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states on demand. Furthermore, strain effects 
are utilized to control the domains in ferro-
electric single crystals and thin films, e.g., 
via substrate-related clamping effects[7] and 
microstructural engineering approaches that 
rely on dislocations,[8] secondary inclusions,[9] 
or precipitates.[10]

In polycrystals, an additional degree of 
freedom for microstructural engineering 
emerges from the 3D confinement due to 
finite grain size. A prominent example is 
the relation between the grain size, g, and 
the domain size, d, in BaTiO3 polycrys-
tals,[11,12] which facilitated the downscaling 
of multilayer ceramic capacitors. The rela-
tion follows the universal scaling law d ∼ gm.

Importantly, for all ferroelectrics inves-
tigated so far, the exponent m is positive, 
with a value of m  ≈ 0.5 for BaTiO3

[12] and 
Pb(Zr,Ti)O3,[11] indicating that smaller grains develop smaller 
domains. The driving force for this scaling behavior is elastic 
strain, which can be released via the formation of ferroelastic 
domain walls. With decreasing grain size the strained volume 
fraction increases,[13] requiring more domain walls for strain 
compensation so that smaller domains become energetically 
favorable.[14]

Here, we show that negative coefficients, m, arise in polycrys-
talline hexagonal manganites, demonstrating an inversion of 
the established grain-size-dependent scaling behavior of ferro-
electric domains. Our systematic study of the relation between 
domain and grain sizes in ErMnO3 shows that, in contrast with 
BaTiO3 and Pb(Zr,Ti)O3, the ferroelectric domains become 
smaller with increasing grain size, scaling with m  ≈  −0.1. 
Using phase field simulations, we relate the unusual behavior 
to topologically protected structural vortices that naturally form 
in the ferroelectric phase of ErMnO3

[15] and their interaction 
with elastic strain fields.[16–18] Our findings reveal the impor-
tance of topological defects for the electric long-range order in 
ferroelectric polycrystals, enabling anomalous domain scaling 
behaviors and conceptually new ways for domain engineering.

2. Geometrical 3D Confinement  
in Polycrystalline ErMnO3

Ternary hexagonal manganites, RMnO3 (R  = Sc, Y, In, and 
Dy–Lu), have been intensively studied as model system for 
improper ferroelectricity.[19] In contrast to proper ferroelectrics, 

The research on topological phenomena in ferroelectric materials has revo-
lutionized the way people understand polar order. Intriguing examples are 
polar skyrmions, vortex/anti-vortex structures, and ferroelectric incommensu-
rabilties, which promote emergent physical properties ranging from electric-
field-controllable chirality to negative capacitance effects. Here, the impact of 
topologically protected vortices on the domain formation in improper ferroelec-
tric ErMnO3 polycrystals is studied, demonstrating inverted domain scaling 
behavior compared to classical ferroelectrics. It is observed that as the grain 
size increases, smaller domains are formed. Phase field simulations reveal that 
elastic strain fields drive the annihilation of vortex/anti-vortex pairs within the 
grains and individual vortices at the grain boundaries. The inversion of the 
domain scaling behavior has far-reaching implications, providing fundamen-
tally new opportunities for topology-based domain engineering and the tuning 
of the electromechanical and dielectric performance of ferroelectrics in general.

Research Article

1. Introduction

Ferroelectric materials are the backbone of many electronic com-
ponents, finding applications as capacitors, energy harvesters, and 
actuators.[1] The rich functionality of ferroelectrics is closely linked 
to their domain structure, and substantial contributions to their 
dielectric, piezoelectric, and electromechanical responses originate 
from domain walls.[2] Because of the strong correlation between 
the domain morphology and the functional behavior, domain engi-
neering is a powerful pathway for customizing the macroscopic 
performance of ferroelectrics.[3] Application of different electrode 
materials,[4] thickness variations,[5] and chemical doping[6] are 
common approaches that allow for stabilizing well-defined domain 

© 2022 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and  
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such as LiNbO3, Pb(Zr,Ti)O3, and BaTiO3, the spontaneous 
polarization, P, is not the primary order parameter.[20,21] In 
RMnO3, the polarization arises as a symmetry enforced conse-
quence of a structurally driven phase transition and points in 
the direction of the hexagonal c-axis.[22,23] As a consequence, the 
material exhibits a large variety of unusual physical phenomena 
at the level of domains.[24] Intriguing examples range from 
domain walls with unique functional electronic properties[25–27] 
to topological vortex structures that have been utilized to test 
cosmological scaling laws.[28,29] Most of the research so far, 
however, focused on single crystalline systems,[30,31] whereas 
only a few studies were performed on polycrystalline films[32] or 
ceramics.[33–35] In particular, the impact of the microstructure 
on the ferroelectric domain distribution remains to be explored.

To systematically investigate the relation between the 
microstructure and domains, we adopt a processing routine 
previously suggested for isostructural DyMnO3 and YMnO3

[36] 
and synthesize high-quality polycrystalline ErMnO3 from 
oxide precursors with subsequent high-temperature heat 
treatment (more details on the processing can be found in 

the Supporting Information and Figure S1; micrographs of 
the samples are provided in Figure S2, Supporting Informa-
tion). To confirm the phase purity of our samples, we perform 
powder X-ray diffraction (XRD) of a crushed pellet (Figure 1a),  
confirming P63cm space group symmetry equivalent to 
ErMnO3 single crystals.[37] Figure 1b presents the microstruc-
ture of the polycrystalline material with an average grain size 
of about 19.0 µm and the random orientation of the indi-
vidual grains, measured by electron backscattered diffraction 
(EBSD, see Figure S3, Supporting Information, for details). 
In Figure 1c,d, piezoresponse force microscopy (PFM) images 
of the ferroelectric domain structure of the region presented 
in Figure  1b are displayed (topography images are displayed 
in Figure S4, Supporting Information). The PFM images 
obtained on samples with a thickness or ≈1 mm are recorded 
with a peak-to-peak voltage of 10 V at a frequency of 40.13 kHz 
which is comparable to the imaging parameters previously 
used for ErMnO3 single crystals.[38,39] The PFM images display 
pronounced out-of-plane (Figure  1c) and in-plane (Figure  1d) 
contrast between the +P and −P domains (more details are 

Adv. Mater. 2022, 34, 2203449

Figure 1.  Structural and microstructural analysis of polycrystalline ErMnO3. a) XRD pattern of crushed polycrystalline ErMnO3, showing that the mate-
rial has a hexagonal structure with space group symmetry P63cm. The atomic structure of the ferroelectric phase of ErMnO3 with crystallographic data 
from ref. [37] is displayed in the inset. The direction of the spontaneous polarization vector, P, is indicated. b) EBSD results showing the orientation 
of the grains of the polycrystalline material indicated by blue/red hexagons. The blue surfaces represent the (10 10) and red colors the (0001) planes of 
the hexagonal crystal with space group P63cm. A detailed description of the fitting of the EBSD patterns is provided in Figure S3 (Supporting Informa-
tion). c,d) Out-of-plane and in-plane PFM images of the same area as presented in (b). The yellow and blue regions correspond to ±P domains. The 
dashed white lines mark the grain boundaries. A topographic image of the investigated area is provided in Figure S4 (Supporting Information). The 
tendency of the domain walls to orient perpendicular to the grain boundary is highlighted in (e). The arrows in (f) highlight domain walls that do not 
continue over the grain boundary.
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provided in Section S1.3 and Figure S5 in the Supporting 
Information). Within the different grains (grain boundaries 
are highlighted by white dashed lines) we observe the well-
established domain structure of ErMnO3,[25,40] which is set by 
the structural primary symmetry breaking order parameter 
at the improper ferroelectric phase transition.[23] The domain 
structure consists of ferroelectric 180° domains which come 
together in characteristic sixfold meeting points. These 
meeting points originate from the structural trimerization 
that drives the improper ferroelectric phase transition in hexa
gonal manganites and correspond to topologically protected 
vortex/anti-vortex pairs. From this, it can be inferred that the 
domain structure consists of the six translational domains, 
commonly denoted as α±, β±, and γ± that originate from 
tilting of the MnO5 bipyramids.[16,41] Although the observed 
domain structures are qualitatively equivalent to those found 
in single crystals, Figure  1c,d also reveals an important dif-
ference: Isotropic domain distributions are only observed 
in certain regions, whereas the majority of the investigated 
area exhibits elongated stripe-like domains. The patterns are 
reminiscent of those reported to arise in single crystals under 
elastic strain.[18] It was demonstrated that elastic strain drives 
the vortex/anti-vortex pairs into opposite directions, unfolding 
the domain pattern into elongated stripe-like domains.[16,17] 
The PFM data thus reflect nonzero strain fields within the 
individual grains, which are indeed expected to arise at the 
high-temperature improper ferroelectric phase transition of 
polycrystalline ErMnO3.[42] Interestingly, the PFM data also 
reveal that domain walls have a propensity to orient perpen-
dicular to the grain boundaries (Figure 1e) as corroborated by 
the statistical evaluation presented in Figure S6 (Supporting 
Information). The domain walls, however, do not cross the 
grain boundaries (Figure  1f ). This behavior is fundamentally 
different from the ferroelectric domain structures reported for 
polycrystalline BaTiO3

[43] and Pb(Zr,Ti)O3,[44] where domain 
walls tend to continue into neighboring grains.

This observation leads us to the conclusion that the domain 
structures within the different grains are largely independent 
of each other. This unlocks the possibility to engineer the 
ferroelectric domains by imposing 3D geometrical confine-
ment via the microstructure, representing an additional degree 
of freedom not available in RMnO3 single crystals and thin 
films. To confirm that the domain and domain wall behavior 
observed in our PFM images applies in all spatial directions 
and not only to the surface region, we record complemen-
tary cross-sectional images using focused ion beam (FIB) in 
combination with scanning electron microscopy (SEM). The 
respective data are presented in Figure S7 (Supporting Infor-
mation), showing the same domain features as observed at the 
surface, that is, vortex structures which unfold into stripe-like 
domains toward the sub-surface grain boundaries and domain 
walls with a preferred orientation perpendicular to them.

3. Inverse Grain Size-Dependent Domain  
Scaling Behavior
In the next step, we systematically investigate the effect of 3D 
geometrical confinement on the domain structure by analyzing 

ErMnO3 samples with different grain sizes manufactured using 
varying heat-treatment conditions as explained in the Section S1.1  
in the Supporting Information. To suppress unwanted cooling-
rate-dependent variations in the domain structure as studied 
in refs. [28,29], the cooling rate is kept constant to 5 °C min−1 
in all manufacturing processes. SEM images (Figure S2, Sup-
porting Information) indicate that we can readily tune the 
grain size in polycrystalline ErMnO3 over a range of ≈1.5 to 
19.0 µm using heat-treatment conditions within the tempera-
ture range of 1350–1450 °C ( C

ErMnO3T  = 1150 °C).[28] An overview 
of the resulting ferroelectric domain structures for four sam-
ples with different grain sizes is presented in Figure 2. Analo-
gous to the sample in Figure  1, a pronounced PFM contrast 
(out-of-plane) is observed for all samples showing the distribu-
tion of ±P domains. A closer inspection of the PFM data shows 
that polycrystalline ErMnO3 samples with mean grain sizes 
from 4.8 to 19.0 µm develop qualitatively equivalent domain 
patterns, exhibiting a mixture of vortex and elongated stripe-
like domains similar to those presented in Figure  1. For fur-
ther reduced grain sizes, i.e., a mean grain size of 1.5 µm, the 
formation of a vortex- and stripe-like domain structure is sup-
pressed as reflected by representative PFM images in Figure S8  
(Supporting Information). From the evaluation of in total more 
than 50 grains, we find on average 0.8 ± 0.6 vortices per grain. 
This leads us to the conclusion that the system transitions 
from vortex-like to stripe-like domains, reminiscent to the 
unfolding of vortex domains observed in hexagonal manganite 
single crystals under strain.[17,18]

Adv. Mater. 2022, 34, 2203449

Figure 2.  a–d) Domain structures observed in samples with different grain 
size, obtained by different heat-treatment conditions: 1350 °C, 10 min (a); 
1350 °C, 4 h (b); 1400 °C, 12 h (c); 1450 °C, 12 h (d), respectively. PFM images 
(out-of-plane) gained with a peak-to-peak voltage of 10 V at a frequency 40.13 
kHz reveal qualitatively equivalent domain patterns for mean grain sizes of 
4.8, 14.2, and 19.0 µm. In contrast, for the sample with a mean grain size of  
1.5 µm the vortex and stripe-like domain formation is suppressed. For each 
PFM image, the grain boundaries of one representative grain are high-
lighted by white dashed lines. SEM images of the samples with different 
grain sizes are displayed in Figure S2 (Supporting Information).
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To quantify the confinement-related variations in the domain 
structure, we analyze the domain size as function of the grain 
size. Figure 3 displays the domain size in relation to the grain 
size of classical polycrystalline BaTiO3 taken from the litera-
ture[12,45–47] (Figure  3a) and the polycrystalline ErMnO3 sam-
ples (Figure  3b) synthesized under different heat-treatment 
conditions. To reliably quantify the domain size of ErMnO3, 
we apply two different approaches, namely the maximum ball 
method and a stereographical method as explained in Figure S9 
(Supporting Information).[48,49] Independent of the evaluation 
method, we find that the domain size decreases with increasing 
grain size; in other words, the largest grains exhibit the 
smallest domains. By fitting the universal scaling law (d ∼ gm) 
to the data in Figure 3b, we find an exponent m = −0.14 ± 0.06 
using the maximum ball method and m  =  −0.10 ± 0.07 using 
the stereographic method (see Figure S9i, Supporting Infor-
mation, for details). Importantly, independent of the method, 
we consistently observe a negative exponent m. To exclude any 
processing related errors, we further verify the inverted scaling 
behavior by manufacturing a second batch utilizing the same 
processing conditions as the first batch. The data show that 
the negative coefficient can become even smaller than −0.1 
(Figure S10, Supporting Information), confirming the emer-
gence of inverted domain scaling behavior in ErMnO3. This 

scaling behavior is surprising as it is opposite to that known  
from classical polycrystalline ferroelectrics.[11,14] The latter 
is strikingly reflected by the comparison with the literature 
data for BaTiO3 (m  =  +0.5) in Figure  3a.[12,45–47] The unusual 
domain scaling behavior in polycrystalline ErMnO3 points 
toward a different and so far unknown origin, going beyond 
the domain wall related reduction of elastic energies[14] that 
explains the positive scaling coefficients in, e.g., BaTiO3

[12] 
and Pb(Zr,Ti)O3.[11] In contrast to these materials, ErMnO3 is 
co-elastic (not ferroelastic) and, hence, cannot simply release 
elastic strain by inserting or removing domain walls.[50] Note 
that the scaling behavior observed in our polycrystalline 
ErMnO3 is opposite to classical Kittel scaling, which says that 
the domain width in thin films is inversely proportional to one 
over the square root of their thickness.[51]

4. Strain-Driven Unfolding  
of Vortex/Anti-Vortex Pairs
In order to understand the origin of the inverse grain-size-
dependent domain scaling in Figure 3, we perform phase field 
simulations. The results are summarized in Figure 4. Analo-
gous to previous studies,[16,17] the order parameter of the system 
is represented by a 2D vector in the basal plane of ErMnO3 with 
magnitude Q and phase φ (see the Supporting Information for 
details). The domain size in the basal plane is determined by 
the competition between the strain coupling energy density of 
the strain fields, fstrain, and gradient energy density of the order 
parameter, fgrad, which are[16,17]
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where λ is the strain coupling coefficient and sQ
x  is the gradient 

energy coefficient. As displayed in Equation  (1), the strain  
εxx  − εyy favors the domain modulation along the x-direction, 
whereas the shear strain εxy favors domain modulation along the 
y-direction, both resulting in negative values of fstrain. Furthermore, 
the value of fstrain decreases with increasing magnitude of the 

phase gradients 
x

φ∂
∂

 and 
y

φ∂
∂

, whereas the value of fgrad decreases 

with decreasing magnitude of the phase gradients (Equation (2)). 
The equilibrium domain size is determined by the balance 
between fstrain and fgrad. When the magnitude of εxx − εyy or εxy 
is increased, fstrain becomes larger, and the balance between the 
two energy terms results in smaller equilibrium domain sizes. 
This theoretical approach allows for simulating the impact of an 
inhomogeneous strain field described by the distribution of the 
shear strain components, i.e., εxx − εyy and εxy.

The most pronounced strain-related feature arising from the 
geometrical 3D confinement in polycrystalline materials is the 
emergence of enhanced elastic strain at grain boundaries.[52] 
In our simplified strain map, we account for this feature by 

Adv. Mater. 2022, 34, 2203449

Figure 3.  Grain size dependence of the domain size in polycrystalline 
BaTiO3 and ErMnO3. a) The grain size dependence of the domain size 
of polycrystalline BaTiO3

[12,45–47] is displayed, showing classical ∼g0.5 
scaling behavior (the blue dashed line represents a fit of the data from  
Huan et al.[47]). b) In comparison, the domain size of polycrystalline 
ErMnO3 decreases with increasing grain size, corresponding to inverted 
domain scaling behavior with ∼g−0.1 as indicated by the fit (red dashed 
line; a detailed description of the determination of the median domain 
size is provided in Figure S9, Supporting Information).
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introducing strain gradients as displayed in Figure 4a. Figure 4b,c  
show representative snapshots that document how the ferro-
electric domain structure evolves under the inhomogeneous 
strain field. Colors indicate the six structural trimerization 
domains in ErMnO3 labeled according to the color wheel in the 
inset to Figure 4b with α+, β+, γ+ corresponding to +P domains 
and α−, β−, γ− to −P domains. A region with meandering 
domain walls and randomly distributed vortex/anti-vortex 
pairs arises in the central region of Figure  4c, corresponding 
to the established zero-strain ground state in hexagonal man-
ganites.[25,40,41] The phase field simulations reveal that the 
elastic strain creates a pulling force on the vortex/anti-vortex 
pairs, unfolding the vortex domains into elongated stripe-like 
domains toward the boundaries with the domain walls oriented 
perpendicular to them. As displayed in the simulated domain 
structure in Figure  4c, the periodicity of the final simulated 
stripe-like domains is doubled along the x-direction, in compar-
ison to the y-direction, directly following the magnitude of the 
elastic strain field (Figure  4a and Equation  (1)). Furthermore, 
the simulations reveal that the relaxed domain structure forms 
via strain-driven annihilation of vortex/anti-vortex pairs, as well 
as vortex annihilation at the grain boundaries. The phase field 
simulations thus corroborate that the formation of the pecu-
liar ferroelectric domain structures observed in polycrystalline 
ErMnO3 is driven by elastic strain fields associated with the 
microstructural confinement.

In polycrystalline materials, elastic strains are maximized in 
the vicinity of the grain boundary and decay toward the center 
of the grain.[52] To simulate the impact of varying grain size on 
the domain structure, we assume that the range of the strain 

fields toward the center of the grain is independent of the grain 
size.[53] In small grains, strain fields along the x-direction (εxx) 
and the y-direction (εyy) overlap, whereas the area where εxx 
and εyy do not overlap increases for larger grains. As shown 
in Equation (1), the strain driving force is determined by the 
magnitude of εxx  − εyy. Thus, in small grains where equally 
strong εxx and εyy strain fields overlap, the driving force for 
the unfolding of vortex/anti-vortex pairs vanishes. To test this 
hypothesis, we simulate the domain structures with grain-size 
independent strain fields. The domain structures are displayed 
for different box sizes in Figure 4d. Consistent with the experi-
ments, a transition from vortex- to stripe-like domains occurs, 
when the grain size is decreased. This transition is driven by 
the annihilation of vortex/anti-vortex pairs and the motion of 
single vortices toward the grain boundaries. For the smallest 
box size, the simulations predict complete annihilation of all 
vortices and domain walls, leading to a single-domain state. 
The average domain size is displayed as a function of the box 
size in Figure 4e, providing a measure for the scaling behavior.

As indicated by the dashed black line, the average domain 
size decreases with increasing size of the simulated box, repro-
ducing the trend observed in our experiments in Figure  3 
(displayed as the dashed red line for comparison). However, 
we find that the negative scaling exponent extracted from the 
phase field simulations (m = −0.9) is larger than the exponent 
observed experimentally. Possible reasons for this discrepancy 
are the emergence of more complex grain-size-dependent 
elastic strain fields[54] and/or the presence of structural defects 
which can hinder the annihilation process of vortex/anti-vortex 
pairs. Furthermore, our simulations were done in 2D. As 

Adv. Mater. 2022, 34, 2203449

Figure 4.  Interplay between elastic strain fields and vortex/anti-vortex pairs revealed by phase field simulations. a) Domain structures are simulated 
utilizing a gradient with enhanced elastic strain[52] near the edge of the box. b) An intermediate and c) the final domain structure are displayed. The 
six structural trimerization domains are labeled according to the color wheel in the inset of (b) with α+, β+, γ+ corresponding to +P domains and α−, 
β−, γ− to −P domains. To simulate the impact of varying grain size on the domain scaling behavior, we perform simulations with different box sizes, as 
displayed in (d). e) The median domain size is displayed as a function of the box size for superimposing strain fields (Figure S11, Supporting Informa-
tion). The domain size continuously decreases with increasing box size following the relationship ∼g−0.9, consistent with the experimentally observed 
inverted domain scaling behavior observed in our polycrystalline ErMnO3 materials (Figure 3).
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the experimentally investigated planes (Figure  2) can have a 
nonzero inclination angle with respect to the basal plane, the 
2D nature of the simulations may contribute to the discrepancy 
between the measured and simulated value of m and the simu-
lated values rather represent a lower boundary, while the exper-
imentally determined domain sizes (Figure 3) average over var-
ious inclination angles and grain orientations. We further note 
that the experimentally observed value can get much closer to 
the theoretically predicted value, as indicated by Figure S10 
(Supporting Information). In summary, the simulations estab-
lish the correlation between emergent ferroelectric domain pat-
terns and local elastic strain fields and provide a mesoscopic 
explanation for the anomalous grain-size-dependent domain 
scaling behavior in polycrystalline ErMnO3, revealing the anni-
hilation of vortex/anti-vortex pairs as the key driving force.

5. Conclusion and Outlook

Our results show that improper ferroelectric ErMnO3 polycrys-
tals exhibit inverted domain scaling behavior under 3D geomet-
rical confinement compared to classical proper ferroelectrics, 
such as BaTiO3

[12] and Pb(Zr,Ti)O3.[11] In contrast to these sys-
tems, ErMnO3 is not ferroelastic and, hence, cannot minimize 
its elastic energy by forming new domain walls. The driving 
mechanism that gives rise to the established scaling behavior 
(d ∼ g0.5) is thus suppressed in polycrystalline ErMnO3. While 
the origin of ferroelectricity in polycrystalline ErMnO3 is the 
same as in single crystalline counterparts, there are additional 
elastic strain fields from grain-to-grain interactions[52] that 
strongly interact with the vortex/anti-vortex structures formed 
by the existing domain walls. This interaction promotes the 
unfolding of vortex-like domains into characteristic stripe-
like domains, the annihilation of vortex/anti-vortex pairs and 
vortex annihilation at grain boundaries. The latter reduces the 
number of domains and domain walls and, hence, gives rise 
to the inverted domain scaling behavior. Based on our results, 
we expect that the inverted domain scaling behavior is not 
restricted to ErMnO3. Possible candidate materials are non-fer-
roelastic systems with topological defects in their domain struc-
ture than can move and annihilate in response to elastic strain 
fields. Aside from the hexagonal manganites, this includes the 
isostructural hexagonal ferrites[55] and gallates,[56] as well as hex-
agonal tungsten bronzes.[57]

The substantial impact of topological defects on the grain-
size-dependent domain scaling behavior is intriguing as it 
provides a conceptually different handle for tuning the electro-
mechanical and dielectric performance of ferroelectric mate-
rials, giving a new dimension to, e.g., macroscopic capacitor 
applications[58] and domain wall based nanoelectronics.[24,27] 
Furthermore, recent advances in strain-field engineering uti-
lizing dislocations,[8] secondary phases,[9] and precipitates,[10] 
offer an interesting playground for future confinement studies. 
While our discussion is centered around isotropic grains, the 
texturing of grains in polycrystalline materials will enable 
further degrees of freedom for strain engineering.[59] In gen-
eral, designing polycrystals is a versatile processing-accessible 
path to adjust the domain structure of ferroelectrics utilizing 
topological defects, facilitating high tunability via strain fields, 

cooling rate,[28,29] and chemical doping[6] beyond the regimes 
accessible with single crystals and thin films.
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