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Using Lorenz microscopy and small-angle electron diffraction, we directly present that the chiral

magnetic soliton lattice (CSL) continuously evolves from a chiral helimagnetic structure in small

magnetic fields in Cr1=3NbS2. An incommensurate CSL undergoes a phase transition to a commensurate

ferromagnetic state at the critical field strength. The period of a CSL, which exerts an effective potential

for itinerant spins, is tuned by simply changing the field strength. Chiral magnetic orders observed do not

exhibit any structural dislocation, indicating their high stability and robustness in Cr1=3NbS2.
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The concept of chirality, meaning left- or right-
handedness, plays an essential role in the symmetry prop-
erties of nature at all length scales from elementary parti-
cles to biological systems [1]. In materials science, chiral
materials are frequently found in molecules or crystals
with helical structures, which break mirror and inversion
symmetries but combine rotational and translational sym-
metries. Chiral structure sometimes leads to the emergence
of intriguing functionalities such as a tunable optical re-
sponse in chiral nematic liquid crystals [2]. These phe-
nomena occur because electrons distribute themselves
along the chiral framework of atomic configurations and
their rotational and translational motions couple to give
specific physical processes.

In magnetic crystals belonging to chiral space group
such as MnSi [3], Fe1�xCoxSi [4], Cr1=3NbS2 [5],

CsCuCl3 [6] and molecule-based magnets [7], orbital mo-
tions of localized electrons with spin magnetic moments
take helical paths in the chiral framework of atoms and
mediate coupling of the neighboring spins of electrons via
the relativistic spin-orbit interaction called Dzyaloshinskii-
Moriya (DM) interaction [8,9].

In this Letter, we demonstrate an emergence of periodic
and nonlinear magnetic order called chiral magnetic soli-
ton lattice (CSL) [10–12] in addition to harmonic (linear)
magnetic order of chiral helimagnetic structure (CHM) in
chiral magnetic crystals of Cr1=3NbS2 by means of Lorenz

microscopy [13,14] and small-angle electron diffraction
(SAED) [15,16]. We have directly observed that upon
applying small magnetic fields perpendicular to the helical
axis, CHMwith 48 nm period continuously turns into CSL,
which consists of forced FM domains periodically

partitioned by 360� domain walls. Incommensurate CSL
undergoes a continuous phase transition to commensurate
FM state at the critical field strength. Applying magnetic
field causes continuous growth of the period of CSL from
48 nm toward infinity at the incommensurate-to-
commensurate (I-C) phase transition. Hence, the effective
magnetic superlattice potential for the itinerant quantum
spins can be tuned by simply changing the field strength.
The chiralities of CHM and CSL are identified to be left
handed in the present crystals. CHM and CSL appear
regularly and present no structural dislocation in all regions
of the specimens examined irrespective of scratched de-
fects fabricated by focused gallium-ion beams (FIB), in-
dicating that CHM and CSL are macroscopic order of spin
magnetic moments and, surprisingly, obtain high stability
and robustness against perturbation in Cr1=3NbS2. These
specific features of CHM and CSL are probably because
CHM and CSL are macroscopically induced by the uniax-
ial DM interaction that is allowed in Cr1=3NbS2 hexagonal
crystals belonging to noncentrosymmetric chiral space
group. Present observations will be the first step to explore
a variety of functionality [17–20] of CHM and CSL in
chiral magnetic crystals for spintronic device applications.
Cr1=3NbS2 has a layered hexagonal structure of 2H-type

NbS2 intercalated by Cr atoms which belongs to the space
group P6322 as shown in Fig. 1(a). Studies of Cr1=3NbS2
were started in the early 1970s when chemical vapor
transport method was used to grow Cr1=3NbS2 single crys-
tals [21]. Cr atoms are in the trivalent state and have
localized electrons with spins of S ¼ 3=2, whereas con-
duction electrons are in an unfilled band originated from
Nb atoms. Crystals with structural chirality allow the
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monoaxial DM interaction in the form of �D � S1 � S2

between localized neighboring spins S1 and S2 along the
crystallographic c axis in Cr1=3NbS2. Here, D represents

the DM vector. Competition between DM interaction and
the isotropic ferromagnetic (FM) coupling (J > 0) gives
rise to the helical structure of spin magnetic moments
SðzÞ ¼ Sð cos�ðzÞ; sin�ðzÞ; 0Þ with the azimuthal angle
given by �ðzÞ ¼ Q0z, as shown in Figs. 1(b) and 1(c). z
is defined as a coordinate along the helical axis (c axis) and
Q0 is the single modulation wave number of the helix given
by Q0 ¼ a�1

0 tan�1ðD=JÞ with a0 being the atomic lattice

constant along the helical axis (1.21 nm in Cr1=3NbS2
[21]). Importantly, the direction of D determines whether
spin magnetic moments rotate in a left- or right-handed
manner along the helical axis, thus providing chirality to
the given magnetic helix and calling it CHM. The magni-
tude of D ¼ jDj is usually 1 or 2 orders of magnitude
smaller than J because of its relativistic origin. Therefore, a
spatial period of CHM, Lð0Þ ¼ 2�=Q0 ffi 2�a0J=D
amounts to some tens of nanometers in chiral magnetic
crystals, which is obviously incommensurate with respect
to the background atomic lattice.

Under magnetic fields applied perpendicular to the hel-
ical axis, the magnetic field favors FM domains commen-
surate to the atomic lattice because of Zeeman energy

while the DM interaction tries to keep incommensurate
CHM. This situation is well reproduced by the effective
one-dimensional chiral sine-Gordon model [10–12,17–20].
Consequently, the order of CHM is periodically distorted
and CSL appears as the ground state unique to chiral
magnetic crystals in the magnetic field as shown in
Fig. 1(d). CSL is the nonlinear magnetic superlattice con-
sisting of forced FM domains periodically partitioned by
360� magnetic domain walls. The period of CSL is given
by LðHÞ ¼ 8Kð�ÞEð�Þ=ð�Q0Þ [10–12,17–20], whereKð�Þ
and Eð�Þ, respectively, denote the elliptic integrals of the
first and second kinds with the elliptic modulus � (0 �
� � 1). The modulus � is determined by minimizing the

CSL formation energy and given by �=Eð�Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

H=Hc

p

,
whereHc ¼ ð�a0Q0=4Þ2JS corresponds to � ¼ 1. �=Eð�Þ
monotonically increases from 0 to 1 as � changes from 0 to
1. Then, Hc has a meaning of the critical field strength
at which the continuous phase transition from CSL at
H <Hc to the commensurate forced FM states state at
H >Hc occurs. Using the relations Kð0Þ ¼ Eð0Þ ¼ �=2,
we see that the dimensionless ratio LðHÞ=Lð0Þ given by

LðHÞ=Lð0Þ ¼ 4Kð�ÞEð�Þ=�2; (1)

which depends solely on H=Hc. As H=Hc increases,
LðHÞ=Lð0Þ evolves monotonically toward infinity at
H=Hc ¼ 1.
Magnetic structure of Cr1=3NbS2 was first investigated

experimentally by small-angle neutron diffraction at zero
magnetic field [21]. Below the Curie temperature TC ¼
127 K, Cr1=3NbS2 exhibits a magnetic Bragg peak of

0:13 nm�1, which was considered as a manifestation of
helical order with magnetic moments rotating in the
ab plane in a 48 nm period along the c axis.
In the meanwhile, a steep change of magnetization atHc

applied perpendicular to the helical axis was interpreted as
the discontinuous phase transition between CHM and
forced FM states [5,21]. However, an intermediate phase
in perpendicular fields below Hc was not identified as
CSL state.
The transition at Hc should be interpreted as the con-

tinuous I-C phase transition theoretically envisioned by
Dzyaloshinskii [10]. This type of transition was actually
reported to occur in Ba2CuGe2O7 [22]. Recently, we re-
examined magnetization profiles of Cr1=3NbS2 and found

that the data indirectly suggest a formation of CHM and
CSL [12,23].
Previous theoretical treatments demonstrate that CSL

will support a variety of interesting functions for spintronic
applications in magnetic chiral crystals. CSL enables us to
carry magnetic information [17] and exhibits characteristic
physical properties such as magnetic-phonon-like elemen-
tary excitations [18], current-driven sliding motion [19],
and field-induced metal-to-insulator transition [20].
Therefore, direct observations of CSL have been eagerly
desired in the magnetic system.

FIG. 1 (color). Schematic diagram of crystalline and magnetic
structures of Cr1=3NbS2. (a) A unit cell of the crystal. Spin

magnetic moments of localized electrons rotate in the
ab plane along the helical c axis because of DM interaction,
giving rise to CHM. A part of left-handed CHM is schematically
drawn in ten unit cells in (b), whereas a whole left-handed CHM
in (c). (d) In magnetic fields perpendicular to the helical c axis,
CHM continuously transforms into CSL. CSL has the same
magnetic chirality as the underlying CHM.
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There were several reports on real-space imaging of a
helical magnetic structure in cubic crystals of Fe0:5Co0:5Si
[24] and FeGe [25] in P213 chiral space group by means of
Lorentz microscopy using a transmission electron micro-
scope (TEM). It should be noted that Lorentz microscopy,
in principle, detects solely an in-plane component of mag-
netic moments in the specimen. Thus, additional experi-
mental methods will be required to analyze real-space
images by Lorentz microscopy [26] and specify a detailed
magnetic structure of CHM and CSL.

To obtain direct evidence of CHM and CSL formation,
we have performed Lorentz microscopy [13,14] and SAED
[15,16] in Cr1=3NbS2. Figure 2(a) shows an example of

Lorentz micrographs in 0 T at 110 K. Thin specimens,
typically of 5 �m in width, 13 �m in length, and 70 nm in
thickness, are fabricated for TEM observations by using
FIB. Lines patterned with bright and dark contrast are
repeatedly found perpendicular to the c axis in almost all
the regions of the specimen. The contrast alternately
changes in a nearly sinusoidal manner with 46 nm period
in a line profile of the contrast intensity in Fig. 2(b). This
sinusoidal pattern of in-plane magnetic moments is ob-
served in a series of Lorentz micrographs taken at various
defocus values less than 8 �m and reverses the contrast
when defocusing oppositely.

Details of sinusoidal magnetic pattern are precisely
examined in the reciprocal space by using SAED. When
electron waves pass through magnetic fields or magnetiza-
tion, they are deflected, change the phase, and form char-
acteristic patterns of magnetic electron diffraction. It has
been established that periodic magnetic structures like
stripe magnetic domains act as phase gratings of electron
waves, which produces an electron diffraction pattern of
regularly spaced spots [15,16]. To be exact, multiple dif-
fraction spots appear due to higher harmonic orders that the
stripe magnetic domains contain. In our problem, CHM
consists of the harmonic (sinusoidal) modulation of mag-
netic moments with the single wave vector Q0, thus pro-
viding magnetic diffraction spots at�Q0. Figures 2(c) and
2(d) explicitly present expected behavior for CHM; a pair
of diffraction spots of ð48 nmÞ�1 along the c axis are
clearly found close to 000 and 001 diffraction spots, which
is well accorded with the data obtained by real-space
Lorentz images in Fig. 2(b) and small-angle neutron dif-
fraction [21].

Furthermore, the harmonic modulation of in-plane mag-
netic moments in CHM contributes a fine change of the
shape of the central spot of SAED since electron waves are
deflected by Lorentz force in a sinusoidal manner in CHM.
This is a similar analogy with magnetic electron diffraction
of a 180� Bloch-type domain wall, in which the central
spot is split into two symmetric spots with diffusive streak
between the two spots [13,16]. In Fig. 2(e), an ellipsoidal
shape of the central spot is observed along the c axis in
SAED taken at very long camera length of 300 m [16]. The

size of the central spot is about 7:4� 10�6 rad along the
c axis, giving 0.086 T for the saturation magnetization in
TEM specimens with 70 nm thickness. This estimated
value is in good agreement with 0.0862 T (1:5�B=Cr
atom; �B is Bohr’s magneton) at 110 K obtained by
magnetization measurements of the same specimens [23].
Therefore, our data in SAED and real-space Lorentz mi-
crographs explicitly identify the existence of CHM in

FIG. 2 (color). Underfocused Lorentz micrographs and
SAEDs of CHM in Cr1=3NbS2 in 0 T at 110 K. (a) Defocus

value is 512 nm. Wide curved dark fringes are bend contours. A
broken square area, in which the contrast is enhanced, corre-
sponds to a field of view in (b). (b) Enlarged lines pattern of
CHM together with a line profile of the contrast intensity
integrated in a dotted square region. White and black solid lines
are guides to the eye. Vertical grid spacing corresponds to 15 nm.
The period is estimated to be 46 nm. (c) and (d) SAEDs
performed at camera length (CL) of 30 m. Electron diffraction
spots 000 and 001 in (c) give the spatial frequency of ð1:2 nmÞ�1

in the reciprocal space. CHM provides magnetic satellite spots
with the spatial frequency of ð48 nmÞ�1 close to 000 and 001
indicated by red arrows. (e) An ellipsoidal shape of the central
spot of SAED taken at 300 m CL by using electron waves with a
divergence angle of 6� 10�7 rad.
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Cr1=3NbS2, while the chirality of CHM is discussed in the

following paragraphs.
Next, let us examine how CHM turns into CSL in

magnetic fields perpendicular to the helical c axis.
Figure 3 shows that sinusoidal pattern of CHM transforms
into another periodic pattern segmented by contrast lines,
which is ascribed to CSL. Importantly, line profile of the
contrast intensity in Fig. 3(d) presents that the periodic
pattern is partitioned by three contrast lines, namely, cen-
tral dark contrast line accompanied with two adjacent
bright contrast lines.

In Fig. 3(e), we show the experimental plot of
�LðHÞ=Lð0Þ. It is seen that upon increasing H, the period
of CSL evolves monotonically and finally diverges at
Hc � 0:230 T. This behavior is consistent with theoretical
scenario based on the CSL formation. Actually, as can be
seen in Fig. 3(e), the experimental data are well fitted by
using a single function given by Eq. (1). Above Hc, no
periodic pattern due to CSL is observed in Lorentz micro-
graphs, indicating that the system undergoes the I-C phase
transition from CSL to forced FM state. In the I-C phase
transition described by the chiral sine-Gordon model, the
soliton density Lð0Þ=LðHÞ plays a role of the order pa-
rameter. To make clear this point, we show the plot of
Lð0Þ=LðHÞ in Fig. 3(f).
In perpendicular magnetic fields, forced FM domains in

CSL and forced FM state have out-of-plane magnetic mo-
ments toward the applied magnetic field. In the present
experimental configuration, they are parallel to the propa-
gation direction of electron waves, thus not providing any
characteristic contrast in Lorenz micrographs. On the other
hand, magnetic boundaries of CSL, i.e., 360� magnetic
domain walls are identified by the presence of three lines
with bright and dark contrast because electron waves sense
oppositely oriented components of in-plane magnetic mo-
ments in 360� domain walls.
At the same time, the chirality of CSL can be uniquely

determined by the sequence of contrast lines: dark-bright-
dark or bright-dark-bright. In downward perpendicular
magnetic field, CSL with left-handed (right-handed) chi-
rality gives rise to a single dark (bright) contrast line with
two adjacent bright (dark) contrast lines in underfocused
Lorenz micrographs, as schematically drawn in Fig. 3(g).
Therefore, the chirality of CSL is revealed to be left handed
in the present crystals, as recognized in Fig. 3(d).
Moreover, it can be safely noted that the chirality of
CHM is also left-handed since CSL develops from CHM
and inherits the same magnetic chirality.
Remarkably enough, CHM and CSL are very straight

perpendicular to the helical axis and appear almost all over
the specimen as partially shown in Figs. 2 and 3. In
addition, CHM and CSL present no structural dislocation
and persist against crystal defects that potentially exist in
specimens and scratch defects extrinsically made by an
irradiation of FIB along [001] direction during TEM speci-
men fabrication. Specific features of high stability and
robustness might be originated from the fact that both
CHM and CSL are manifestations of the macroscopic order
of spin magnetic moments. Indeed, the chiral magnetic
orders are macroscopically induced in Cr1=3NbS2 by the

DM interaction that is allowed in the system because the
hexagonal crystal of Cr1=3NbS2 belongs to noncentrosym-

metric chiral space group.
Fine, stable, robust, and tunable chiral magnetic orders

can be utilized to construct nanoscaled magnetic structures
over macroscopic scales. Controlling their behavior will be

FIG. 3 (color). Underfocused Lorentz micrographs at 110 K in
0 T (a) and perpendicular magnetic fields of 0.208 T (b) and
0.224 T (c). Defocus value is 900 nm. (d) Line profile of the
contrast intensity integrated in a dotted square in (c). (e)
Experimental plot of �LðHÞ=Lð0Þ ¼ ½LðHÞ � Lð0Þ	=Lð0Þ with
fitting curve being given by Eq. (1). Hc and Lð0Þ are experi-
mentally determined as �0:230 T and 48 nm, respectively. (f)
Experimental plot of the soliton density Lð0Þ=LðHÞ which plays
a role of the order parameter of the I-C phase transition. (g) CSL
deflects electron waves and forms characteristic contrast patterns
in Lorentz micrographs depending on the magnetic chirality.
Note that the contrast reverses when defocusing in the opposite
direction. In the case of left-handed CSL, when electron waves
pass through 360� magnetic domain walls in CSL, they are
converged and virtually diverged in over- and underfocused
micrographs, respectively. This action of left-handed (right-
handed) CSL on electron waves in the overfocused condition
is similar to the convex (concave) cylindrical lenses effect, which
enables us to recognize the chirality of CSL or CHM.
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of great significance in nanomagnetism and spintronics.
Particularly, chiral magnetic orders in Cr1=3NbS2 work as

tunable effective potential for itinerant spins [20]. The
present finding of chiral magnetic orders opens a door to
exploring fascinating functionality [17–20] and to elabo-
rating a new paradigm for spintronics applications based
on chiral magnetic crystals.
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