographic structure of domains and domain boundaries in ferroelectric hexagonal YMnO3. a, A three-dimensional diagram of the
hexagonal YMnO3 structure. The yellow, brown and light-blue spheres represent the Y, Mn and O ions, respectively. The arrows show the directions of
atomic displacements. The triangle with green bars corresponds to the Mn trimer. Two thirds of the Y ions distort downward and one third of the Y ions
distort upward, leading to ferroelectric polarization along the c axis. The Y ion distortions and the trimerization of Mn3+ ions in each Mn layer result from
tilting of MnO5 polyhedra. b–f, The local distortions of various domain boundaries in ferroelectric hexagonal YMnO3. The arrows depict the directions of
atomic distortions and the light-blue and dark-blue circles indicate the top and bottom apical oxygen ions of MnO5 polyhedra. b,c, Two types of APB, APBI

(b) and APBII (c), with different phase shifts at the boundaries. The red dashed lines for the unit cells of P63cm demonstrate the discontinuation of
trimerization at the antiphase boundaries. d, FEB between 180� ferroelectric domains. Upward and downward distortions of Y ions are inverted in the
neighbouring domains, consistent with the opposite polarization orientations. Note that the positions of Mn3+ trimers remain unchanged across the FEB,
even though the top and bottom oxygen ions distort inversely across the FEB. e,f, The simultaneous APBI +FEB (e) and APBII +FEB (f). It should be
emphasized that among all boundaries in this figure, the simultaneous APB+FEB may be energetically favoured because the upward and downward
distortions of Y ions are compensated at the boundary.

downward distortion of two thirds of the Y ions and the upward
distortion of one third of the Y ions. These distortions result in ap
3⇥p

3-type superstructure from the P63/mmc high-temperature
structure29. The non-equal population of upward- and downward-
distorted Y ions results in the presence of ferroelectric polarization
along the c axis (⇠5 µC cm�2; see Supplementary Fig. S1).

A striking crystallographic domain pattern with the emergence
of six domains from one point, resembling a cloverleaf pattern,
was observed in in-plane transmission electron microscopy (TEM)
images of YMnO3. As a result of the presence of three options for the
origin of trimerization, three types of antiphase domain (↵, � and �)
are plausible29. Our preliminary high-resolution TEM observation
clearly demonstrated the presence of antiphase domain boundaries
(APBs) in YMnO3 (see Supplementary Fig. S2). Figure 2a shows
a TEM dark-field image taken using the 1¯31 diffraction spot—the
Miller index is based on P63cm. Note that the TEM specimen was
tilted from the c axis by ⇠15� to excite the 1¯31 spot to obtain the
dark-field image. The dark-field image clearly shows the presence
of a cloverleaf pattern: six antiphase domains emerging from one
central point. There are two types of APB (APBI and APBII),
with different phase shifts (see Fig. 1b,c). The cloverleaf pattern
may be assigned with a periodic configuration30 of three types of

antiphase domain, that is, ↵�����↵����, around the centre
with alternating APBI and APBII (see Supplementary Fig. S4). The
directions of the APBs near the centre coincide with the expected
directions, as indicated by arrows in Fig. 2a. One intriguing feature
in the dark-field image is that bright and dark contrasts alternate
around the centre. It is well established that breaking of Friedel’s
pair in ferroelectrics can give rise to such a contrast difference in
180� domains in dark-field images31. On the other hand, antiphase
domains are not supposed to show any contrast in dark-field
images. Consequently, with the notation of + and � for 180�

ferroelectric domains, the cloverleaf pattern is consistent with the
domain configuration of [↵+,��,�+,↵�,�+,��] around the
centre (see Fig. 2b and Supplementary Fig. S4). We emphasize
that APBs coincide with ferroelectric domain boundaries (FEBs,
Fig. 1d)—that is, we do not have boundaries such as [↵+,↵�] or
[↵+,�+]. As the upward and downward distortions of Y ions are
compensated at simultaneous APBs and FEBs (see Fig. 1e,f), the
simultaneous APB+FEB may be energetically favoured32, leading
to the mutual locking of APBs and FEBs. Note that the presence of
the different local lattice distortions at APB+FEB, combined with
⇠15� tilting of the TEM specimen, results in the thick TEM line
contrast33 at the boundaries in Fig. 2a.
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of such trimerization, which are represented by A, B, and C,
as shown in Fig. 1!b". In the next layer, trimers are formed in
the upper-triangle shape and also three ways of trimerization,
represented by A!, B!, and C!. Here, A and A! are formed
around the center oxygen at the same position of each plane.
In the P63cm phase, the MnO layers are stacked as
AA!AA!AA!A… . In the R3c, on the other hand, they are
stacked as AB!CA!BC!A… .
It is expected that large and stable Mn trimerization is

allowed in the P63cm phase, where the Mn trimers are
formed around a specific O-Y-O-Y chain parallel to the c
axis, than in the R3c phase, where the trimers are formed
around each O-Y-O-Y chain equivalently. Accordingly, it is
speculated that this structural phase transition from P63cm to
R3c, which is globally occurring in the crystal, is correlated
with the suppression of the Mn trimerization, which is lo-
cally occurring by the substitution of Ti for the Mn site. In
other words, the heavily suppressed trimers by Ti doping
prefers more homogeneous stacking along the c axis !R3c" to
reduce the strain energy of the crystal. It is experimentally
observed that the x dependence of both the a !in-plane" and c
!out-of-plane" lattice constants shows anomalies at the struc-
tural phase boundary, as seen in Fig. 2!b". Qualitatively, the
increase of the a lattice constant can be explained by the
larger ionic radius of Ti than Mn and the decrease of the c
lattice constant by the decrease of the tilting of the MnO5
bipyramid.6 It should be also noted that the single crystal of
YMn1−xTixO3 remains as the P63cm phase until x=0.3 #as
exemplified for x=0.2 by the dashed line in Fig. 2!a"$, mean-
ing that the phase boundary moves to a larger Ti concentra-
tion in the single crystals.

How does this structural change !the suppression of the
Mn trimerization and the structural phase transition" affect
the magnetic and dielectric properties in YMn1−xTixO3? Fig-
ure 3!a" shows the inverse magnetic susceptibility versus
temperature of YMn1−xTixO3 !left, polycrystals; right, single
crystals". For x=0, both the single crystal and polycrystal
show an anomaly around 70 K !shown by the solid tri-
angles", corresponding to TN. However, this anomaly disap-
pears with finite values of x, suggesting the disappearance of
antiferromagnetic ordering. Indeed, powder neutron diffrac-
tion measurement13,14 indicates that the long-range antiferro-
magnetic ordering disappears for x=0.15 in the polycrystal-
line samples. It is also observed that the Weiss temperature
%!%, which is &700 K for the x=0 single crystal,10 decreases
with increasing the Ti concentration x. As shown in the right
panel, this change is isotropic for the magnetic susceptibility
with H 'ab and H 'c in the single crystals. These results in-
dicate that the average antiferromagnetic interaction is sup-
pressed with increasing Ti concentration.
One possible explanation of the suppression of %!% is a

simple substitution effect of nonmagnetic impurities !Ti4+".
However, such a drastic suppression of %!% down to almost
zero for x=0.2 cannot be explained by only the 20% doping
of nonmagnetic impurities, which usually results in the sup-
pression of %!% only by the same order. Another possibility is
a carrier doping effect. Assuming a stoichiometric oxygen
content, Ti4+ substitution for the Mn3+ site introduces elec-
trons into the Mn site !the formation of Mn2+", and this can
drastically change the magnetic interaction, analogously to

FIG. 1. !Color online" !a" Three MnO5 bipyramids, which are
tilted toward the oxygen at the center of the three bipyramids and
form a trimer. !b" MnO layers along the ab plane. Solid circles
correspond to the Mn ions, and the oxygen ions are on the intersec-
tion of the lines. The lines connecting three Mn ions refer to the
trimer formation. The trimer on the first layer is formed on position
A. The trimer on the second layer is formed on the different posi-
tions in the P63cm phase !A!" and in the R3c phase !B!".

FIG. 2. !Color online" !a" X-ray diffraction patterns of
YMn1−xTixO3 polycrystals at 300 K. The dashed line with x=0.20
is the data of a single crystal. The vertical marks below the diffrac-
tion pattern of x=0.15 and x=0.40 indicate the position of Bragg
peaks for the P63cm and R3c phases, respectively. !b" The x depen-
dence of the a and c lattice constants. The c lattice constant for the
R3c phase is multiplied by 1/3 for comparison.

AIKAWA et al. PHYSICAL REVIEW B 71, 184418 !2005"
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Z3 × Z2 = Z6 α+, α-, β+, β-, γ+, γ-  

exact value depends on the R ion), a spontaneous symme-
try breaking occurs, with the condensation of primarily two
phonon modes with distinct irreducible representations of
the high-symmetry structure [19,25]. The first is a mode of
K3 symmetry, which involves a trimerizing tilt of the
trigonal bipyramids and is the primary-order parameter
[Fig. 1(b)]. Since the K3 mode can condense about three
different origins, and the tilt can be in the ‘‘in’’ or ‘‘out’’
direction, six trimerization domains are formed; these have
been shown using high-resolution transmission electron
microscopy to meet at vortex cores [22]. Importantly
(and unusually), while this mode lowers the symmetry to
that of a polar space group, it carries no net polarization, as
any net local polarity vanishes macroscopically due to the
nonzero-mode wave vector. A secondary mode of !!

2

symmetry (referring to the parent space group), which
does not further lower the symmetry, provides the ferro-
electric polarization [Fig. 1(c)]. The orientation of this
secondary ferroelectric polarization is set by the in or out
tilt of the K3 mode, and so it does not result in additional
domains. It is essential for our experiments, however, as it
allows the straightforward imaging of the domain structure
using piezoresponse force microscopy (PFM). Indeed,
PFM measurements reveal that domains of alternating po-
larization are locked to the trimerization domains around
vortex cores [22,26], yielding appealing sixfold patterns
[Fig. 1(d)]. Electric-field poling experiments have shown
that the vortex cores are protected in the sense that they
cannot be annihilated or driven out of the system by an
electric field [22,26]. Surprisingly, the domain structure and
density of these topological defects when viewed from the
side of the sample are similar to those characteristics viewed

from the top in spite of the layered crystal structure and
uniaxial ferroelectricity [26] [Fig. 1(d)]. This absence of
anisotropy in the domain structure allows for straightfor-
ward determination of the defect densities from two-
dimensional top-view scans of their areal density, rather
than requiring a complex three-dimensional analysis.
First-principles calculations [19] and Landau-theory

analysis [27] have shown that, for small magnitudes of
the trimerizing K3 mode, the polar mode appears only as a
third-order term, and so the magnitude of the ferroelectric
polarization just below TC is vanishingly small. The van-
ishingly small ferroelectric polarization is important for
our discussion for two reasons: First, the formation of the
domain structure at TC is not influenced by the system’s
attempts to minimize the depolarizing field from the fer-
roelectric polarization. Strong evidence for this lack of
influence is given by the large numbers of electrostatically
unfavorable head-to-head and tail-to-tail domain walls that
form in RMnO3 but that rarely occur in conventional ferro-
electrics [23]. Second, first-principles calculations show
that the energy lowering provided by the condensation of
the K3 mode is independent of the angle of the tilt until the
polar mode subsequently develops [27]. This observation
means that the potential below the phase-transition tem-
perature is given by the continuous ‘‘Mexican-hat’’ form
(Fig. 2). The atomic nature of the lattice does not manifest
itself until at lower temperatures when the domain struc-
ture is already determined. As a result, we can use the
mathematics of continuous symmetries, which are usually
assumed in the Kibble-Zurek mechanism and are a condi-
tion for the discussion of topological defects. In this lan-
guage, the full rotational symmetry is broken when the

FIG. 1. (a) High-symmetry P63=mmc structure of RMnO3 before the onset of trimerization. (b) Action of the K3 trimerization mode
on the R ions and MnO5 trigonal bipyramids. The insets below the image of the main structure emphasize that outward trimerization
results in a downward shift of the corresponding R ion, whereas inward trimerization results in an upward shift. (c) The subsequent
additional displacements of the R ions (blue arrows) in the !!

2 mode provide the ferroelectricity. Note that, once the orientation of the
trimerization mode is set, the spontaneous polarization can emerge in only one direction. (d) Typical domain structure measured using
piezoresponse force microscopy. The black and white regions correspond to opposite orientations of the ferroelectric polarization
along the z axis. Note that the domain structure is isotropic, in spite of the layered crystal structure.
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exact value depends on the R ion), a spontaneous symme-
try breaking occurs, with the condensation of primarily two
phonon modes with distinct irreducible representations of
the high-symmetry structure [19,25]. The first is a mode of
K3 symmetry, which involves a trimerizing tilt of the
trigonal bipyramids and is the primary-order parameter
[Fig. 1(b)]. Since the K3 mode can condense about three
different origins, and the tilt can be in the ‘‘in’’ or ‘‘out’’
direction, six trimerization domains are formed; these have
been shown using high-resolution transmission electron
microscopy to meet at vortex cores [22]. Importantly
(and unusually), while this mode lowers the symmetry to
that of a polar space group, it carries no net polarization, as
any net local polarity vanishes macroscopically due to the
nonzero-mode wave vector. A secondary mode of !!

2

symmetry (referring to the parent space group), which
does not further lower the symmetry, provides the ferro-
electric polarization [Fig. 1(c)]. The orientation of this
secondary ferroelectric polarization is set by the in or out
tilt of the K3 mode, and so it does not result in additional
domains. It is essential for our experiments, however, as it
allows the straightforward imaging of the domain structure
using piezoresponse force microscopy (PFM). Indeed,
PFM measurements reveal that domains of alternating po-
larization are locked to the trimerization domains around
vortex cores [22,26], yielding appealing sixfold patterns
[Fig. 1(d)]. Electric-field poling experiments have shown
that the vortex cores are protected in the sense that they
cannot be annihilated or driven out of the system by an
electric field [22,26]. Surprisingly, the domain structure and
density of these topological defects when viewed from the
side of the sample are similar to those characteristics viewed

from the top in spite of the layered crystal structure and
uniaxial ferroelectricity [26] [Fig. 1(d)]. This absence of
anisotropy in the domain structure allows for straightfor-
ward determination of the defect densities from two-
dimensional top-view scans of their areal density, rather
than requiring a complex three-dimensional analysis.
First-principles calculations [19] and Landau-theory

analysis [27] have shown that, for small magnitudes of
the trimerizing K3 mode, the polar mode appears only as a
third-order term, and so the magnitude of the ferroelectric
polarization just below TC is vanishingly small. The van-
ishingly small ferroelectric polarization is important for
our discussion for two reasons: First, the formation of the
domain structure at TC is not influenced by the system’s
attempts to minimize the depolarizing field from the fer-
roelectric polarization. Strong evidence for this lack of
influence is given by the large numbers of electrostatically
unfavorable head-to-head and tail-to-tail domain walls that
form in RMnO3 but that rarely occur in conventional ferro-
electrics [23]. Second, first-principles calculations show
that the energy lowering provided by the condensation of
the K3 mode is independent of the angle of the tilt until the
polar mode subsequently develops [27]. This observation
means that the potential below the phase-transition tem-
perature is given by the continuous ‘‘Mexican-hat’’ form
(Fig. 2). The atomic nature of the lattice does not manifest
itself until at lower temperatures when the domain struc-
ture is already determined. As a result, we can use the
mathematics of continuous symmetries, which are usually
assumed in the Kibble-Zurek mechanism and are a condi-
tion for the discussion of topological defects. In this lan-
guage, the full rotational symmetry is broken when the

FIG. 1. (a) High-symmetry P63=mmc structure of RMnO3 before the onset of trimerization. (b) Action of the K3 trimerization mode
on the R ions and MnO5 trigonal bipyramids. The insets below the image of the main structure emphasize that outward trimerization
results in a downward shift of the corresponding R ion, whereas inward trimerization results in an upward shift. (c) The subsequent
additional displacements of the R ions (blue arrows) in the !!

2 mode provide the ferroelectricity. Note that, once the orientation of the
trimerization mode is set, the spontaneous polarization can emerge in only one direction. (d) Typical domain structure measured using
piezoresponse force microscopy. The black and white regions correspond to opposite orientations of the ferroelectric polarization
along the z axis. Note that the domain structure is isotropic, in spite of the layered crystal structure.
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Figure S3. The growth of conductive domains in a YMnO3 single crystals with large bias 
voltages. a three-winged cloverleaf conductive domain pattern of YMnO3 before (a) and after 
(b) a large positive bias voltage sweep.  
 

�

Figure S4. Local distortions at the simultaneous APB + FEB for the [Į+, ȕ-, Ȗ+, Į-, ȕ+, Ȗ-] 
cloverleaf configuration. Yellow, brown and blue circles represent the Y, Mn, and O ions, 
respectively. Light blue and dark blue circles indicate the top and bottom apical oxygen ions 
of MnO5 polyhedra. Arrows depict the directions of atomic displacements. Triangles with 
green bars correspond to the Mn trimers.  
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(The other types of domain walls appear to be energetically unfavorable) 
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TEM dark-field with (1-31) peak (P63cm) 
Choi, et al., Nature Mater. 2010 
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Six-state “clock spin” (Z6) model in 3D 
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Natural model to explain the 
observed vortex structure 
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 Z6 ➛ U(1) 

dimensions and independent of the microscopic model.
Shortly speaking, the Zn perturbation gives mass to the
pseudo-NG boson ! , which would be massless NG boson in
the absence of the perturbation. In contrast, in two dimen-
sions the coupling constant K of the free boson field theory is
dimensionless, and the above argument does not apply. It is
related to the absence of a spontaneous breaking of a con-
tinuous symmetry.
We now have a global picture of the RG flow as shown in

Fig. 1. The phase transition between the ordered phase and
the disordered phase is governed by the XY fixed point. This
means that the critical exponents are identical to those of the
XY model. This is consistent with the numerical results. In
the disordered phase above Tc , there will be no essential
effect of the Zn perturbation. However, the nature of the
ordered phase is more interesting. The Zn perturbation "n is
eventually enhanced in the ordered phase below Tc . It
means that all regions below Tc belong to the massive phase
with the spontaneously broken Zn symmetry. There is no
rotationally symmetric intermediate phase, unlike the 2D
case. Only a precisely O(2) symmetric model with "n!0 is
renormalized to the NG fixed point below Tc , corresponding
to the rotationally symmetric low-temperature phase.
An interesting aspect of the RG flow diagram is that the

Zn perturbation is irrelevant at the 3D XY fixed point but is
relevant at the low-temperature NG fixed point. This could
be related to a nontrivial system size dependence found in a
Monte Carlo renormalization-group calculation.16 For T
slightly less than Tc , the symmetry breaking perturbation "n
is renormalized to a small value by the RG flow, and remains
small until the RG flow reaches near the NG fixed point. It
means that the mass of the pseudo-NG bosons is suppressed
by the fluctuation effect. At a finite scale #for example, in a
finite-size system$, the ordered phase near Tc is very similar
to the low-temperature phase of the XY model. This naturally
explains the numerical observation of the apparently rota-
tionally symmetric ‘‘phase’’ in 6CL or the AFP model. For
larger n, the mass is more suppressed, and the low-
temperature side of the transition appears to be O(2) sym-
metric until the system size becomes very large. However,
for any finite n, the low-temperature side of the transition

T"Tc is not truly massless nor O(2) symmetric in the ther-
modynamic limit, as already pointed out.

III. SCALING LAW IN THE ORDERED PHASE

Based on the RG picture, we derive a scaling law on an
order parameter On which characterizes the symmetry break-
ing from the O(2) to Zn symmetry. There are various pos-
sible definitions of On . On the 6CL model, Miyashita14 nu-
merically measured an order parameter % which corresponds
to the effective barrier height. On the AFP model, Heilmann,
Wang, and Swendsen11 studied &'6(, which is the Fourier
transform of the angle distribution density of average spins.
The following consideration applies to the both cases.
For large enough L and T slightly lower than Tc we divide

the RG flow to three stages, as shown in Fig. 2:
#i$ The RG flow near the 3D XY fixed point. The symme-

try breaking "n is irrelevant, and is renormalized propor-
tional to l#!yn! at length scale l.

#ii$ The RG flow from the neighborhood of the 3D XY
fixed point to the NG fixed point. For simplicity, we assume
that the symmetry breaking "n is unchanged in this stage.

#iii$ The RG flow near the NG fixed point. "n is relevant,
giving a mass to the NG boson.
The length scale lc , at which the crossover from stages #i$ to
#ii$ occurs, is given by lc)const(Tc#T)#*, where * is the
correlation length exponent of the 3D XY universality class.
Thus, at the crossover,

"n)const#Tc#T $*!yn!. #9$

This also gives the effective value of the perturbation "n at
the crossover from stages #ii$ to #iii$.
In the presence of the Zn perturbation, the spin configu-

ration would be dominated by the ordered regions which are
separated by domain walls in a large system. The free energy
costed by the domain walls is proportional to their area,
which scales as L2 for the system size L. Therefore the ef-
fective ‘‘barrier height’’ is proportional14 to L2. Combining
this with Eq. #9$, we conclude that the order parameter is a
function of a single scaling variable

FIG. 1. The RG flow diagram of the Zn models, projected onto
the two-dimensional parameter space spanned by u and "n . The Zn
perturbation "n is irrelevant at the 3D XY fixed point, but is relevant
at the NG fixed point. For T slightly less than Tc , the RG flow is
divided into the three stages #i$, #ii$, and #iii$.

FIG. 2. The order parameter &'6( taken from Ref. 11. They are
scaled by x!cL2(Tc#T)*!y6!, for various system sizes and tem-
peratures. The data are consistent with the scaling law #10$ with the
exponent *!y6!!4.8. They also agree with the approximate scaling
function f (x)!I1(x)/I0(x), for c!0.025.
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Vortex loops in RMnO3 
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Monte Carlo simulation 
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Similar idea for the superfluid 
transition in 4He 

[U(1) symmetry breaking] 



Theory for vortices 
Direct description 

Kleinert, “Gauge Fields in Condensed Matter”  
(World Scientific) 
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Initial condition of cooling : Tinit > Tc or Tinit < Tc 

—simulation— 
Spin configuration and vortices: ID4, T=2.0000
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Spin configuration and vortices: ID20, T=-14.0000
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Initial condition of cooling : Tinit > Tc or Tinit < Tc 

—experiments— 

LuMnO3 (Tc = 1672 K) 

Tinit - Tc = +1 K 

3 µm 

Tinit - Tc = +26 K 

3 µm 

10 µm 15 µm 

Tinit - Tc = -39 K Tinit - Tc = -1 K 

Crystal growth temperature 

Lu"
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Frozen vortex-antivortex pairs 

Fig. 3

simulation 

experiments 
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Kibble-Zurek mechanism 
http://en.wikipedia.org/wiki/Kibble-Zurek_mechanism 

(and ref’s therein) 
Suppose T is lowered linearly with time (starting from t < 0) : 

At 2nd order transitions, “critical slowing 
down” occurs with an exponent z × ν : 
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Cross-section density of frozen vortices 
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⇡ 0.57z ~ 2, ν ~ 0.67155(27) 
Campostrini et al.,  
PRB 2001 

surface (see the Supplemental Material, section 2 and
Fig. S2 [17]). The more-or-less straight parts of dark stripe
lines are indicated with white dashed lines in the upper
region of Fig. 2(b). A TEM image of closed loop domains
is shown in Fig. 2(c), and the corresponding possible
schematic is shown in Fig. 2(d). Therefore, when the
system approaches Tc from below, thermal fluctuations
induce roughening of the stripe domain walls and the
appearance of a large number of loop domains.

When the annealing temperature was further raised by
30 !C up to 1170 !C, a complicated pattern was observed
after chemical etching as shown in Fig. 2(e). This pattern,
in fact, shows the crossing of lines and the presence of a
large number of vortices. This vortex-antivortex domain
pattern formation was more evident when the annealing
temperature was raised to 1200 !C, as shown in Fig. 2(f).
We have determined the characteristic temperatures for all
REMnO3 (RE ¼ Ho, Er, Tm, Yb, Lu) at which stripe
domain patterns turn into vortex-antivortex domain pat-
terns after the annealing experiment. The obtained charac-
teristic temperatures are plotted in the inset of Fig. 2(f),
and the reported Tc of YMnO3 is also plotted in the inset
[18]. The rough linear dependence in the inset strongly
suggests that the characteristic temperatures are, indeed,
the trimerization-structural Tc of REMnO3. Note that Tc’s
of REMnO3 (RE ¼ Ho, Er, Tm, Yb, Lu) have never been
reliably determined because of the very high temperature
nature. We also point out that the drastic increase of Tc

with decrease of RE size is consistent with the notion that
the structural transition is induced by the mismatch
between small RE layers and large Mn-O layers in the
REMnO3 structure. Note that REMnO3 crystals were
grown by slow cooling of the materials with Bi2O3 flux
in the temperature range of 1200 !C and 950 !C, but the
real growth through nucleation occurs probably slightly
above 950 !C. Thus, YMnO3 crystals are likely grown
above Tc, but other REMnO3 crystals below Tc.
Therefore, it appears that stripe domain patterns form
when the crystal growth temperature is below Tc, while
vortex-antivortex domain patterns are realized when crys-
tals are exposed to temperatures above Tc.

Interestingly, we found that once vortex-antivortex
domain patterns, spanning the entire crystal surface (see
the Supplemental Material, section 3 and Fig. S3 [17]),
form by crossing Tc, they are conserved with various
thermal treatments, but the domain size of vortex-
antivortex domain patterns or the distance between vortices
and antivortices can vary in a systematic manner. In order
to find out the thermal evolution of vortex-antivortex
domain patterns and the domain growth kinetics, the cool-
ing rate near Tc was changed from 0:5 !C=h to 300 !C=h.
In addition, we cooled one specimen from 1220 !C to
677 !C with a cooling rate of 5 !C=h, followed by quench-
ing to room temperature. Figures 3(a)–3(d) show the AFM
images of etched ErMnO3 crystals with the above thermal

treatments. With the large variation of cooling rate from
0:5 !C=h to 300 !C=h, vortex-antivortex domain patterns
remain intact, but the domain size of vortex-antivortex
domain patterns changes systematically.
We emphasize that the vortex-antivortex domain pat-

terns in Figs. 3(b) and 3(c) are basically identical, indicat-
ing that the cooling rate below 677 !C does not influence
the domain patterns. This is an important result for the
origin of the mysterious second transition of REMnO3 near
600 !C reported in many early publications [12,18–25].
This second transition at #600 !C was identified as the
ferroelectric transition from centrosymmetric P63=mmc to
low-temperature polar P63cm structures via an intermedi-
ate P6c=mcm structure [19,20] whereas other results
argued for the nonexistence of intermediate P63=mcm
state, but the presence of an isosymmetric phase transition
with Y-O hybridization [12,18,21,22,24]. We, in fact,
directly compared vortex-antivortex domain patterns at
room temperature and 730 !C from TEM dark-field experi-
ments using the 1!31 diffraction spot as shown in
Figs. 4(a) and 4(b). Basically there is little difference
between two vortex-antivortex domain patterns, which,
combined with no difference in vortex-antivortex domain
patterns on the cooling rate across the second transition
temperature, are consistent with the possibility of an iso-
symmetric change at the second transition if it exists.

FIG. 3 (color online). The evolution of vortex-antivortex
domain patterns with varying cooling rate. The AFM images
of chemically etched ErMnO3 crystals: (a) cooled from 1220 !C
to 890 !C with a rate of 0:5 !C=h, followed by furnace cooling,
(b) cooled from 1200 !C to room temperature with a rate of
5 !C=h, (c) from 1200 !C to 677 !C with a rate of 5 !C=h,
followed by quenching, and (d) from 1200 !C to room tempera-
ture with a rate of 300 !C=h.

PRL 108, 167603 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
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Chae et al., PRL 2012 
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Cross-section density of frozen vortices 
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Summary 

•  Direct observation of the 3D XY transition driven by 
proliferation of vortex loops in hexagonal RMnO3 

•  The 6-state clock model serves as a good effective model 

•  The sharp asymmetry between cooling from T > Tc or T < Tc is 
a consequence of the Higgs condensation of vortex lines 

•  The Kibble-Zurek mechanism to explain the frozen vortex 
density after a rapid cooling is confirmed both in 
experiments and numerical simulations 
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