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Abstract: Domain walls are ubiquitous in materials that undergo phase transitions driven by
spontaneous symmetry breaking. Domain walls in ferroics and multiferroics have received
tremendous attention recently due to their emergent properties distinct from their domain
counterparts, for example, their high mobility and controllability, as well as their potential
applications in nanoelectronics. However, it is extremely challenging to detect, visualize and study
the ferro-rotational (FR) domain walls because the FR order, in contrast to ferromagnetism (FM)
and ferroelectricity (FE), is invariant under both the spatial-inversion and the time-reversal
operations and thus hardly couple with conventional experimental probes. Here, an FR candidate
NiTiOs is investigated by ultrasensitive electric quadrupole (EQ) second harmonic generation
rotational anisotropy (SHG RA) to probe the point symmetries of the two degenerate FR domain
states, showing their relation by the vertical mirror operations that are broken below the FR critical
temperature. We then visualize the real-space FR domains by scanning EQ SHG microscopy, and
further, resolve the FR domain walls by revealing a suppressed SHG intensity at domain walls. By
taking local EQ SHG RA measurements, we show the restoration of the mirror symmetry at FR
domain walls and prove their unconventional nonpolar nature. Our findings not only provide a
comprehensive insight into FR domain walls, but also demonstrate a unique and powerful tool for
future studies on domain walls of unconventional ferroics, both of which pave the way towards
future manipulations and applications of FR domain walls.
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Domain walls are low-dimensional features that lie between neighboring domains related by
broken symmetries through second order phase transitions in solids. In particular, domain walls in
ferroics and multiferroics have attracted tremendous attention and have been intensively studied
because of their unique physical properties [1-12] and the applications enabled by their flexible
controllability [13-17]. Ferro-rotational (FR) order, a ferroic order made of a toroidal arrangement
of electric dipoles, distinguishes itself from other ferroic orders by its invariance under both the
spatial-inversion and the time-reversal operations. Because of this unique symmetry property,
conventional techniques that have been used to investigate different types of ferroic domain walls,
such as piezoresponse force microscopy [18], conductive atomic force microscopy [2,19],
nitrogen-vacancy center magnetometry [20,21], magneto-optic Kerr effect [22] and electric dipole
second harmonic generation (ED SHG) microscopy [23-25], barely couple to the FR order.

Electric quadrupole (EQ) SHG, in contrast to ED SHG that only survives when spatial inversion
in broken, is present in all systems while exhibiting much weaker intensities. Comparing to linear
optics and ED SHG, EQ SHG provides more copies of participating vector fields that allow a direct
coupling to high-rank multipolar orders (e.g., the FR order). In this study, we apply EQ SHG to
investigate the FR order of NiTiOs single crystals. Above T, = 1560 K, NiTiOz crystalizes in a
corundom structure with the space group R3c (point group 3m, Fig. 1a). The structure possesses
a C; rotational symmetry along the c-axis as well as three mirror planes parallel to the c-axis (Fig.
1b). Below T, ordering of the metallic ions forms where Ni?* and Ti** are arranged alternatively
in a layer-by-layer fashion [26,27]. The resulting two stacking sequences give rise to two domain
states A and B (Fig. 1c and 1e), featuring net structural rotations in opposite directions arising
from the different rotational distortions of the oxygen cages (Fig. 1d and 1f). These distortions,
which break the mirror symmetries and reduce the space group from R3c to R3 (point group 3),
result in a toroidal arrangement of electric dipole moments that lead to the FR order.
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FIG. 1. (a) a-axis and (b) c-axis view of the NiTiO, crystal structure above T_. The 3-fold rotational
symmetry and the three mirrors are indicated by the arrows and the dash lines. (c and e) g-axis view
of FR domain state A and B below T . (d and f) c-axis view of two oxygen cages enclosing Ti'" of

domain A and B. Arrows indicate the rotation direction of the oxygen cages. (g and h) Simulated
polarization-resolved fundamental reflection and the EQ SHG RA in the parallel channel from domain
A, domain B and from the paraphase.

Due to the centrosymmetric crystal structure, EQ SHG is the lowest rank nonlinear optical process
that can couple with the FR order. Figure 1g and 1h show the simulated EQ SHG RA together with
the polarization-resolved fundamental reflection in the parallel channel from FR domain A and B
obtained under normal incidence of light along the c-axis of the sample. Whereas the polarization-
resolved fundamental reflections show identical circular patterns from both domains, the EQ SHG
RA patterns exhibit a rotation of the six-lobe patterns in opposite directions between the two FR
domains, demonstrating the advantage of EQ SHG in probing the FR order and distinguishing the
two degenerate FR domain states.

Experimentally, we perform the EQ SHG RA measurements [28] on a normal-cut sample (Fig. 2a)
whose surface normal is off from the crystal c-axis by 8, = 2 + 1°, determined by the group theory
analysis [28] and confirmed by the X-ray diffraction. By performing oblique SHG RA
measurements on this sample, we confirm that our SHG signal is primarily from the bulk EQ
contribution instead of others such as bulk magnetic dipole (MD) or surface ED [28]. Figure 2b
and 2c show the corrected EQ SHG RA patterns from the two FR domain states under the normal
incidence of light [28] with the data (markers) fitted by the simulated functional forms from the
point group 3 (solid lines). Both sets of the EQ SHG RA patterns possess the three-fold rotational
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symmetry but rotate away from the paraphase mirrors in opposite directions by 17°, which is the
evidence of the broken mirror symmetry in the FR phase. This 34° rotation angle difference
between the EQ SHG RA patterns far exceeds that of the tiny rotational distortions of the crystal
structures between the two domains. This rotation of the SHG RA pattern depends on the relative
amplitudes between the susceptibility tensor elements of the paraphase and those of the FR phase
which are wavelength-dependent [28,29]. For NiTiOs, the optical gap (~ 3eV, or ~400 nm) [30,31]
is close to our SHG wavelength (400 nm), where the optical resonance condition leads to the large
rotation of the SHG RA patterns. Such large rotations in the EQ SHG RA patterns have also been
observed in other FR materials [29,32,33], corroborating the benefits of EQ SHG RA in
distinguishing the degenerate FR domains. Next, in preparation for the domain imaging, we
prepared another tilt-cut NiTiOs sample whose cut surface is deliberately chosen to be
perpendicular to one of the three mirrors of the paraphase, with its surface normal off from the
crystal c-axis by 6, = 34 + 6° (Fig. 2d). As shown in Fig. 2e and 2f, there is an increase of the
SHG signal, the SHG anisotropy, together with a reduction of symmetry in the EQ SHG RA
patterns for the tilt-cut sample. The six lobes of the EQ SHG RA patterns with even intensities in
the normal-cut sample are reduced to two large and two small lobes in the tilt-cut sample along
with the three-fold rotational symmetry reduced to two-fold. EQ SHG RA patterns from the two
domains, however, are still related by the vertical mirror operation that is aligned with the a-axis
of the crystal.

( a) Normal cut (d) Tilt cut

—e— Domain A

o Domain B

FIG. 2. (a and d) Schematics of laser light incident on the normal-cut and the tilt-cut samples. a’- and
b’-axis are projections of a- and b-axis onto the sample cut surface and c’-axis is the projection of c-
axis onto the surface normal. Mirrors of the paraphase are indicated by the dash lines. (b and c)
Corrected EQ SHG RA patterns from the normal-cut sample FR domain A (blue) and domain B
(yellow) in (b) the parallel and (c) the cross channel. Rotations of the patterns away from the a-axis



are indicated by the colored shaded areas. (e and f) EQ SHG RA patterns from the tilt-cut sample
FR domain A (blue) and domain B (yellow) in the (e) parallel and (f) the cross channel. Mirrors of the
paraphase are indicated by the dash lines. Data (markers) are fitted by the functional form from group
theory analysis (solid lines).

The anisotropy in the tilt-cut sample introduces a large SHG intensity contrast in the parallel
channel at the polarization angles ¢; = —17° and ¢, = 17° (insets of Fig. 3a and 3b), allowing
us to image the FR domains by the means of scanning EQ SHG microscopy [28]. We first fix the
polarization angle to be at ¢p; = 17° and perform the scanning EQ SHG measurement. The yielded
FR domain map is shown in Fig. 3a. The two degenerate FR domain states are clearly distinguished
with a stark contrast and are clearly separated. When the polarization is fixed at ¢, = —17°, a
complimentary FR domain map is constructed and shown in Fig. 3b with the signal levels of the
two FR domains flipped from Fig. 3a. Regions highlighted in yellow show exceptionally large
SHG signals and correspond to island-shaped NiO defects formed during sample growth [28].
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FIG. 3. (a and b) EQ SHG scanning of the FR domains at the polarizations indicated by the
corresponding insets. Regions with exceptionally large SHG signals are highlighted by the yellow
color. (c-e) Histogram of (c) the population of FR domains, (d) the domain lateral size and (e) the
radius of curvature along the domain walls.

The high-resolution FR domain imaging enables us to perform a series of statistical analysis on
the FR domains and domain walls, providing essential yet unprecedented information about the
FR order and could be compared with ferroelectric (FE), ferromagnetic (FM) and the ferro-toroidal
(FT) orders. First, we calculate the domain populations based on the SHG signal level of each
pixel. As is shown in Fig. 3c, the populations of domain A and B are close to each other, showing
no obvious preference to either domain when the FR order is formed. We next investigate the
lateral size of the FR domains obtained from the whole scanned region [28] and plot the histogram
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of the lateral domain size in Fig. 3d. The domain lateral size mostly lies in the 20-30 um range,
larger than the typical size of the FE domains (< 1 um) [2,19,20,34-39], close to that of the FM
domains (~10 um) [40,41] and smaller than that of the FT domains (~100 um) [25,42]. During the
sample preparation process, we observe that by quenching the sample across T, the domains can
shrink by more than 80% of the size of the slow cooling sample domains [28], with an increase of
the domain wall density. The cooling-rate dependence of the domain sizes has also been observed
by previous studies [43]. This indicates that the quadrupolar nature of the FR order is distinct from
the dipolar ferroic counterparts such as FM and FE orders whose domain sizes mainly result from
the energy competition between long-range (e.g., magnetic dipole-dipole interaction for FM) and
short-range (e.g., exchange coupling for FM) interactions [44]. On the contrary, instead of the
static energetics, the dominant contributor to the formation of the FR domains and their size could
be the non-equilibrium dynamics as well as the formation of topological defects during the cooling
process of the sample growth [45,46].

Besides the FR domains, we can also visualize the boundaries between the two FR domains, i.e.,
the domain walls. Figure 3e plots the histogram of the radius of curvature extracted from each
point along the domain wall [28]. Two peak frequencies appear at 10-22.5 pm and 35-40 pm,
which are comparable to the characteristic lateral domain sizes (20-30 um). This is consistent with
the meandering of the domain wall shown in Fig. 3a and 3b and is in stark contrast to the straight
wall morphology that is ubiquitous in strain-induced ferroelectric and ferroelastic materials
[2,39,47]. However, in FT [25,42], FM [40,41] and many of the improper FE materials [4,38,48],
the domain walls also show curving profiles, similar to the case of FR domains in NiTiOs. We
infer from this observation that the domain walls tend to be curved when the order parameter is
parallel to the out-of-plane rotational axis (i.e., c-axis in NiTiO3) and hence does not break any
rotational symmetry. This is because such type of order parameters has zero component projected
onto the in-plane domain walls and therefore is relatively insensitive to the curving of them.

Remarkably, scanning EQ SHG and local EQ SHG RA measurements can be applied to selectively
image the domain walls and probe their symmetries. As shown in Fig. 4a, within the selected
region shown in the lower inset, by choosing the polarization in the cross channel along the a-axis
where both FR domains yield the same SHG signal level (Fig. 4a upper inset), the EQ SHG
scanning image shows a clear suppression of SHG intensity at the domain walls as compared to
the domains on both sides. The average SHG signal is calculated along the domain wall (green
contour in Fig. 4b) as well as along the contours that are further away from it [28]. The plot of the
average SHG intensity as a function of the distance to the domain wall is shown in Fig. 4c. The
valley of the plot corresponds to the domain wall, as expected from the scanning EQ SHG image
in Fig. 4a. The drop of the signal at the boundaries is the signature of mirror symmetry along the
incident light polarization, which forbids any SHG signal in the cross channel, in contrast to the
absence of mirrors inside FR domains. We note that similar suppression of the SHG signal at the
domain boundaries was also observed in polycrystalline MoS; [49,50] due to the destructive
interference between the SHG light from adjacent domains [23,25,51]. We have ruled out the
possibility of destructive interference in our experiment and confirmed that the suppression of
SHG intensity results from the restoration of mirror symmetry at the domain walls [28]. At the
same time, we also performed SHG imaging in the parallel channel with the polarization aligned
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with the a-axis, where no SHG intensity contrast at domain walls is observed [28]. This confirms
that the suppressed SHG in Fig. 4 is governed by the 3m symmetry. We note that a recent
publication reports enhanced SHG at the domain walls [52]. This difference is likely due to the
different sample preparation methods that is known to result in different domain morphology [43]
and hence perhaps different domain wall characteristics. Besides, the SHG is collected without
polarization analysis in ref [52]. This geometry always has finite SHG intensity at the domain
walls even under 3m, whose relative strength to that inside domains depends on the incident
wavelength that differs between ref [52] and this work [28]. The uniform drop of the signal along
the domain wall negates its polar nature since polar domain walls break the spatial-inversion
symmetry and therefore are expected to show much stronger SHG from the leading order ED
contribution [7]. The signal drop at the domain wall of our NiTiOz is 7.0 + 1.5% compared to the
average signal level of the two FR domains, yielding an estimated domain wall width to be 0.76 +
0.20 um [28]. This estimated domain wall width lies within the range of the previously reported
values by STEM, ranging from several nanometers to several micrometers [53], and is also
confirmed by our scanning electron microscopy (SEM) measurements [28]. Depending on the
relative orientation of the domain walls to the surface normal, we may have overestimated the
domain wall width by probing its tilt-cut cross section. Therefore, our measured wall width is an
upper bound of the actual value.
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FIG. 4. (a) EQ SHG scanning image of the domain walls in the cross channel at the polarization
indicated by the arrow in the upper inset. The lower inset shows the same region of interest extracted
from Fig. 3a. (b) Same as (a), where domain A and B are labelled. The green contour indicates the
domain wall based on which (c) is constructed. The blue/yellow arrows and numbers indicate where
EQ SHG RA is measured and plotted in (d). (c) Averaged EQ SHG intensity as a function of distance
to the domain wall. (d) EQ SHG RA patterns in the cross channel measured across and along the
domain wall. Numbers at the bottom right of the plots indicate the ratio of contributions from domain
A, B and the domain walls. (e) Simulated EQ SHG RA from a tilt-cut sample based on §m._The red

arrow indicates the polarization parallel to the mirror. (f) c-axis view of the crystal structures of domain
A, B, and the domain wall. Arrows indicate the rotation direction of the oxygen cages.

To further characterize the domain walls, we perform a series of EQ SHG RA measurements across
and along the domain wall. The left column of Fig. 4d shows the EQ SHG RA measured across
the domain wall along the blue and the yellow arrows shown in Fig. 4b. From domain A to domain
B, there is a continuous evolution of the EQ SHG RA patterns and between the domains, the EQ
SHG RA shows intermediate patterns which result from the superposition of the contributions
from the two FR domains and the domain wall. The right column of Fig. 4d shows the EQ SHG
RA patterns measured along the domain wall at the positions labelled by the numbers shown in



Fig. 4b. All EQ SHG RA patterns measured at different positions on the domain wall show almost
identical bowtie shapes. This confirms the nonpolar nature of the domain wall and shows stark
contrast to the polar domain walls of ferroelastic materials such as CaTiOz [7] where the shapes of
the SHG RA patterns are locked to the curving directions of domain walls.

Having established the presence of the mirror symmetry at domain walls, we here propose that the
domain walls retain the crystal structure of the paraphase and preserves the mirror symmetries, in
contrast to the FR domains where the ordering of Ni?* and Ti*" takes place below T (Fig. 4f).
Similar situations are also present in ferroelectricity such as BiFeOs where at the domain
boundaries, it is more energetically favorable for the oxygen octahedra to remain unchanged [54].
To confirm this, Fig. 4e shows the simulated EQ SHG RA patterns from a tilt-cut sample based on
the 3m point group of the paraphase using the susceptibility tensor elements extracted from the
fitting results of the FR domain data (Fig. 2e and 2f). The red arrow indicates that indeed, SHG
radiation is suppressed at the polarization aligned with the mirror in the cross channel, consistent
with the intensity suppression at domain walls in Fig. 4a. We then construct the superposition of
the EQ SHG RA patterns from both FR domains and the domain walls, which is used to fit the EQ
SHG RA data in Fig. 4d (solid curves). The weight of the contributions from domain A, B and
walls are displayed at the bottom right corner of each polar plot.

In summary, the spatial distribution and symmetries of FR domains in NiTiO3 are carefully
investigated by ultrasensitive EQ SHG techniques. More importantly, these EQ SHG techniques
further enable us to selectively resolve the domain walls and probe their symmetries, despite the
presence of spatial-inversion symmetry. We observe the meandering feature of the FR domain
walls and confirm the presence of mirrors at the domain walls as well as their nonpolar nature. The
high-resolution FR domain and domain wall maps enabled by the EQ SHG techniques pave the
way for the future study on the interactions between the FR order and other orders coexisting in a
system. It has been suggested that in many type-11 multiferroics, the FR order is a prerequisite for
subsequent noncentrosymmetric magnetic orders, which are the necessary ingredient for type-II
multiferroicity [55-57]. For NiTiOs, it has been reported that an antiferromagnetic (AFM) order
forms below Typy = 23 K [58-60]. It would be insightful to explore how the AFM order is
established upon the existing FR orders and how the AFM domains distribute in the presence of
FR domains and domain walls.
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