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Monochiral helimagnetism in homochiral crystals of CsCuCl;
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We report a crystal growth method to obtain homochira single crystals of CsCuCl; and polarized neutron
diffraction studies to examine the chiral helimagnetism of this compound. The homochira crystals were
grown by two-step crystallization. First, millimeter-sized seed crystals were synthesized by spontaneous
crystallization with stirring. The handedness of the seed crystals was determined by x-ray diffraction. Then,
centimeter-sized homochira crystals were obtained from the selected homochiral seed crystals. The large
homachiral crystals made it possible to perform polarized neutron diffraction. We clarified a strong correlation
between the crystal and magnetic chiralities, which governs the nature of antisymmetric Dzyaloshinskii-Moriya

interactions.
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The chirality concept, meaning right or left handedness,
plays a very important role in various research fields from
basic to applied sciences. Regarding new materials from
theoretical and experimental sides, it is crucia to understand
how to control the chiraity in molecules, crystals, and
magnetic structures. Chiral helimagnetic structures, forming
only one-handed screw magnetic structures, have attracted
attention because of the emergence of unique topological
magnetic textures such as chira skyrmion lattices [1] and
chira magnetic soliton lattices [2,3]. The former texture
corresponds to a periodic array of magnetic vortices with
a fixed swirling direction, while the latter is a periodic
array of helical twists partitioned by ferromagnetic regions.
Therefore, it is very important to investigate the interplay
between crystallographic and helimagnetic chirality because
the sense of the rotation of the chiral helimagnetic structures
strongly depends on the chiral crystal structure which allows
an antisymmetric Dzyaloshinskii-Moriya (DM) interaction
caused by the relativistic spin-orbit interaction [4,5].

However, there have been few experimental works on the
relationship between crystallographic and magnetic chirality
because of the difficulty in controlling the crystall ographic chi-
rality. B20-type transition-metal monosilicides are one of the
exceptional magnetic compounds where crystalswith apartic-
ular handedness are obtained. MnSi forms only a left-handed
(LH) chira crystal structure and LH chira helimagnetic
structure[6,7]. However, the series of compoundsFe;_,Co, Si
for x < 0.15 form only LH crystalline structures and the
opposite, i.e., right-handed (RH), magnetic structures. The
crystalline chirality switches to RH in x > 0.20, and the
magnetic chirality also switches to LH [8]. In this respect,
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the correlation between the crystalline and magnetic chirality
is still controversia in B20 compounds, and it is necessary to
investigate it in other chiral magnetic compounds. However,
most of the chiral inorganic compoundsform racemic-twinned
crystals, having both RH and LH crystalline domains. An
exceptional crystal is the water-soluble chiral compound
NaClOsz for which the use of conventional spontaneous
crystallization techniques forms racemic-twinned crystals.
However, by stirring the solution during the crystallization
process, homochiral crystals can be obtained [9].

As illustrated in Fig. 1, CsCuCl; crystallizes in the RH
(P6,22) and LH (P6522) chiral space groups [10-13]. Unpo-
larized neutron diffraction studies showed helimagnetic order-
ing with the magnetic propagation vector kmyg = (1/3,1/3,6)
(6 ~0.09) below 10.5 K [14], suggesting a chiral screw
structure with a period of 210 A.

We have grown single crystals of CsCuCls and probed the
handedness of the crystal sby meansof circularly polarizedres-
onant x-ray diffraction [15,16]. Wefound that millimeter-sized
single crystals, obtained by a conventional agueous solution
technique, always formed racemic-twinned domains, which
consist of tens um grains with RH and LH chiralities [15].
Some crystals of several hundreds micrometers sometimes
exhibit ahomochiral domain [16].

Plakhty et al. performed polarized neutron diffraction
experiments in large single crystals of CsCuCls, consisting
of amost one crystal domain of RH, and evaluating the
domainratio between RH and LH helimagnetic ordering. They
found that the ratio was nearly the same [17], claiming that
the Dzyaloshinskii axial vector does not influence the helix
chiral degeneracy. Thisresult was inconsistent with the strong
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(a) (b)

FIG. 1. Crystal structures of (&) right-handed (space group
P6,22) and (b) left-handed (space group P6522) CsCuCls. Large,
medium, and small balls represent Cs, Cu, and Cl ions, respectively.
Thearrowsin aCu chain shownin (a) and (b) represent right-handed
and |eft-handed helimagnetic structures, respectively.

correlation between crystal and magnetic chirality observed
in transition-metal monosilicides. Our studies [15,16] also
indicated that the previous polarized neutron diffraction
studies most probably were performed in racemic-twinned
crystals[17].

In this Rapid Communication, we demonstrate that large
homochiral crystals can be grown by means of spontaneous
crystallization with stirring and we evaluate their crystal
chirality by using circularly polarized x-ray diffraction. The
obtained large homochiral single crystals enabled us to
perform polarized neutron diffraction experiments in order
to determine the ratio between RH and LH magnetic helices,
and to clarify the interplay between crystalline and magnetic
chirality.

Single crystals of racemic-twinned CsCuCl; were prepared
from a conventional aqueous solution containing CsCl and
CuCl, by slow evaporation of the dightly acidified solvent.
The content of CuCls in the solution was increased to 10%
above the stoichiometric composition to avoid the undesired
formation of Cs,CuCl, [14-16].

To obtain homochiral single crystals of CsCuCls, the solu-
tionwasconstantly stirredinabeaker during thecrystallization
process. Details of the crystal growth conditions are described
elsewhere[18]. The obtained crystal s have aneedle shapewith
amaximum size of 1 mm diameter and 3 mm length along the
c axis.

X-ray absolute structure analysis using anomalous
scattering was performed to evaluate the crystallographic
chirality. By comparing the intensities of hundreds of Bragg
reflections between (,k,1) and (h,k,1), known as Bijvoet pairs
[19], the deducted Flack parameter [20,21] shows the ratio of
RH to LH crystal structures in the domains. By evaluating
Flack parameters obtained by x-ray oscillation photographs,
we found that the obtained crystals are homochiral crystals, at
least at the surface level.

In order to examine the chirality inside the crystal, we
picked up a sample with a RH homochira surface. Then,
the sample was cut at the center, and cleaved to explore the
(0,0,1) surface. To determine the chiral crystalline population
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on the cleaved surface, resonant circularly polarized x-ray
microdiffraction experiments were performed at the BL39XU
in SPring-8, Japan. The incident photon energy was set to be
8.996 keV inthevicinity of the Cu K edgewith afocused x ray
down to 2.7 x 2.7 um?, and a (0,0,14) screw axis forbidden
reflection was observed.

Toevauatethedifferenceinintensitiesbetween RH circular
polarization (RCP) and LH circular polarization (LCP), the
chiral crystalline flipping retio R, ¢y« is defined as
Ircp — ILcp
Ryoryst = Ircp+ Icp’ @
where Ircp and I cp are the intensities of RCP and LCP,
respectively. For the (0,0,14) reflection, the chiral crystalline
flipping ratio is described as

2siné

1+sin?6
where ®(P6,22) and ®(P6s22) are volume fractions of RH
and LH chiral crystalline domains, respectively.

Figure 2 shows animage of the crystalline chirality domain
onthecleaved (0,0,1) surface. Dueto theflatness of thecleaved
surface, we can evaluate the flipping ratio for determining
the chiral crystal domains in the area surrounded by the
dotted lines, having an intensity of (0,0,14) with a signal-
to-background ratio >1, where the signal and background
represent theintensity of RCP at on-peak-top and off-peak-top
w angles, respectively.

As shown in Fig. 2(b), the examined area exhibits a
negative value of Ry, indicating the RH chiral crystalline
domain. The result means that the single crystals obtained
by our crystallization technique with stirring are homochiral
crystals. In the case of a conventional crystallization process
without stirring, the obtained crystals distribute a micrometer
mixture of RH and LH chira crystal domains [15]. This
is because many microcrystalline nuclei combine into one
racemic-twinned crystal. However, in the case of crysta
growth with stirring, a millimeter-sized homochiral single
crystal is obtained from only one crystal nucleus. The water
flow deprives the growing nucleus of opportunities to be
merged with another nucleus in the crystallization process.

To grow homochiral single crystalsthat are large enough to
perform polarized neutron diffraction studies, we performed a
second process with the use of ahomochiral crystal, described
above, as a seed crystal. Spontaneous crystallization started
with only one seed crystal in the saturated solution. As the
crystallization proceeded, many new pieces of crystals were
generated in the solution. They were carefully removed to
prevent them from combining with the growing seed crystal.
After crystal growth for several weeks, the crystal size became
5 mm diameter and 10-15 mm length. To evaluate the
crystallographic chirality of the centimeter-sized crystalline
sample, we cut small portions a the opposite edges of
the sample, and examined them by means of an Xx-ray
oscillation photograph. The crystal chirality of al the pieces
was the same as that of the seed crystal.

Thecrystal structure at 4 K was determined after collecting
and refining, by using JANA2006 [22], 1959 nuclear reflections
a the single-crystal neutron diffractometer BL18 (SENJU)
at the Materials and Life Science Facility (MLF) of J

Ryoyst = [®(P6:22) — (P6522)], (2
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FIG. 2. Imaging of crystaline chirality domains of CsCuCls
obtained by spontaneous crystallization with stirring. (a) Photograph
of the cleaved (0,0, 1) surface of asingle-crystalline sample projected
from the direct synchrotron x-ray beam, and (b) flipping ratio
distribution of the (0,0,14) screw axis forbidden reflection. Areas
inside the red dotted lines have a (0,0,14) diffraction intensity with
a signal-to-background ratio >1. The scale is denoted by the color
bar. The blue and red areas represent the right-handed P 6,22 and the
|eft-handed P 6522 domains, respectively.

PARC (Japan). The refined structure with reliable parameters
R Fops = 0.0511 and wR Fops = 0.0881 was well consistent
with that of the x-ray oscillation photograph.

The observed and calculated nuclear structure factors for
the (1,1,]) reflections are shown in Table I. It is clear that
for unpolarized neutron diffraction there is no difference
between the calculated nuclear structure factors for the RH
(P6122) and LH (P6522) symmetries, making it impossible
to distinguish the handedness of the crystal structure. Our
calculation and experiments do not reproduce the tendency
observed in Refs. [14,17].

The polarized neutron diffraction technique is known as a
very powerful method to detect the domain ratio between RH
and LH screw magnetic structures due to the chiral term of the
magnetic scattering, expressed as [23,24]

M(Q); = —i[M(Q)1 x M(Q)7].. ©)

PHYSICAL REVIEW MATERIALS 1, 071402(R) (2017)

TABLE I. Observed and calculated nuclear structure factors of
(1,1,7) and its equivalent reflections, based on space groups of right-
handed P6,22 and left-handed P6522.

Calculation
Reflection Observation P6,22 P6522
(1,1,1) 13.34 (14) 11.22 11.22
(1,12 3.36(8) 3.07 3.07
(1,1,3 8.89 (11) 10.21 10.21
(1,1,4) 183.64 (52) 170.60 170.60
(1,1,5) 53.88 (54) 59.78 59.78
(1,1,6) 82.99 (83) 88.11 88.11
(11,7 76.14 (76) 80.17 80.17
(2,1,8) 30.75 (33) 31.68 31.68
(1,1,9) 24.75 (26) 23.64 23.64
(1,1,10) 57.86 (59) 57.65 57.65
(1,1,11) 11.73(23) 6.82 6.82
(1,1,12) 74.45 (76) 75.32 75.32

Here, x is one of three orthogona directions and paralle to
the scattering vector Q. M(Q) is the magnetic interaction
vector. The spherical neutron polarimetry technique effectively
accesses the chiral term [25-27]. We note that the neutron
spin polarization of the incoming and the scattered beam is
analyzed in the three orthogonal directions. I; s is the scatter
intensity, where i and f represent the incoming and outgoing
neutron polarization, respectively. The chiral term can be
directly detected by measuring spin-flip (SF) cross sections
of I, _,andI_, ., expressed as

Lics: = IMQLPFiM@Q1 xMQ)]: 4

To evaluate the difference between 7, _, and I_, ,, the
chiral magnetic flipping ratio R, mag iS defined as

I+x = I—x +x
Rymag = oot — ——xtr (5)
xm I+x,7x + Ifx,er

Therefore, the chiral magnetic flipping ratio is described as

—i[M(Q). x M(Q)1],
IM(Q)I? '

Polarized neutron diffraction experiments were performed
ontheBL15(TAIKAN) intheMLF, and oninstrument POLI at
Maier-Leibnitz Zentrum (MLZ) in Germany [28]. RH and LH
homochiral single crystals were prepared for the experiments.
A single-crystal spherical neutron polarimetry technique using
CRYOPAD was carried out at the POL I diffractometer operated
with atwo-axis mode with awavelength & = 0.89 A. Neutron
polarization and analysis were achieved by 3He-spin filtersin
the incoming and scattered beams [29-32]. The incident and
final neutron spin polarizations are chosen in three orthogonal
directions x, y, and z, where x is defined to be parallel to the
scattering vector, y to be perpendicular to x and the [1,2,0]*
axis, and z to be parallel to the[1,2,0]* axis.

The magnetic satellite peaks were observed with a o
scan a 4 K, and incomplete neutron polarization due to
3He-spin filters was safely corrected by using a transmission
monitor for the incoming beam and nuclear Bragg reflections
a (0,0,12) for the scattered beam, as described elsewhere

(6)

Rymag =
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FIG. 3. Spin-flip channel w-scan profiles of (a) (1/3,1/3,6—3)
and (b) (1/3,1/3,6 + &) magnetic Bragg reflectionsfor aright-handed
(P6,22) homochiral crystal and of (c) (1/3,1/3,6 —4§) and (d)
(1/3,1/3,6 + 8) for aleft-handed (P6522) homochira crystal. Solid
circles and open squares represent the measured intensities, and
continuous lines are Gaussian fits to the data.

[31]. Measuring SF cross sections +x,—x and —x,+x of
the magnetic satellite reflections, e.g., (1/3,1/3,6 — §) and
(1/3,1/3,6 + §8), respectively, gives direct insight about the
magnetic chirality of the sample. From the relative intensities
of those two channels, the ratio between RH and LH magnetic
domains can be determined. The rocking curves of the SF
channels of the magnetic satellites are depicted in Fig. 3 for
RH and LH crystals. For the (1/3,1/3,6 — &) reflection in the
RH crystal, shown in Fig. 3(a), we observed the magnetic
satellite peak only when the neutron polarization was along
+x, — x. However, for the (1/3,1/3,6 + §) reflection, shown
in Fig. 3(b), the peak was observed only when the polarization
wasalong —x, + x. Theopposite behavior happensfor theLH
crystal, shown in Figs. 3(c) and 3(d). Table || summarizesthe

TABLE Il. Observed and calculated chiral magnetic flipping
ratios of magnetic satellite reflections in right-handed (P 6,22) and
left-handed (P 6522) homochiral crystals. RChM and LChM repre-
sent right- and | eft-handed chiral magnetic structures, respectively.

Observation Calculation
Reflection P6,22 P6522 RChM LChM
(1/3,1/3,6 — 9) 0.95(22) —0.98(17) 1.0 -1.0
(1/3,1/3,6+48) —0.98(27) 0.91 (17) -1.0 1.0
(2/3,2/3,6+8) —1.03(15) 0.95 (21) -1.0 1.0
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observed and calculated chiral magnetic flipping ratiosin each
magnetic satellite peak. The observed chiral magnetic flipping
ratios indicate that the RH crystalline CsCuCls forms apurely
RH helimagnetic structure, and the LH crystal forms a purely
LH helimagnetic structure, as shown by the arrowsin Fig. 1.

We successfully determined the correlation between crys-
talline and helimagnetic chirality by using homochiral single
crystals and polarized neutron diffraction measurements.
Earlier, Plakhty et al. [17] reported that in a quantum
antiferromagnet with atriangular lattice CsCuCls, that belongs
to the XY chira universality class [33], the handedness of
the helical magnetic structure was not directly coupled with
structural chirality. Their misinterpretation might be caused
by the difficultiesin growing homochiral singlecrystalsandin
determining the crystal chirality by use of neutron diffraction.

To determine the crystallographic chirality, anomalous
scattering of the x ray, containing real and imaginary parts, is
necessary. On the other hand, neutron diffraction experiments
of CsCuClz cannot distinguish RH and LH chira crystal
structures because the nuclear scattering lengths of Cs, Cu,
and Cl have no imaginary parts.

Taking advantage of our spontaneous crystallization with
stirring for producing homochiral seed crystalsin combination
with a careful examination of crystallographic chirality using
conventional and circularly polarized x-ray, followed by
the laborious growth of enantiopure specimens, produces
centimeter-sized homochiral single crystals of CsCuCls with
the desired handedness. This method may be generally
applied for producing samples to study a wide variety of
chiral physical phenomena, such as, eg., optical activity,
magnetochiral dichroism (MCD), nonreciprocal spin-wave
propagation, etc. [34,35].

Using spherical neutron polarimetry could be shown that in
aprototypical triangular lattice antiferromagnet CsCuCls, the
handedness of the magnetic helicity is coupled and directly
controlled by the crystallographic lattice chirality. These
results could be understood in terms of a DM interaction
strongly coupled to the lattice. The Dzyaoshinskii axial
vector removes the helix chiral degeneracy, leaving only one
magnetic helix with handedness dependent on the sample
crystal chirality.

The present study will enhance the fundamental aspects
of the DM interaction in terms of microscopic mecha
nisms, together with studies on intermetallic chiral magnetic
compounds such as monoaxial ferromagnetic chiral crystals
CrNbsSs and B 20 transition-metal monosilicides.
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