PRL 119, 157601 (2017)

PHYSICAL REVIEW LETTERS

week ending
13 OCTOBER 2017

Hidden Antipolar Order Parameter and Entangled Néel-Type Charged Domain Walls
in Hybrid Improper Ferroelectrics

M. H. Lee,1 C.-P. Chang,1 F.-T. Huang,2 G.Y. Gu0,3’4 B. Gao,2 C.H. Chen,l’2 S.-W. Cheong,2 and M.-W. Chu""
'Center for Condensed Matter Sciences, National Taiwan University, Taipei 106, Taiwan
2Rutgel’s Center for Emergent Materials and Department of Physics and Astronomy,
Rutgers University, Piscataway, New Jersey 08854, USA
3Departmenz of Physics, National Taiwan University, Taipei 106, Taiwan
4Physics Division, National Center for Theoretical Sciences, Hsinchu 300, Taiwan
(Received 28 February 2017; revised manuscript received 19 June 2017; published 10 October 2017)

Hybrid improper ferroelectricity (HIF) denotes a new class of polar instability by the mixture of two
octahedral-distortion modes and can feature the coexistence of abundant head-to-head and tail-to-tail polar
domains, of which the domain walls tend to be charged due to the respective screening charges with an
opposite sign. However, no such coexisting carriers are available in the materials. Using group-theoretical,
microscopic, and spectroscopic analyses, we establish the existence of a hidden antipolar order parameter
in model HIF (Ca, Sr);Ti,O; by the condensation of a weak, previously unnoticed antipolar lattice
instability, turning the order-parameter spaces to be multicomponent with the distinct polar-antipolar
intertwining and accompanied formation of Néel-type twinlike antipolar domain walls (few nanometers)
between the head-to-head and tail-to-tail domains. The finite-width Néel walls and correlated domain
topology inherently lift the polar divergences between the domains, casting an emergent exemplification of
charged domain-wall screening by an antipolar ingredient.
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The macroscopic Landau theory of phase transitions
depicts the grand fundamental of a plethora of phenomena
ranging from ferroelectricity [1-3] to density waves [4],
with the ferroelectric (FE) transition being the textbook
example for general structural phase transitions in solids
[5,6]. In the corresponding group-theoretical context,
proper FEs refers to a material with the spontaneous
polarization as a primary order parameter, which transforms
like a zone-center polar lattice instability, and improper FEs
delineates ferroelectricity induced by an order parameter
belonging to a zone-boundary nonpolar irreducible repre-
sentation (irrep) with FE polarization being the secondary
order parameter upon the transition [1,2,5-7].

In oxides, the zone-boundary instability can be linked to
oxygen polyhedral distortions [7-9]. The general antiferro-
distortive octahedral buckling in ABOj5 perovskites (A and B,
respectively, are 12- and sixfold coordinated cations; O is
oxygen) is particularly intriguing considering the two ubiqui-
tous, yet competing, order parameters of zone-center FE and
zone-boundary octahedral instabilities in the bulks [6,10-12].
Further upon heterojunction, the translational symmetry
generic to the bulks is broken across the interface, and the
heterostructure can be subject to misfit strain, perturbing the
existing order-parameter competition and likely mediating
two-dimensional interfacial phenomena [13,14]. The reju-
venated FE instabilities in LaAlO5/SrTiO; heterojunctions
(LaAlO5; and SrTiO3, nominally free from FE ordering)
[13] and the improper ferroelectricity in PbTiO5/SrTiO5
superlattices (PbTiOj, originally proper FEs) [14] are exem-
plifications of such two-dimensional engineering.
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Indeed, Ruddlesden-Popper oxides, (AO) — (A,B,03,),
naturally crystallize into two-dimensional perovskites (n is
the perovskite-unit number) [15], with the rocksalt AO layer
sectioning the three-dimensional corner-shared octahedra
into two-dimensional perovskite slabs that nurture more
octahedral degrees of freedom [15,16]. The Ruddlesden-
Popper phases hence display rich octahedral distortions
[15,16], and the recently coined hybrid improper ferroelec-
tricity (HIF) in n = 2 Ca;Ti,O; (CTO) and (Ca, Sr);Ti, O,
is particularly enlightening with the zone-center I'-point
ferroelectricity being driven by the hybrid condensation of
two zone-boundary octahedral instabilities that transform
like two-dimensional X-point irreps [17-22].

Macroscopically, the CTO and (Ca, Sr);Ti,O; are dis-
tinguished from prototypical proper FE BaTiO5 [23-25]
and improper FE rare-earth molybdates [1-3,7-9] by the
abundant head-to-head (HH) and tail-to-tail (TT) domains,
where the FE dipoles point toward and away from each
other across the respective domain walls (DWs) [18-20].
Accordingly, notable electrostatic divergences arise therein,
and the HH and TT domains cannot be stable without the
complementary screening charges at the DWs, while only
electrons are available in n-type titanates [13,18,23-25].
The microscopic screening at the HH and TT DWs in CTO
and (Ca, Sr);Ti,O; is thus highly interesting and remains
unsettled despite the proposal of topological protection by
antiphase boundaries (APBs) [19,20]. Here, we report the
atomic-scale observation of finite HH and TT DWs (few-
nanometer width) with an unanticipated antipolar structure
in model HIF Ca, 5Sry5Ti,O; (CSTO) and the correlated
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screening of the polar divergences using macroscopic
group-theoretical analysis and microscopic structural and
electronic investigations by (scanning) transmission elec-
tron microscopy [(S)TEM] and electron energy-loss spec-
troscopy (EELS). This work refines the understanding in
physics of complex FE domains [19,20,26,27].

Figures 1(a) and 1(b) exhibit the FE ground-state
structure (space group A2;am) along respective b and
da projections (@' ~ b ~ /2a, ¢’ ~ ¢, thus ¢ for simplicity;
a and c are parent tetragonal lattice parameters) and the FE
polarization (order parameter P) along the a’ axis [20].
Using the point-charge approximation for FE-dipole esti-
mations [13], we derived each atomistic contribution to P
in an individual perovskite slab [gray region, Fig. 1(a)] in
Fig. 1(c). Figure 1(d) represents the group-theoretical
analysis of the symmetry tree [28] for transition pathways.

Compared to the paraelectric parent phase (I4/mmm),
the antiferrodistortive octahedral tilting (order parameter 7')
in @'b’ plane in Figs. 1(a) and 1(b) originates from the
lattice instability against the X3 irrep, and the order
parameter of octahedral rotation (R) along the c¢ axis
represents the X3 -irrep distortion mode, altogether known
as the hybrid condensation of the two X-point irreps
[17-22]. This cooperative transition lifts any single direct
route to A2;am, with the polar P addressed by the zone-
center I'5 irrep [Fig. 1(d)] [17,21,29]. It is noted that the
zone-boundary Z, link for the pathway from I'5-induced
F2mm to A2;am [Fig. 1(d)] renders the resultant A2;am
nonferroic [5], ruling out the FE ground state as a child
group of the I'y irrep. This latter feature confirms the
HIF notion of P as the product of R and 7" [17,21], and
the ferroelectricity in CSTO was readily ascribed to the
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FIG. 1. (a),(b) The FE-A2,am crystal structures along b and &’
projections, respectively. The crystallographic sites are indicated
(gray, Ca/Sr; cyan, Ti; red, oxygen). White arrows in (a), the
antiparallel Cal/Srl and Ca2/Sr2 displacements (black arrow,
P). Gray arrows in (b), the antipolar Ca2/Sr2 displacements.
Dashed gray lines in (a) and (b), guides for the off-center Ca/Sr
displacements. (¢) The a’-oriented polarization (black) of an
individual perovskite slab in (a) and the atomistic contribution
of each crystallographic site. (d) Group-theoretical analysis of the
symmetry tree, with the black label indicating the space group.
The symbols in parentheses depict the primary order-parameter
directions. Solid (dashed) lines, reported (otherwise) transition
pathways.

I'5-induced antiparallel Cal/Srl and Ca2/Sr2 displace-
ments along the d' axis [white arrows, Fig. 1(a)]
[18-20,30]. The atomistic decomposition of P [Fig. 1(c)],
however, unveils that all I's-related Ca/Sr, Ti, and O
displacements along «’ are involved [21,22]. The thus-
derived P of ~2.14 uC/cm? for a perovskite slab, i.e.,
~4.28 for an unit cell (uc), is compatible with the measured
~2.97 uC/cm? in single crystals [18]. Figure 1(c) hence
suggests that the formed crystallographic opinions on the
HIF [17,18,29,30] deserve further elaborations.

Figure 2(a) shows the b'-projected STEM high-angle
annular dark-field (HAADF) image of HH domains.
Figure 2(b) exhibits one set of STEM-EELS chemical
maps [13,31]. Figure 2(c) depicts the -characteristic
HAADF imaging along the @’ projection. The b -projected
DF TEM imaging of different specimen regions is shown in
Fig. 2(d). Figure 2(e) represents the TT counterpart to
Fig. 2(a). Each panel in Fig. 2 was acquired in crystalline
areas well away from any twin boundaries and thus denotes
the inherent structural characteristics.

Compared to pristine CTO, the Sr substitution increases
the domain density by accompanied reduction in the
a'b’-orthogonality and related ferroelastic-strain cost, ren-
dering DW investigations convenient with various DW
angles [18-20,31]. The larger, heavier Sr preferentially
occupies the spacious perovskite A site [Fig. 2(b); Sr map,

(a) -proj (b) (c)

00060 OO0
G000 OO0O0

Overlaid

ﬁ = = |500nm

FIG. 2. (a) The HAADF imaging of HH domains revealing a
different feature in the DW (yellow). Cal/Srl, red rectangle.
(b) The STEM-EELS chemical mapping. Gray (white) circles,
Ca/Sr (Ti) omitting the off-center distortions. (c) The a’-projected
HAADF image. Lower-bottom inset, an uc enlargement showing
the accentuated antipolar Cal/Sr1 (white-margined) and Ca2/Sr2
(red-margined arrows) displacements. Dashed white lines, guides
for the eyes. (d) The various DF images (red, blue, and green) with
the contrast reversal in each set unveiling the domain polarity.
(e) The HAADF imaging of TT domains, with the DW structure
(yellow) mimicking (a) and (c). P in the DWs and (c), pointing in or
out. White rectangles, projected uc.
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blue] compared to the ninefold rocksalt A site (Ca map,
red), without introducing additional distortion to the CTO
[15,18] and accounting for the enhanced Cal/Srl contrasts
in the HAADF imaging [red rectangles, Fig. 2(a)].

A careful examination of Fig. 2(a) unveils that the HH
DW (yellow) shows a different structure from that in the
neighboring domains. Surprisingly, the DW structure
mimics the a'-projected CSTO [Fig. 2(c)], with the
b -oriented antipolar Ca2/Sr2 displacements in Fig. 1(b)
being attenuated (red-margined arrows, bottom-left inset)
and the nominally quenched Cal/Srl rejuvenated and
exhibiting antipolar distortions (white-margined arrows).
These accentuated b -oriented antipolar Ca/Sr displace-
ments lead to the previously unnoticed distortion of
hourglass- and barrel-like perovskite units along ¢ stacking
[Fig. 2(c)]. The TT DW [yellow, Fig. 2(e)] shows the same
distortion pattern of hourglass-barrel stacking as the HH
counterpart [yellow, Fig. 2(a)] and a’-projected CSTO
[Fig. 2(c)]. Figure 2(d) reveals that the HH and TT domains
are equally populated. In Fig. 3, we scrutinize the antipolar
displacements as the hidden order parameter.

Figure 3(a) shows the calculated phonon dispersion of
CTO that exhibits an identical antipolar distortion pattern
(inset) to CSTO [31]. The negative frequency and local
minimum at a given reciprocal lattice point indicate the uc
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FIG. 3. (a) The calculated phonon dispersion of CTO with
identical antipolar distortion to the CSTO (inset, a’-projected
HAADF of CTO). (b)-(d) The CBED patterns along respective
b',d’,and ¢ projections with the BF (gray margined) embedded in the
center of the WP. m, mirror. The symmetry characteristics in (b) and
(c) refer to the point group 2mm of A2;am. In (d), the 2mm BF
and twofold WP (guiding white, red arrows) symmetries suggest
point-group 222-type distortion at the Ps irrep.

instability against the irrep [13,38]. Figure 3(a) thus reveals
the existence of I'-, X-, and P-point soft phonons [1-3,
6-8,16,38], with the N- and Z-point saddles arising from the
proximity to I'- and P-point instabilities considering their
incompatibility with the symmetry tree [Fig. 1(d)] [5,32,39].
The pronounced X- and P-point dips in Fig. 3(a) signify
their important roles in the ground-state structure [38], and
the shallower I'-point phonon is consistent with the HIF by
X-point instabilities [17,22]. Notably, P-point instability is
undocumented in the earlier theoretical [17,22,29,30] and
powder diffraction studies [15,20,21] while admissible for
Ruddlesden-Popper phases [16].

The thermal diffused scattering in convergent-beam elec-
tron diffraction (CBED), owing to electron-phonon inter-
action, is a fundamental map of symmetry elements within
the phonon spectrum [40]. CBED is then complementary
to powder diffractions when probing intricate structural
distortions is limited by the diffraction peak-intensity and
-overlap subtleties [15,20,21,46]. Figures 3(b)-3(d) show the
b'-, a'-, and c-projected CBED patterns of CSTO, showing
Bragg-scattered disks with dynamical-interference fringes in
the bright field (BF; center, transmitted disk) and striped
thermal-diffused Kikuchi bands in the whole pattern (WP).
A careful examination of the BF in Fig. 3(b) reveals the
characteristic absence of a mirror perpendicular to a*, and
the Kikuchi bands in the WP (green stripes) map the 2mm
point-group symmetry of A2;am by the two perpendicular
mirrors (white) [15]. Likewise, the BF-2mm and WP-2mm
symmetries in Fig. 3(c) agree with the a’-projected 2mm
point group of A2;am [15]. Surprisingly, the c-projected
Fig. 3(d) shows 2mm BF and twofold WP considering the
absent mirror operation between group-1 Kikuchi bands and
group-2 and -4 ones (blue stripes; guiding white, red arrows)
and the twofold operation for groups 1 and 3. This BF-WP
symmetry combination leads to the 2mpmp, diffraction group
that refers to the 222 point group [47].

Figures 3(b)-3(d) thus suggest that there exists a weak
222-type distortion. An investigation of the isotropy sub-
groups of 14/mmm reveals that point-group 222 is bound to
the P-point irrep of Ps, with the Ps-irrep F222 [Fig. 1(d)]
allowing the b'-oriented antipolar Cal/Srl and Ca2/Sr2
displacements in Figs. 2 and 3(a) (inset) [5,39]. The con-
densation of P-point instability [Fig. 3(a)] is unambiguously
correlated with the Ps-irrep antipolar distortion, establishing
the group-theoretical footing of the antipolar displacements
as a hidden order parameter [31].

In effect, the Ps irrep [Fig. 1(d)] is composed by two
primary order parameters along respective (a, a) and (b, b)
directions and two secondary order parameters to be
addressed in Fig. 4 [5,16,28,39]. The order-parameter
direction of Ps is thus denoted as (a,a,b,b) [5,39],
suggesting that the b'-oriented antipolar order parameter,
i.e., (b, b), shall have an «a’-degenerate counterpart and the
physics of CSTO is composed by novel multicomponent
order-parameter spaces of Ps, ', X 7, and X5 (one primary
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and one secondary order parameter for the latter three two-
dimensional irreps).

In Figs. 4(a)-4(c), we illustrate the primary P, R, and T
order-parameter directions in respective I's, X;r , and X3
and the corresponding four-domain topology [5,39].
Taking Fig. 4(a), for instance, P points along (a, a), i.e.,
a’ in A2;am (black square), and is fourfold degenerate with
(a,a), (—a,a), (—a,—a), and (a,—a) due to the ab
degeneracy in I4/mmm, casting four domains with the
ferroelastic strain (z) at DWs (dashed lines) as a secondary
order parameter [5,28,39]. The in-plane octahedral rotation
R in Fig. 4(b) (red arrows) and out-of-plane tilting 7 in
Fig. 4(c) (blue) can be understood likewise [5,30,39]. In Ps
[Fig. 4(d)], an (a, a)-oriented antipolar order parameter A
would nonetheless coincide with P [Fig. 4(a)] and is readily
suppressed due to the absent antipolar distortion along
the a’ axis (Figs. 1 and 2). The Pj irrep effectively becomes
(0,0, b, b), with one survived primary order parameter A
along b, two secondary order parameters of u and P
[Fig. 4(e)], and four-domain topology considering the
reduction from eight by the ab degeneracy [5,39].

Upon the hybrid condensation of R and 7, P turns out
to be the macroscopic order parameter in the phenomeno-
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FIG. 4. (a)-(c) I's, X5, and X7 irreps with respective primary

order parameters of P (black arrows), R (red), and T (blue) along
(a,a), (0, a), and (0, a), forming four-domain topologies by the
degeneracy labeled on edges. u (dashed lines), secondary order
parameter of ferroelastic strain at the DWs. Gray (black) uc,
c-projected parent (FE) lattice. (d) Ps with effective (0,0, b, b).
Green arrow, primary order parameter of antipolar Ca/Sr dis-
placements (A, double-headed). The eight domains (labels on
edges) form a four-domain topology upon ab degeneracy.
(e) Domain topology (upper panel) upon I'5-, X5-, X5-, and
Ps-irrep condensations. P and A, intertwined macroscopic order
parameters in the four domains (1-4; eight domains upon P
reversals). (f) The HH and TT domains with a generically
sandwiched antipolar-A, Néel-type DW by the inherent domain
topology such as 1-2-3 or 1-4-3 in (e). (g) A cross-sectional view
of the coexisting HH and TT domains in (f). (h) The experimental
HAADF evidence for (g), with the n = 3 defect also showing
Ps- type antipolar distortion within the DW (yellow).

considering its accompanied observations in Figs. 2(a)
and 2(e). The symmetry essences in Figs. 4(a)-4(d) are then
summarized into Fig. 4(e), with the P and A forming the
macroscopic order parameters and being generically inter-
twined in the four-domain topology (otherwise, eight
domains upon P-direction reversals [18-20,30]). Through
this P-A pairing, antipolar-A twins spontaneously appear
between the HH and TT domains [Fig. 4(f), plane view;
sandwiched P, double headed for arbitrary reversals] by the
topology of 1-2-3, 1-4-3, or inherent combination of any
three domains in Fig. 4(e), with the HH and TT sharing equal
probability [indeed observed in Fig. 2(d)] and the twinlike
DWs mimicking the FE Néel walls characterized by an in-
plane 90° rotation of the dipole and a finite width [Fig. 4(f)]
[35,36,48,49]. Figure 4(g) represents a schematic cross-
sectional view of the Néel walls [Fig. 4(f)] and is affirmed
by Fig. 4(h). It has been theoretically suggested that the
emergence of FE Néel walls with finite widths refers to the
existence of an additional order parameter within the walls,
which can be allowed only in FEs featuring multicomponent
order-parameter spaces and is rare in matter [48,49]. This
surprising exemplification in CSTO [Figs. 2(a), 2(e), and
4(h)] corresponds to this notion by the distinct P-A inter-
twining and accompanied order-parameter spaces (Fig. 4).
On either side of the Néel walls [Figs. 4(g) and 4(h)], the
readily formed 180°-domain configuration along ¢ leads to
coexisting depolarization fields with opposite signs and
naturally mitigates the -electrostatic divergence thereby,
similar to the function of 180° domains in proper FEs
[23,35,36,48]. The finite wall width is also helpful in
smearing out any residual electrostatic divergence in the
a'b’ plane. Accordingly, the HH and TT DWs are not
electrostatically divergent and do not require screening
charges (Fig. S1) [31]. These FE Néel walls impose a
structural screening on the primitively charged DWs and
discount the proposed APB-DW characteristics [19,20]
considering an APB-based «'/2 or ¢/2 translation unable
to result in the observed hourglass-barrel-like antipolar DW
structure.

The HH and TT DWs adherent to the sixfold FE vortices
in improper-FE hexagonal manganites represent the first
systematically  studied domain topology [26,27,
34,50] and arise from Zg topological defects by the
trimerized polyhedral tilting characteristic of K3 instability
(locked into three phase angles of 0, 2z/3, and 47/3, i.e.,
topological Z; symmetry; accompanied I';” FE degeneracy,
Zy, Zy X Zy = Zg) [51,52], with the HH and TT DWs
being atomically sharp [52-56] and to be electrostatically
screened [27,34]. By analogy, the HH and TT DWs in
CSTO have been ascribed to Z, x Z, topological defects
[Z4, fourfold degenerate R and T; Z,, FE degeneracy;
Figs. 4(a)-4(d)] [19,20], of which the entangled electro-
static screening [27,34] is, however, discarded (Fig. S1) and
the characteristic DWs are rather few-nanometer wide and
Néel type [Figs. 2(a), 2(e), and 4(h)]. We then performed a
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group-theoretical analysis on the K3 instability in the
manganites, leading to the order-parameter directions of
(a, 0), (—a/2, \/3a/2), and (—a/2, —+/3a/2), equivalent
to the respective Z5 angles of 0, 2z/3, and 47/3 and being
twofold degenerate with (—a, 0), (a/2, —/3a/2), and
(a/2, \/3a/2) like Z, [39,57]. The analysis also allows
domain permutations along the out-of-plane directions as
the Zg topological defects [39,57], altogether suggesting
that our phenomenological methodology can be an explicit
simple solution to complex domain topologies [48,57],
though largely unnoticed before. Future topological-defect
elaborations [51,52] by incorporating the P-A intertwining
shall lead to the same Néel-DW topology as ours while a
dedicated issue on its own.

In summary, the b'-oriented antipolar Ca/Sr displace-
ments arise from a hidden antipolar order parameter by the
condensation of Ps instability. The accepted notion on the
ferroelectricity and domains in the HIF has been argued over
Iy, X;r , and X3 irreps while insufficient for addressing the
antipolar distortion and coexisting HH and TT domains.
With the Ps irrep, the order-parameter spaces become
multicomponent, and the domain topology constitutes inter-
twined polar and antipolar characteristics, with the sand-
wiched antipolar Néel-type DWs screening the HH and TT
dipoles. The HIF represents a vivid example that structural
screening can be an alternative to the conventional electro-
static screening of HH and TT domains. This work could
stimulate further studies of structurally mediated screening
in pursuit of new discoveries by thorough group-theoretical
explorations in all plausible order-parameter spaces.
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