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Bl 1 REEA R — 4 T R S AR B SR s 1 JR# (Néel-type) Hidg Bl 7 (w= —1); (b) W iE#H% (Bloch-
type) Witg WF (w = —1); (c) Hit&BIF (antiskyrmion)(w = +1) ( ) Xﬂﬂﬁﬁ‘gfﬁ% (biskyrmion)(w = —2); (e) WHER (vortex) i
T (w= -0.5); (f) 2F (meron)(w = -0.5); (g) WFTF (bimerom)(w = —1); (h) E#HiHE T (skyrmionium)(w = 0); (i) #i
& B+ (skyrmion tube); (j) B F F (magnetic bobber). #i k7R HEH W, WA A BE i (m,) 530 H =F iR R: 4 6FRR
WA, A ORIRTE R b, G SRR W I (k) 20 e SRE R AR B G N1 S R RIRT; (1) A5 REBR E R AR K IR T R AR R A
© (2016) The Physical Society of Japan; (m), (n) X§ Cry;sNbS, it T 5 3 BT c BN INRE Y, 213755 B 555 I, B85 T4k )
WA, @R A H A AR

Fig. 1. Tllustrations of a series of 1D, 2D and 3D topological spin textures in magnetic materials(13: (a) Néel-type skyrmion (w =
~1); (b) Bloch-type skyrmion (w = ~1); (¢) antiskyrmion (w = +1); (d) biskyrmion (w = -2); (e) vortex (w = -0.5); (f) meron (w =
-0.5); (g) bimeron (w = —1); (h) skyrmionium (w = 0); (i) skyrmion tube, and (j) magnetic bobber. The arrow represents the spin
direction and the out-of-plane spin component (m,) is represented by the color: Red is out of the plane, white is in-plane, and blue
is into the plane; (k) left-handed helimagnetic structures and soliton lattices; (1) right-handed helimagnetic structures and soliton
lattices © (2016) The Physical Society of Japan; (m), (n) illustrations of soliton lattices under a small magnetic field perpendicular
to c-axis: the solitons number remains unchanged, while the chiral period becomes longer.
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(c)
Chiral helimagnetic order (CHM)

pBpdpdapdagpdagpdag

(d)
Chiral conical phase (CCP)

\

(e)

(f)

Tilted chiral soliton lattice (TCSL)

(2)
Forced ferromagnetic (FFM) state

Cr+Nb+S+1I, CrysNbS; crystals

(b)

Low-temperature zone

High-temperature zone

Bl 2 (a) Cry;sNbS, FIALSHIREEIE, Cr, Nb 1S T4 3 i 3 € SR RIS (A BRIARIR 5 (b) CryjsNbSy B8 AR 1 J5 1k 7R R 181 P2
(c)—(g) Cry/sNbSy A BEAH Y /R R : () FAEBRBEREF (CHM), BHERR R ¥ — A 5g BAGREIN T J 015 (d) FYERHEAT (CCP);
(e) FHEINT FA% (CSL); (£) 1A FHEINT Fid% (CSL); (g) BeMEZ (FFM)

Fig. 2. (a) Crystal structure of Cry3sNbS,, Cr, Nb and S atoms are denoted by blue, green and yellow spheres, respectively;

(b) schematic illustration of Cr;/;3NbS, single crystal growth?; (c)-(g) schematic diagrams illustrating different spin configurations

of CrysNbS,: (c) Chiral helimagnetic order (CHM), in which the yellow box denotes a complete period of a chiral soliton; (d) chiral
conical phase (CCP); (e) chiral soliton lattice (CSL); (f) tilted chiral soliton lattice (TCSL); (g) forced ferromagnetic (FFM) state.

H= Zz [=J 8 Siy1 — D (Si x Siy1)
+A(z - 8:)* — - Si] (1)

Horpr (1) A M PUAS 73 AR IR R R T AR A AR BLAE
FH. DM AHEAEH | #E i 45 ) rERIZE 26, J RN
SR AR I e R 4 22 1) ) Y AR A S 480 AH B A FH 8 B
D FrR Uy Al DM K A FoR45 Sk
WHG 2 FORIE ¢ AN Rt up FRORBEIRIE T
B R RHERRR SR EE; S F S, o WI4r BIZRARTE i F
i+ 1AL A R

2.2.1 HxaEEIER

R A B U oL T4 % B o K B
TR, B EREA 2 2 AL, AT
T 40 I 36 A7 49 220, 5T Cry 5NDS,

M, 8 R0 A B AF 52 E A 5 AEH
(interlayer coupling, “F-47 T c#hi, J,~18 K)
ZE N EAEH (intralayer coupling, T EH T ¢ fll,
J~140 K) Piak oy, MiFE LRI PLE T Cry NS,
A F L g 121,

2.2.2 DM A8 EAE A

DM HH B A FH AR AE 2 1] 52 8O0 R P R Bl 3
i, B A BEPIER G T R A —Fh A ) M 28 de
FHEAER] 19202728 FE Cry 5NbS, H1, DM A HAEH]
JEH Cr JEFH4 B b i v SO R I A
g E Y. DM A BAE ] 5 AR AR B AR I3 A e
7E T CrysNbS, FHEIRERES5 1. —J7 1, DM AH
HAEFR ARG F BERE R G 0 TAEIEZE T DM &
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ABEZSM BT, 11 (1F) X0 T4 () FF4E.
1T DM AHEAE I LI ARMAAR EAE 55 1—2 M
W, BOZMWEL A EEBUERU N (2920 9°). H &R
FYEFIRSEIE, 8BS H Al sk [12;
S (z) =8 (cosg(z), sing(z), 0), (2)

Hrp 2 30K A BRI IR BER I AR ¢ (2) FRoRTr
fiff.
2.2.3  Hidh& @ AN

mn VAR VE AN [R] f il ] 52 e A KE 2 FR . AN TR,
XN IRGFR ARG 25 1) S R AR A5 1) e R
WEPERBUT A 251 S 7 o) LR RI Y, AR T4k
AL ) db il 5 ) BRAE B R AR (easy-axis), RZ,
PR AE ME @ AL (hard-axis) >34 NZEM) &,
Cry /3NbSy 1 45 [0 5 1 DT B A0 7S i A 4
FA R % 1) S 01, Cry ;sNDS, A Sy —Fh B TR AR
TEREM B, I HEAC U ab TR 7 10], MERE TL B
c Bl my 068334 PR, WY b 1) AT MR e A
RER i, AN 32 Bk G IS NTE SN R

S 18],
224 EZ#
AVA

SRV TR A Ty ) R L
FOFAS T, fEREAIE T TR FFAO R, 8
ey K/ R R B BUIE L. 7E Cry NbS, 1, 5
AR 3 Rl A 1) TR 7 1D, 0
I e Ho B, BFAT 1) R ARV R )
o155 2 A THER 5557 1 HABREAT I AR IAG 2,
TER A AR RN LIS, S5 Cr, 5N,
oy BT R I UK A 5 R 0 X 09,

23 ®; 1

%} Cry sNbS, il A 7] K /NFI T 18] B 1%
BF, AN [T AR ELAE FH AR R & A B 5, (A
FEE R 2 ASIREHI 7. 45 To L, Cry NbS,
Wi fE P (paramagnetism, PM), Ti7E Te VAT, bl
B AMMEEZ R ek As 25 5 AL 46 TR IR e
J¥ (chiral helimagnetic order, CHM), =4 [ 4

#H (chiral conical phase, CCP)., T K F & #%
(chiral soliton lattice, CSL). fill & 31 I+ s 4%
(tilted chiral soliton lattice, TCSL) Fll £k #% &
(forced ferromagnetic state, FFM) Z2 A [a] i
A

2.3.1  F MRk (CHM)

W 2(c) Bizn, Cry3NbSy B T 1 52 i b i
7], TEHEEARAAHEAE S DM AHEAE 3 [
SO T, AHRE E BEREFE IR A T f 29 9°, RIRR L
40 B (29 48 nm, FAHE R AL ¢~ 1.2 nm) 5
360°4 JiE e 1233, 38 3 ¥ 4 2% 7 S L T B R
(Lorentz transmission electron microscope, Lorentz
TEM) 3% X HL 17 4 (selected area electron
diffraction, SAED) 1] L B i W52 21 T4 05 e Jo] 1)
S5k, UEW] T HRIZ) R 46 nm, 5HIS4E T [
IR I e b G SN YRk R C N A Ea e
J5 SCHEAT VR P ik 121,

232 FHE#%4 (CCP)

CCP 5 CHM 45 #25fl, F 20y X #E T
CCP " i¥y H e 7] ¢ 7 e miRt, aniEl 2(d) B
7R BT AEAT T ¢ RGBT RGN R PR
F ab Vil FEHE ab V1 RN B S RN
A ; T i B B, UARH A B D R K. 5 Rt
AR SE AT T c b, MUY ob 10 ARG 2 2312
fdi CCP [ TCSL %44k 38391,

2.3.3  FHINFHA (CSL)

nlEl 2(e) Bron, FAEIT A AT LAE A2
R PR W RV MR R P 7 3 AL 2, o Bk
P DX B A F R HE 1 16327 1) A T RS
U R X S 9 B AR IR B HES ). TR RGN R
AIRMEENE | SRR I, O S 52 A R
SIAFZNE, J AT 1A RS R R A RO R
ITEH. PERICTLEH N Cry NS, Brar 2+
PR R E SR AL T BRI (.04,

2.3.4  ARAFHINF B4 (TCSL)

TCSL & — 2845k iy CSL 254, & AL FE it hn
RS B, RS e R e 1) TR 7 Tl HE
G, PN Bl ) A i, HEES R InIE 2(f) B,
TCSLAFEHA FHMMF458, RAMS
CSL FHIRI R 5 40 F Mg et .
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2.3.5 4k&A (FFM)

Cry sNbS, 52 2GR, ¥ WA R AT
e 75 10 HES, DA A2 PR REWG RS BEE W67
I, R SR A YR, S ER S
REANT AR H S AR AR b w1k 2l 5t
W% He W, RG0H B Jn — A5 2 <0
BR7 i A 5E 4 FFEM A 9, ni&l 2(g) R, BEit
FiTAy A R AR5 /7 1674 T

3 #EMR

W&l 3 7R, Cry sNbS, TEAIF AR T,
S JRIE A BRI, 78 To AT, B it fin
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Fig. 3. Phase diagram of Cr;/3NbS, in presence of a magnetic
field perpendicular to c-axis below curie temperature 7T¢.

Here HM is equivalent to the CHM mentioned in this re-

viewl!,
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Fig. 4. (a) Temperature dependence of resistivity of Cry/sNbS,. The inset shows the temperature deriative of resistivity®¥; (b) ASy-

T curves for AH = 100-1000 Oe, a temperature gap exists between T and order-disorder temperature 7. The inset is the ASy-T
curves near the T¢'Y; (c) the Lorentz TEM micrographs of CHM in Cr, /3NbS; at 0 T and 110 K, with a line profile of the contrast

intensity integrated in a dotted square region. Vertical grid spacing corresponds to 15 nm. The period is estimated to be 46 nm['?;

temperature dependent period (d) and wave number (e) of CHM are divided into three regions. Blue squares represent the data ob-

tained by the Lorentz Fresnel and DPC methods. Green circle and red triangles represent the SAES data with increasing and de-

creasing T, respectively. The inset in (d) shows the 3D mean-field theory and the measurement datal®®l.
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CSL i3 R AR I% 2 4% TEM BRI (d) 2 (c) Hh I X Ll B2 58 B 2R 48 1S 181 125 (e) [L(H)-L(0)]/L(0) fY 5 45 K o 55 B4 T 48 405 51t 12
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Fig. 5. (a)—(c)The underfocused Lorentz micrographs in 0 T (a), magnetic fields are 0.208 T (b) and 0.224 T (c) which are perpen-
dicular to the c-axis!'?; (d) line profile of the contrast intensity integrated in the dotted area in (c) ['; (e) the measurement data
and theoretical calculation results of [L(H)-L(0)]/L(0)!"?; (f) experimental results and theoretical calculation results of L(0)/L(H)!"
(g) magnetic chirality determines the characteristic magnetic patterns in Lorentz micrographs of CSLI'; (h) M-H curves of vertical
magnetic field at 2 K%, (i) magnetoresistance with a vertical magnetic field at 2 K, The upper inset is the variation in the slope of
the magnetoresistance, and the lower inset is the derivative of the resistivity with respect to the magnetic field®; (j) temperature

dependent total intensity of 4,P*; (k) temperature dependent the muon spin precession frequency funder different magnetic field*.
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Fig. 6. (a) Schematics of CSL-1 and CSL-21*?; (b)—(d) temperature dependence of the AC magnetic response My, under H,, =
3.9 Oe and Hy. = 0.2 kOe (b), Hy. = 1.0 kOe (c) and Hy, = 1.6 kOe (d). The frequency of all the AC magnetic field in the range of
1 to 300 Hzl*?); (e) ESR signal at T = 3.5 K for HL c. The H,; and H,, indicate the appearing and disappearing fields of the anomalous
signalP¥; (f) H-T phase diagram of Cry;3NbS,, The red solid and open circles indicate the Hyy and H,o, respectively®s.
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Fig. 7. (a) M-T curves under different fields for Cry/sNbS, with H L ¢, the inset shows the zero-field-cooling (ZFC) and field-cooling
(FC) curves under 10 Oe with H1 ¢; (b) the relationship between normalized resistivity and magnetic field with HL ¢ at various
temperatures®; (c) the normalized interlayer magnetoresistance (MR) curves which is applied 5 mA in a temperature range from
10 to 110 KB7; (d)—(e) DPC-STEM images of dislocations (rotated red “ L” symbols) at low (left column, 104 Oe) and high (right
column, 2348 Oe) fields at 102 K in presence of a magnetic field perpendicular to ¢ axis!*’; (f) ferromagnetic resonance measure-
ments on a sample with a 50-pm-long chiral axis at 50 K in the range of + 0.2 to — 0.2 T with 1 mT steps, showing the effect of
magnetic properties with magnetic phase transitions*?; (g) a simplified sketch of (f), the field region has mixed characteristics which
marked as “*7 13: (h)—(j) the Lorentz Fresnel images of solitons running vertically in a flake sample, showing the unidirectional

guided movement of soliton dislocations (rotated red “L” symbols) as the applied (h)—(j) magnetic field decreases during the FFM
to CSL phase transition[*!,
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Fig. 8. (a) The upper diagram shows the magnetization component (M) parallel to magnetic fields as a function of H with differ-
ent angles at 5 K. The inset is the measuring configuration. The lower diagram shows the in-plane magnetoresistance measured un-
der corresponding magnetic fields. Vertical lines indicate the polarization field Hg” with different direction!®); (b)—(c) scheme of
Hall effect (b), anomalous Hall effect (c); (d) the relationship between magnetic field and p,, at various temperature with H// c®);
(e) the relationship between ordinary Hall coefficient (Ry), anomalous Hall coefficient (Sy) and temperature, which are determined
from pw[ﬁo]; (f) the relationship between magnetic field and py, besides ordinary Hall effect measured at temperature in the range of

2 to 120 K (g) scheme of the electrical magnetochiral (EMC) effect; (h) magnetic field dependent Rpyc measured under a large
range of temperaturel®!,
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Fig. 9. (a) Scanning ion micrograph of the device based on Cry /3NDbS; crystals, the size of the flake is10 pm x 10 pm X 1 pm (69),
(b), (c) the MR curves at 20 (b) and 10 K (c), the inset is the MR curves under a higher magnetic field in (c) 0%; (d)—(f) Lorentz
Fresnel images of CSL taken under the underfocused condition around the crystal grain of right-handed chirality at 1560 (d), 1771 (e)

and 1781 Oe (f) at 100 K. Red arrows represent chiral boundary and blue arrows represent right-handed chiral boundary [0

(g), (h) the relationship between soliton period and magnetic field. The inset shows the sample dimensions®; (i) it shows the cor-

responding soliton density, The initial number of confined solitons is 20/6%,
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Fig. 10. (a) Optical microscope images of Cry/3sNbS, crystals with various thickness('*l; (b) the magnetoresistance of Cr; /3NDS, with

different thicknesses measured at 250 mK[!¥; (c)—(e) the relationship between the z component of spins on the Cr atoms (S,) and
the thickness at zero magnetic field. Calculating results using the model to with ¢ = 1.5L (c), 2.5L, (d), and 5.5L; (e) (L, = 48 nm) [14;
(f) the lowest energy distribution under different magnetic fields when ¢ = 2.5 Ly/'¥; (g) and (h) show the corresponding lowest energy

configurations for single and zero soliton states, respectively!'4.
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Abstract

With the discovery and development of topological materials, topological physics has attracted enormous
research interest in the fields of contemporary condensed matter physics. Topological property, which describes
such a property that physical quantity remains invariant under continuous transformation (such as Chern
number), has been revealed in a variety of materials, including topological insulators, topological semimetals
(such as Weyl or Dirac semimetals), topological magnetic materials, etc. One-dimensional chiral magnetic
soliton, similar to magnetic skyrmion, is a type of magnetic configuration with topological origin and quasi-
particle property, which has shown tremendous physical properties and device functionalities. In this review, we
mainly focus on a chiral helimagnet, called Cr,/;3NbS,, which possesses chiral magnetic soliton lattice and other
more spin configurations under different conditions. We systematically summarize the work on Cr/;NbS,,
discussing its crystal symmetry, band structure, magnetic interactions, rich magnetic phases, and the physics of
associated phase transitions. In particular, the layered crystal structure of Cr;;sNbS, enables us to control the
soliton number through tuning the layer number or crystal thickness. Our review provides a comprehensive
summary of Cr;/3NbS, in order to draw more attention to this interesting material. Moreover, we envision that
our work could offer useful guidance to the researchers working on topological and chiral magnetic materials,
and thus introducing topological or chiral magnetism into two-dimensional layered materials and promoting the
development of modern magnetism and spintronics. Therefore, this review mainly focuses on a magnet, called
CrysNbS,. We systematically summarize the work on Cr;;3NbS,, discussing its crystal symmetry, band
structure, magnetic interaction, rich magnetic phases and the interesting physical phenomena occurring at each
phase transition. In addition, the layered crystal structure of Cr;/3NbS, also enables us to use the layer number
or crystal thickness to modulate and control its rich magnetic phases. We believe that our review provides a
comprehensive summary of Cr;/;3NbS,, which can make people have a better understanding of a typical
topological magnetic material, thereby enriching the material types of magnets and low-dimensional material
family and promoting the development of magnetism and spintronics applications, such as in magnetic memory
devices, spintronic devices, and quantum information devices.

Keywords: topological magnetism, chiral magnetic soliton, layered material, spintronics
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