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We show that the spontaneous symmetry breaking in multiferroic hexagonal manganites can be
chemically manipulated to yield two complementary ground states: the well-known ferroelectric P63cm
and an antipolar P3̄c phase. Both symmetry breakings yield topologically protected vortex defects, with the
antipolar vortices dual to those of the ferroelectric. This duality stems from the existence of 12 possible
angles of MnO5 tilting, and broad strain-free walls with low energy spontaneously emerge through an
intermediate P3c1 state, providing a complete unified symmetry description.
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The hexagonal rare-earth manganites (h-RMnO3,
R ¼ Sc, Y, Ho-Lu) [1–5] with their combined and coupled
structural distortions [1,6,7], ferroelectricity [3,8], magnet-
ism [9,10], and electronic conduction [11,12] provide an
interesting paradigm in the quest for novel multifunctional
materials. The structural phase transition underlying their
unusual behaviors is now understood to be described by a
Mexican hat-type potential [2] in which the primary order
parameter is a K3 mode characterized by trimerizing tilts
of the MnO5 trigonal bipyramids [2,3,8]. For large K3

amplitudes the energy is reduced to six stable states through
an angle-dependent coupling to a secondary polar Γ2

−
mode consisting of a polar displacement of the R-cation
sublattice. For positive Γ2

− the coupling is most energy
lowering for K3 tilt angles of 0°, 120°, and 240°, whereas
negative Γ2

− favors angles of 60°, 180°, and 300° [Fig. 1(a)
blue arrows and Supplemental Material, Figs. S1(a)–1(b)
[13]], yielding a modified Mexican hat potential with six
minima in the brim that correspond to alternating polari-
zation directions. A consequence of this unusual potential
landscape is the striking cloverleaf domain structure in
the ferroelectric (FE) P63cm phase, with topologically
protected Z2 × Z3 FE vortices at the meeting point of six
domains with opposite electric polarization (þ; −) inter-
locked with three structural antiphases (α, β, γ) [5,6,14–17].
Additionally, the zero-polarization primary order parameter
enables formation of electrostatically unfavorable head-to-
head and tail-to-tail ferroelectric domain walls (DWs),
which exhibit high conductivity because of the large charge
carrier densities that accumulate to screen their polar
discontinuities [11,12].
Recently, h-InMnO3 has been shown to exist in the

same FE structure as the h-RMnO3 materials, with a similar
Z2 × Z3 domain structure [Fig. 1(b)] [18]. Hexagonal
InMnO3 is of additional interest, however, because an

almost degenerate [19], partially undistorted antipolar
(PUA) phase with P3̄c symmetry can be stabilized through
fast quenching [18,19]. This PUA phase has never been
found in the h-RMnO3 series, where it is of substantially
higher energy [20]. The P3̄c structure is obtained from the
high-temperature P63=mmc prototype by tilting of the
MnO5 bipyramids at intermediate angles (n odd) of 30°,
90°, 150°, 210°, 270°, and 330°, accompanied by an up-
down-no pattern of In-ion displacements. From symmetry
arguments, this PUA state should, in principle, present
Z2 × Z3 PUA vortices analogous to those in the FE

FIG. 1 (color online). (a) Twelve possible angles of MnO5

tilting and relevant phases. Schematics of FE (left) and PUA
(right) vortices. (b) A superlattice DF-TEM image showing a
FE vortex in h-InMnO3. (c) Calculated Mexican hat-shape
energy landscapes for FE (left) and PUA (right) h-InMnO3.
Note the presence of six minima in the brim and the phase shift
of 30° between them. (d) A superlattice DF-TEM image showing
three obvious DWs meeting at one point (PUA vortex) in
h-InðMn;GaÞO3. The blue dashed lines depict the three hidden
walls.
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structure, with six possible domains corresponding
to three different phase shifts (τ, υ, μ) combined with
two oxygen-distortion handedness [Fig. 1(a) n ¼ odd; τ,
υ�, μ, τ�, υ, μ� and structures in Supplemental Material,
Figs. S1(c)–1(d) [13]]. Such Z2 × Z3 PUA vortices were
not previously observed in quenched h-InMnO3, however,
probably because of high structural disorder in the
quenched specimens [18]. Here, we show the existence
of these Z2 × Z3 PUA vortices, and show that they are
“dual” to the well-known Z2 × Z3 FE vortices in their
exchange of ferroelectricity and antipolarity.
Here we adopt an alternative approach to achieving PUA

InMnO3: Using Ga doping on the Mn site we apply an
effective in-plane compressive strain which was shown
previously to tip the energy balance between the FE and
PUA phases so that PUA is the ground state [19]. High-
quality polycrystalline InðMn1−xGaxÞO3 (0 ≤ x ≤ 1) sam-
ples were prepared using a solid-state reaction method
(the details are given in Supplemental Material [13]). Our
measured lattice parameters, obtained using powder x-ray
diffraction, as a function of Ga concentration are shown in
Supplemental Material, Fig. S2 [13]. The atomic configu-
rations within the domains and DWs were determined and
explained using scanning transmission electron microscopy
(STEM, JEOL-2100F microscope equipped with a spheri-
cal aberration Cs corrector), first-principles calculation of
the energy landscape, and symmetry analysis. Full exper-
imental and computational details [21–24] are given in the
Supplemental Material [13].
We begin by discussing the FE phase of h-InMnO3. First,

we calculate the energy landscape using density functional
theory to extract the coefficients in the energy expansion

F ¼ a
2
Q2 þ b

4
Q4 þQ6

6
ðcþ d cos 6ϕÞ

− gQ3P cos 3ϕþ g0

2
Q2P2 þ f

2
P2; ð1Þ

which is derived in detail in Refs. [2,8]. Here, Q and ϕ are
the magnitude and phase, respectively, of the trimerizing
K3 mode, and P is the magnitude of the polar Γ2

− mode.
We stabilize the FE phase computationally by using the
generalized gradient approximation (GGA) plus Hubbard
correction (GGAþ U) method [19,20]; other details of the
ab initio calculations are given in the Supplemental
Material, Table S1 [13]. Our calculated potential energy
landscape is shown in Fig. 1(c) (left).
We see that the energy surface has a similar Mexican hat

form as found previously for YMnO3 [2]. As expected,
there are six minima in the brim of the hat at 30°�n
(n even), corresponding to the six FE ground states. In
contrast to the case of the robustly FE YMnO3, where the
barriers between the minima are 25 meV, in this case
the barriers between the minima are only around 4 meV.
The maxima of these small energy barriers lie as expected

at the intermediate tilt angles of 30°�n (n odd) correspond-
ing to the almost-degenerate PUA phase. Indeed, because
of its intermediate nature, the PUA phase was suggested
previously as a possible candidate for the DW structure in
the FE h-RMnO3 compounds [6]. Such DWs (type-I) have
been observed in TmMnO3 and LuMnO3 using HAADF
imaging although only at the surface of samples [25], and
were shown using first-principles calculations to be higher
energy than an abrupt DW with a discontinuous jump
from one domain structure to the next (type-II) [20]. In the
case of FE h-InMnO3, however, the small energy barriers
suggest that DWs of PUA structure should be energetically
favorable.
Indeed, we find this to be the case. In Figs. 2(a)–2(b), we

show our measured HAADF-STEM images of the two
types of DWs that we find commonly in FE h-InMnO3,
with the corresponding structural models in Figs. 2(c)–2(d).
The type-I wall has a smooth transition from one ferro-
electric domain to another via a layer of the intermediate
PUA structure; the type-II wall, in contrast, exhibits an
abrupt transition between domains of opposite polarization.
In contrast to the case of YMnO3, the type (I) walls are
common in FE h-InMnO3, and, in fact, we find that the two
wall types tend to alternate around each vortex core.
Next we turn our attention to the PUA P3̄c phase. As

mentioned above, we stabilize the P3̄c phase experimen-
tally by doping with Ga on the Mn site (see details in the
Supplemental Material, Sec. 2 [13]). The smaller-sized Ga
versus Mn ions—the Shannon radii in five coordination are
0.55 and 0.58 Å, respectively—combined with the

FIG. 2. (color online). (a-b) HAADF images of the two types
of DWs in FE h-InMnO3. Some In ions are superimposed with
blue and light blue spheres to indicate oppositely polarized
regions, or with red spheres to indicate the PUA region.
(c)–(d) Schematic models of the two types of DWs. Mn and
O ions are shown with pink and black spheres, respectively.
White dashed lines indicate DWs. (e)–(f) HAADF images of the
two distinct wall types in PUA h-InðMn;GaÞO3. Again, some In
ions have colored spheres superimposed. The rectangles and red
lines indicate up-no-down and down-no-up PUA units. (e) A
narrow DW with upward In distortions, and (f) a broad DW with
downward net In displacements. (g)–(h) Schematic models of the
two types of DWs.
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presence of out-of-plane Ga d orbitals, produces a com-
pressive in-plane strain (Fig. S2 [13]), which stabilizes the
PUA phase for Ga concentrations up to 40%. Above this
value we obtain the high-symmetry reference P63=mmc
phase of InGaO3 [26].
Computationally, we stabilize the PUA phase by using

the Perdew-Burke-Ernzerhof–GGA [19,20], then again
extract the coefficients in the free energy [Eq. (1)]. The
calculated potential energy landscape is shown in Fig. 1(c)
(right). Again, the energy landscape has a Mexican hat
form with quasi-Uð1Þ symmetry at its peak and six minima
in the brim. An important difference with the FE case,
however, is that here the minima are at angles of 30°�n, with
n odd, exactly intermediate between those of the FE case.
Another striking difference is the depth of the minima,
which here are barely visible, with barriers between them of
only 1 meV, so that the symmetry remains close to Uð1Þ
even in the brim of the hat. To understand the implications
of the small energy barriers on the domain structure,
we calculated the properties of a DW, again using the
Perdew-Burke-Ernzerhof–GGA functional to ensure the
PUA ground state (see Supplemental Material [13]). Our
calculated DW structure is shown in Fig. 3(a). We obtain a
wide DW, with a gradual evolution of the tilt angle from
−30° to 30° and a corresponding evolution of the In
displacement amplitudes. The calculated wall energy is
very low (4.6 mJ=m2). The net displacement of the In
sublattice has the same orientation throughout the wall
leading to a polarization which reaches its maximum value
at the middle of the wall, where the tilt angle becomes 0°
corresponding to the αþ ferroelectric phase [Fig. 3(a)].
Figures 1(d) and 3(b) show our superlattice DF-TEM

images of PUA domains in h-InMn0.95Ga0.05O3. At first
sight, Fig. 3(b) appears to show a Z3 pattern, with three lines
meeting at one point, whichwould contradict the knownP3̄c
symmetry. Careful examination by tilting to tune contrast
through enhancing excitation error reveals, however, six
domains, as shown in Figs. 3(c)–3(d), with “hidden” walls
alternatingwith easily visiblewalls.OurDF-TEM images for
the first time demonstrate a Z2 × Z3 PUA vortex pattern in
h-InðMn;GaÞO3 comparable with that in the FE h-RMnO3

(see vortex models in Supplemental Material, Fig. S3 [13]),
although, in this case, three of the DWs are clearly of a
different nature than the other three. Since strain provides the
main diffraction contrast change in our DF-TEM images, we
associate theweak-contrast walls with a lower internal strain
field (see Supplemental Material, Sec. 4 [13]).
Our HAADF-STEM data shown in Figs. 2(e)–2(f) with

structural models in Figs. 2(g)–2(h) indicate the origin of
the two wall types: two wall types of alternating polariza-
tion around each vortex, with one set broad (and hence
having a low strain field), and one set narrow (with
correspondingly higher strain). Defining the “up-no-down”
and “down-no-up” repeat units marked by rectangles in
Fig. 2(g) as belonging to neighboring phases μ and υ�,

respectively, we see that one wall in Fig. 2(e) transitions
sharply from μ to υ� with a μ-up-up-υ� In displacement
pattern. Such narrow DWs show strong diffraction contrast
in the DF-TEM image [Fig. 3(c)]. The other wall in
Fig. 2(f) is of opposite polarity, with a “down-down” In
distortion at its center, and is much broader with a υ� …
-down-down- … τ pattern, where the “…” indicate units
that are intermediate between the υ� and τ structures, with
gradually increasing (in the down direction) then decreas-
ing In distortion amplitudes. These broad DWs match those
of our DFT wall calculations shown in Fig. 3(a) and are
responsible for the weak-contrast boundary found in
Fig. 3(c), and Fig. S4a of [13]. Note that these two
DWs, which have opposite polarity and a significant
difference in wall width, always alternate around a vortex
core as shown in Fig 3(d). Note also that there is no single
preferred polarization direction of broad walls throughout
the sample, with different regions having up- or down-
polarization broad walls, consistent with the overall sym-
metry (see Supplemental Materials Sec. 5 [13]).
Finally, we quantify the evolution of the In displace-

ments across a broad wall, using HAADF-STEM.
Figures 4(a)–4(b) show a 10 × 10 nm HAADF-STEM
image of a broad DW in PUA h-InðMn0.95Ga0.05ÞO3 and
the corresponding mapping of In displacements. The
viewing direction is along the crystallographic [010]
direction (indexed to the P63cm structure). The insets in

FIG. 3 (color online). (a) Calculated DW structure between two
PUA regions. The red regions correspond to the μ� (−30°) and τ
(þ30°) phases, respectively. We find a broad wall with a gradual
evolution of the In displacements (upper panel) and phase angles
of the MnO5 bipyramids (lower panel). (b) DF-TEM image of
h-InMn0.95Ga0.05O3 and (c) black arrows indicate the three
hidden walls with weaker contrasts emerging from the vortex
core, revealed in DF-TEM images at large excitation error
condition. (d) The mapping of polarized DWs in the PUA phase,
corresponding to (b).
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the left and right side of Fig. 4(a) show magnifications
overlying the respective rectangular areas which we find to
be related by a phase shift of 60°; we label them μ� and τ,
respectively. We define ΔZ, the difference in z coordinate
between two symmetry-inequivalent In sites, as a measure
of the amplitude of the In displacements (see Supplemental
Material, Sec. 6 [13]). We obtain an average wall width
∼5 nm, determined from the magnitude of the In(2)
displacement. The broad DWs range from 5–12 unit cells
(25–61 Å) wide in different regions, consistent with our
DFT calculations, and in contrast to the narrow DWs in FE
h-InMnO3. In Fig. 4(c), the ΔZ profile along the sixth In
row of Figs. 4(a)–4(b) shows that, as expected, the In-ion
shift achieves its maximum value of∼0.035 nm close to the
wall center; for comparison, the experimental value in FE
h-InMnO3 is 0.034� 0.003 nm (see Supplemental
Material, Sec. 6 [13]). By comparison with Fig. 3(a), we
associate our measured gradual evolution of the In posi-
tions across the boundary shown in Fig. 4 with a corre-
sponding gradual change in the tilting angle of the MnO5

bipyramids.
By symmetry, condensation of the K3 mode from the

high-symmetry P63=mmc phase allows three possible
space groups: P3̄c, P63cm, and P3c1. P63cm and
P3̄c are direct subgroups of P63=mmc, and as already
discussed manifest in the FE (ϕ ¼ 30°�n with n even) and
PUA (ϕ ¼ 30°�n with n odd) structures [Fig. 1(a)]. The
P3c1 structure must have a phase which is a noninteger

multiple of 30°, corresponding to an arbitrary MnO5-
bipyramid tilting angle. This is indeed the case for the
broad wall regions in Fig. 4, which we therefore assign to
the P3c1 space group. We note that since P3c1 is a
subgroup of both P3̄c and P63cm, it is expected by
symmetry to link the FE and PUA phases. It has never
been observed in the h-RMnO3 series because of the higher
energy barriers between the FE domains and the resulting
narrow DWs in those systems. Note that such crystallo-
graphic connection between two competing phases via an
intermediate symmetry state has been found in the super-
conducting La2−xBxCuO4 system (B ¼ Ba, Sr) [27] and at
the so-called morphotropic phase boundaries (MPB) of
ferroelectric PbZr1−xTixO3 [28]. However, the low DW
energy associated with the unusual duality that we present
here leads to broad DWs, distinct from prototypical
ferroelastics and ferroelectrics which have sharp walls with
large strain gradients [6,20,29–33] (Supplemental Material,
Sec. 7 and Table S2 [13]). Other relevant comparisons for
our polar domain walls separating nonpolar domains are
the polar behaviors reported at ferroelastic twin boundaries
in paraelectric CaTiO3 [34] and at translational antiphase
boundaries in antiferroelectric PbZrO3 [35].
In summary, we report, for the first time, the stabilization

of the antipolar PUA phase in h-InMnO3 with a slight Ga
doping, and the existence of new antipolar PUA vortex
domains. In addition, we discover a unique duality between
topological PUA and FE vortices. We show that the
characters of the DWs differ, with narrow antipolar walls
forming in the FE phase, and broad (up to 6 nm) polar walls
in the PUA phase. The broad DWs in the PUA phase
exhibit progressive evolutions of In displacements and
polyhedral tilt angles, corresponding to the expected
P3c1 intermediate symmetry that we identify for the first
time. Our discoveries unveil unprecedented interrelation-
ships among topological defect duality, lattice symmetry
and energetics, suggesting future studies of practical
applications of topological defects.
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