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Chirality, i.e., handedness, pervades much of modern science from elementary parti-
cles, DNA-based biology to molecular chemistry; however, most of the chirality-
relevant materials have been based on complex molecules. Here, we report inorganic
single-crystalline Ni3TeOg, forming in a corundum-related R3 structure with both
chirality and polarity. These chiral Ni3TeOg single crystals exhibit a large optical
specific rotation ()—1355° dm™' ecm® g~!. We demonstrate, for the first time, that in
Ni3TeOg, chiral and polar domains form an intriguing domain pattern, resembling
a radiation warning sign, which stems from interlocked chiral and polar domain
walls through lowering of the wall energy. © 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4927232]

Non-centrosymmetric materials are associated with important physical properties such as
piezoelectricity, ferroelectricity, chirality, and non-linear optics, and relevant to numerous appli-
cations such as piezoelectric actuators, data storage devices, and electro-optical devices.'™ These
non-centrosymmetric materials naturally accompany domains and domain walls that result from
symmetry breaking away from centrosymmetry. Understanding and engineering of these domains
and domain walls are quintessential for the technological utilization of these non-centrosymmetric
materials.

Out of the crystallographic 32 point symmetry groups, 21 are non-centrosymmetric. Out of
21 non-centrosymmetric groups, 11 groups are chiral, 10 groups are polar, and five groups (1, 2,
3, 4, 6 in Hermann-Mauguin symbols) are simultaneously polar and chiral. Most investigations of
chirality in material science have focused on molecule-based materials. There exist a significant
number of chiral non-molecular materials.> However, the domain structures of these chiral inorganic
materials have been studied only in a limited degree. Perhaps, the most well studied chiral domains
in inorganic materials are those in chiral quartz (SiO,; trigonal space group P3,21 or P3;21) —
the so-called Dauphine twins.*> Recently, chiral domains in CsCuCl; (P6,22 or P6s22) was studied
using an imaging technique with circular polarized X-ray beams,® and quadrupole helix chirality
of DyFe4(BO3)4 (P3,21 or P3;21) was investigated using resonant X-ray diffraction.” The possible
coupling between chiral and ferroelectric domains has been suggested in PbsGe30,; (P3).8

Sapphire (@-Al,O3) and Cr,03 form in the centrosymmetric corundum crystallographic struc-
ture (space group R-3c). When antiferromagnetic order sets in Cr,O3, the magnetic lattice combined
with the crystallographic lattice loses inversion symmetry, so Cr,O3; becomes linear magnetoelectric
below the Néel temperature. LiNbO5; forms in a modified corundum structure (space group R3c)
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with polarity, but no chirality. However, NizTeOg crystallizes in a modified corundum structure
(space group R3) with both chirality and polarity, and collinear antiferromagnetic order along the
c-axis sets in below Ty = 52 K.>!° Chiral and polar domains and their relationship in Ni3TeOg have
never been studied previously.!!'# In this letter, we report the relationship between chiral and polar
domains in Ni3TeOg, and the large optical specific rotation in Ni3TeOg associated with chirality.
NisTeOg single crystals were grown using a chemical vapor transport method at 700 °C for
4 days, followed by furnace cooling.”'” Our NisTeOg single crystals are transparent hexagonal
plates (~1 x 1 x 0.1 mm®) with green color as shown in Fig. 1(c). Ni;TeOg crystallizes in a chiral
and polar lattice (space group R3) with lattice constants of a = 5.107 A and ¢ = 13.762 A. In
the corundum structure of a-Al,Os, edge-shared honeycomb layers of AlOg octahedra are stacked
with an offset arrangement along the c-axis. In NisTeOg, both Ni and Te ions sit at the Al sites of
corundum Al,Os structure, leading to three crystallographically inequivalent Ni sites (labelled as

(a)e 2.6]&9’__?3-]5 »
1 ®

W
.

FIG. 1. (a) displays the basic building block of Ni3TeOg, which corresponds to one third of one unit cell. The red triangle
is associated with unequal bond lengths: 2.78, 2.88, and 3.20 10\, which can be considered as a part of the first Ni;;)Os-TeOg
honeycomb layer. Theon, the neighboring Ni;)O6-Ni(;Og layer is associated with the blue triangle with unequal bond lengths:
2.61, 3.11, and 3.15 A. We denoted the shortest bonds in the red and blue triangles as bold lines. (b) shows two different
ferri-chiral states: left panel with net left-handed chirality and right panel with net right-handed chirality. Red and blue
helixes, shown by following the rotation of the bold red and blue bonds, respectively, rotate in an opposite fashion, and a net
chirality exists due to the asymmetry of red and blue triangles (helices). (c) is an optical microscope image of a 100 pm-thick
single crystal of Ni3TeOg: the scale bar equals to 1 mm. The chiral domains of a Ni3TeOg crystal are visible in transmission
polarized optical microscope images shown in Figs. [1(d)]-[1(j)]. Blue and red bars represent the angles of a polarizer and an
analyzer, respectively. (d) and (e) show the contrast inversion of the chiral domains with rotating the analyzer from 6 =90° - ¢
to 90°+ @. (f), compared with (d), shows no contrast change with flipping the crystal with a fixed polarizer/analyzer angle.
(g)—(j) demonstrate no contrast change with in-plane rotation of the crystal with a fixed polarizer/analyzer angle (a red arrow
labels one landmark which is an embedded different chiral domain, with which the crystal orientation can be identified).



076105-3 Wang et al. APL Mater. 3, 076105 (2015)

Nig;), Nig;), and Nig;i)) and one Te site.'! Ni and Te ions occupy “3-fold” symmetry sites (Wyckoff
position 3a, 0, 0, z) with z =0.5065, 0.2144, 0.0127, and 0.7084 for Nig), Nigi), Nigi, and Te,
respectively. Fig. 1(a) shows the first layer formed by an edge-shared network of Ni;Os-TeOg
octahedra, and another edge-shared network of Ni;/Og-Ni;Og octahedra builds the second layer. As
can be seen in Fig. 1(a), two layers are well connected via face-shared Ni;Os-NigiiyOg octahedra.
Herein, we consider four of such oxygen bridged octahedra, 3NiOg + TeOg, as the basic building
block of NisTeOg. Fig. S1 shows that three building blocks per unit cell are linked through interlayer
stacking of TeOg and Ni;;Og octahedra via face sharing, resulting in a unique 120° rotation of
neighboring building blocks (Section 1 in the supplementary material, see Fig. S1 for one unit cell
consists of three NiOg + TeOy building blocks').

To clarify the chirality of the Ni3TeOg lattice, we define two oxygen triangles: red and blue
triangles in Fig. 1(a), existing in the Ni;;)O6-TeOg first layer and the Ni;)Og-NigiOg second layer,
respectively. The red triangle in the first Ni;Og-TeOg honeycomb layer is associated with three
unequal bond lengths (2.78, 2.88, and 3.20 A), and the neighboring Ni(;)O¢-Ni;)Og layer is char-
acterized by the blue triangle with different three unequal bond lengths (2.61, 3.11, and 3.15 A).
The shortest bonds in red and blue triangles are highlighted in bold as shown in Fig. 1(a). The
chiral structure is evident when tracking the red/blue triangles (or bold bonds) along the ¢ axis,
which reveals a 120° rotation of neighboring the-same-color triangles: three red triangles rotate
counterclockwise (right-handed helix) about the ¢ axis while the three blue triangles rotate clock-
wise (left-handed helix), as shown in Fig. 1(b). Note that these two helices have opposite chirality
unlike the mono-chirality of double helix in DNA.'® The opposite rotations are not cancelled in
both x and y directions within one NizTeOg unit cell due to different asymmetric triangles. The
degree of chirality of a chiral structure can be quantified using a continuous chirality measure
(CCM), obtained through finding the minimal distance, by which the atoms in the relevant structural
fragment have to be shifted in order to reach the nearest achiral structure.!”-'® The concept of CCM
was introduced to provide an exact quantitative scale of chirality, rather than labeling objects as
being either chiral or achiral (Section 2 in the supplementary material, see Fig. S2(a) for the concept
of CCM'3). We obtain a CCM value for the blue helix which is two times larger than that of the red
one. Thus, NizTeOg forms a ferri-chiral state, i.e., the opposite chiral amplitude is unequal and a net
chirality exists. Note that the ferri-chiral helices in Fig. 1(b) are winded and entangled around each
other, and the CCM values of two helices are unequal, so the left panel in Fig. 1(b) shows an overall
left-handed (L) chirality and the right panel is right-handed (R). The unique structural characteristic
of Ni3TeOg is the overall arrangement of hetero-helices of the octahedral building blocks, leading to
its chirality. This is distinctly different from the corundum structure or the LiNbOj3 structure, which
also exhibit similar two-types of helices, but two opposite helices accompany an identical CCM
(i.e., red and blue triangles are identical in terms of bond lengths and angle). Therefore, they have
no net chirality, so they are in an anti-chiral state (Section 2 in the supplementary material, see Fig.
S2(b) for the comparison of corundum, LiNbO3, and NisTeOg structures'3).

Unlike X-ray diffraction experiments using dispersion corrections or circularly polarized X-ray,
measuring optical rotation with a polarized optical microscope is a relatively easy way to explore
the chiral properties such as an optical specific rotation value. The chirality of a NisTeOg single
crystal has been directly observed under a transmission polarized optical microscope (Zeiss Optical
Microscope Axio Imager, M1m). The blue and red bars in Figs. 1(d)-1(j) indicate the directions of
a polarizer and an analyzer, respectively. It is clearly shown in Figs. 1(d) and 1(e) that by rotating
the analyzer from 6 = 90° — ¢ to 90° + ¢ (here, 0 is the angle between the direction of polarizer
and that of analyzer, and ¢ is a small additional rotation angle), the contrast of neighboring do-
mains reverses. However, with a fixed 8 = 90° — ¢, the domain contrast remains intact with flipping
the crystal, as shown in Fig. 1(f). This is associated with an important feature of chirality: along
either direction of a chiral helix, the chirality (i.e., left or right handedness) remains the same.
Figs. 1(g)-1(j) demonstrate that in-plane rotation (the red arrow labels one landmark that enables
the identification of crystal orientation readily) does not influence the domain contrast. Thus, the
Ni3TeOg crystal has six chiral domains with alternating left chiral and right chiral domains.

The chirality of a chiral crystal can be characterized by an optical specific rotation value:
a = ¢/ld, where ¢ is the optical rotation angle, [ is the path length in decimeter, and d is the
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FIG. 2. Shows the dependence of the integrated intensity of linearly polarized light passed through a Ni3TeOg crystal on
analyzer angle, indicating that at ¢ = 8.5°, the integrated light intensity reaches the minimum. The plot is fitted by I o cos? ¢.

density of crystal. The optical rotation of a Ni3TeOg crystal is carefully measured using an optical
microscope with linear-polarized visible light in a transmission mode. Fig. 2 shows the dependence
of integrated light intensity on analyzer angle. At ¢ = 8.5°, the integrated light intensity (/) reaches
the minimum, meaning that the analyzer is exactly perpendicular to the rotated linearly polarized
light passed through the crystal. The plot can be nicely fitted by I o cos? ¢. The crystal thickness is
9.8 x 10™* dm, and the density of Ni3TeOg is 6.4 g cm~>.!° Thus, the measured specific rotation of
Ni3TeOg is 1355° dm™' cm? g~! in a visible frequency range, which is about twice larger than that
of a-quartz. A list of the specific rotations of various inorganic chiral materials is shown in Table I,
which is calculated based on Refs. 8 and 20.

In addition to chirality, the imbalanced spatial charge distributions of the ions in Ni3TeOg give
rise to electric polarization along the c axis. Thus, NisTeOg is a rather unique material with chirality
and polarity at room temperature. Both polar distortions along [001] and chiral distortions around
[001] are involved in forming the R3 rhombohedral structure of NizTeOg. With respect to the zero
polarization when the polar mode is deactivated, the polarization of the R3 rhombohedral structure
of Ni3TeOg is 72 uC cm~2.!'! Piezoresponse force Microscopy (PFM) scanning experiment was per-
formed on the flat surface of a NisTeOg crystal using an atomic force microscope (Nanoscope II1A).
The top panel of Fig. 3(c) shows the topography of the purple boxed region across one chiral domain
wall in Fig. 3(a), and the corresponding out-of-plane PFM image is shown in the middle panel of
Fig. 3(c). The contrast of the PFM image results from the opposite piezoresponse signal in adjacent
chiral domains, indicating the the presence of opposite c-direction polarizations (up (+) or down (—))
in two adjacent chiral domains. We attempted to flip polarization with external electric fields without
success, indicating that NizTeOg is pyroelectric (see Section 3 in the supplementary material'®). Note
that there exist 4 different possibilities of combining chirality (R or L) and polarization directions

TABLE 1. Specific rotation (@) of inorganic chiral materials.

Compounds a (deg dm™! cm3 g71) Compounds a (degdm™'cm? g1y
AgGaS, 11397 Ni3TeOg 1355
Hg3T62C12 5270 H103 1089
LilO3 2200 SiO; (a-quartz) 816
TeO, 1852 Bi2GeOyg 438

HgS 1 636 PbsGe301 80




076105-5 Wang et al. APL Mater. 3, 076105 (2015)

6 um

0

an

-1
s PFM/pm 'V i

x/pm 12

FIG. 3. Demonstrates that a chiral domain wall is also a polar domain wall. PFM image of the purple boxed region in the
transmission polarized optical microscope image of (a) is shown in the middle panel of (c). The corresponding topographic
image is displayed in the top panel of (c), and the line-scan along the green line is shown in the bottom panel of (c). The
cartoon in (b) displays one possible domain structure with (R—, L+, R—, L+, R—, L+).

(+ or —). However, our results indicate that the 6 domain structure of a NisTeOg crystal is either (R+,
L-,R+,L-,R+,L-)or (R—,L+,R—,L+,R—, L+), one of which is shown in the cartoon in Fig. 3(b).
In other words, chiral domain walls are interlocked with polar domain walls.

Fig. 4(a) shows the top view of the structure including one-building-block around one chiral
domain wall of Ni3TeOg, and the corresponding schematic side view is displayed in Fig. 4(b).
The off-centered cations, Te/Nig;, and Nig)/Nigi), show opposite displacements along the polar
direction. Te and Nig;) ions, in comparison with Nig, and Nig;) ions, exhibit larger displacements
along the ¢ axis from the center of oxygen atoms. The up-polar state is associated with the upward
shift of Te and Nigj) ions from the octahedral centers. Correspondingly, the downward-polar state
forms when Te and Nig;) ions shift down from the octahedral centers. For example, the left domain
shown in Figs. 4(a) and 4(b) represents an up-polar and left-handed (L+) domain. For convenience,
a cation sitting at ith layer and one of A, B, and C columns is denoted as M; (M = A/B/C and
i = 1-6). For example, the staggered stacking sequence of TeOg in the left domain of Fig. 4(b)
corresponds to A|B3Cs.

Figs. 4(b)-4(d) display three types of structural domain walls: chiral-only domain wall (c),
polar-only domain wall (d), and simultaneous chiral and polar domain wall (b). First, Fig. 4(c)
shows the chiral-only domain wall between L+ and R+, at which mirror symmetry with respect
to the (10-10) plane exists. The polarity does not change across this chiral domain wall, but the
rotational feature of three building blocks is switched across the chiral domain wall. Second, cat-
ions are displaced in the opposite direction across the polar domain wall between L+ and L— in
Fig. 4(d) while chirality remains intact. The TeOg octahedra in both Figs. 4(c) and 4(d) show an
AB3Cs||A1B5C3 sequence across the domain walls, so the continuity of the ideal TeOg octahedra
stacking sequence is broken across the wall. On the other hand, across the simultaneous chiral and
polar domain wall in Fig. 4(b), the ideal A;BsCs stacking of TeOg octahedra remains intact. Thus,
simultaneous chiral and polar domain walls, compared with chiral-only or polar-only walls, likely
accompany low domain wall energy, which leads to the interlocking of chiral and polar domain
walls. This interlocking of chiral and polar domain walls is basically responsible for the intriguing
radiation warning sign-like pattern in a hexagonal-shape Ni3TeOg crystal. Our findings demon-
strate, for the first time, the interlocking nature of chiral and polar domain walls in any inorganic
materials. Note that the coupling or coexistence of different order parameters gives rise to novel
unconventional properties such as multiferroicity,>"?? improper ferroelectricity,”>2° and anomalous
magnetotransport.”>?’ Similarly, the study of the coupling between chiral and polar domains and
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FIG. 4. Three types of structural domains and domain walls in Ni3TeOg. (a) and (b) show the top view and side view of
a simultaneous chiral and polar domain wall. The thickness of the structure along the ¢ axis in (a) is one-building-block,
corresponding to the red rectangular frame in (b). (c) and (d) display a chiral-only domain wall between R+ and L+ domains,
and a polar-only domain wall between L+ and L— domains, respectively. The Te stacking sequence remains intact across a
domain wall only in (b) while it switches in (c) and (d).

domain walls may provide new paths for understanding the novel physical properties of chiral and
polar materials and utilizing them for technological applications.

In summary, we have successfully grown transparent hexagonal single crystals of NizTeOg,
which crystallizes in a corundum-related structure. Unlike other compounds with corundum-related
structures such as a-Al,03, Cr,03, and LiNbO3, NizTeOg exhibits uniquely both chirality and po-
larity with a large optical specific rotation (@ = 1355° dm™' cm?® g~!), which may be utilized for
devices such as polarization rotators.”® Note that most inorganic materials listed in Table I show-
ing large specific rotation value possess merely chirality without polarity. In addition, our results
demonstrate that the interlocked chiral and polar domain walls can minimize lattice distortions at
the walls and lead to a unique radiation warning sign-like domain pattern in NizTeOg. Our find-
ings unveil the rich coupling nature of chiral and polar order parameters and provide new insights
into understanding and engineering of domains and domain walls in functional chiral and polar
materials, which have been investigated only in a limited degree.
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