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Fig. 1. Sythesizing bulk crystal via chemical vapor transportation technology: (a) The scheme of chemical vapor transportation;
(b) the optical photo of Crls; (c) the optical photo of CrCls; (d) the optical photo of CrBrs; (e) the optical photo of FePSs; (f) the

optical photo of NiPS;. Data from Ref. [48-51].
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Fig. 2. Growing monolayer Crl; on Au (111) and HOPG substrates: (a) STM image of Crl; monolayer on Au (111) substrate (the
inset is a height profile along the red dashed line); (b) atomic-resolution STM image; (c) Fourier transform map of monolayer Crlz
on Au (111) substrate; STM images after (d) 20 min, (e) 40 min, andatomic-resolution image (f) of Crl; on HOPG substrate. Data

from Ref. [53].
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Fig. 3. Schematic of MOKE microscopy setup. A power-stabilized He-Ne laser (633 nm) is used for the optical excitation. A mech-

anical chopper and photoelastic modulator modulate the intensity and polarization of the exciting beam. The modulated beam is

then conducted to the sample through a polarizing beam splitter. The sample is subjected to cryostat at T = 15 K with magnetic

field upto 7 T. A lock in amplifier is used to detect the intensity and Kerr rotation of the reflected beam. Schematic of the setup

from Ref. [19].
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Fig. 4. MOKE measurements of monolayer Crl;: (a) MOKE signal for a Crl; monolayer varies with magnetic field; (b) power de-
pendence of the MOKE signal taken at incident powers of 3 pW (blue), 10 pW (pink), and 30 pW (red); (c) temperature depend-
ence of MOKE signal with the sample initially cooled at gyH = 0 (blue) and 0.15 T (red). Data from Ref. [19].
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Fig. 5. Probing magnetism of atomic Crl; via RMCD: (a) Schematic of two-dimensional spin-filter magnetic tunnel junction; mag-
netic field dependent RMCD signal of (b) bilayer, (c) trilayer and (d) four-layer Crly devices at T = 2 K. Data from Ref. [63].
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Fig. 6. Probing the magnetism in atomically-thin Crly via spin filter effect. (a) Energy digram of metal/ferromagnetic insulator/
metal junction. The blue and red horizontal lines stand for the energy barriers of spin up and spin down as indicated by the red and
blue arrows. (b) Optical picture and structure diagram of a graphite/tetralayer Crls/ graphite tunnel junction device. (¢) Tunnel-
ing conductance of bilayer Crly device. The insets indicate the corresponding magnetic configurations. (d) and (e) The diagram of
layer resolved, spin dependent tunneling barrier in antiferromagnetic phase (d) and in ferromagnetic phase (e). (f)—(h) Analogous

data and schematics for tetralayer Crly device. Data from Ref. [29].

127504-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021)

127504

4 DB Crlg # 8o sk 8 4
4.1 B

e RS L ARG R A T R A A T
AR IR AR5k, (B T e
HRARE PR s 2 [R] IR i 02 18] L 3 R FL B 2800
PHATTEN 53R 22K RTOUA A F e OF, AT PR UExE
FEEAB 2 IR R O Al 7 42 ) 04, Huang 25 04 fdf
FH A SRR 45 48 g A 18] 7(a) s AT 23550
T AFRBIRUIE AR ET RMCD {55174

1k, T LT S 20K TR A S 6 52 0 0 8 S ]
(8 7(b) FIE 7(c)). BRI NIERGIER S, 15
ST LI o P BB o R 5 4 A
FE VG A5 ) 5 A4 967 B T 9 25 5t e 00,
Jiang % 20 75 77 SRR B LTRSS | 4RTT Tl
15 2 P BB RN OUR Ol (9 REMERE . AT
G T MR T(d) S 9 DUHIRE S B 0
FT SR PR ot B R B, 7 AL
BB B A . 080T X A UM A 2 g, 2
S K - Ll /R 0 28 SR ). P4

i FL R A AR AR FiL A BN T A Y TR

Graphene (top gate)

ATI333300037
MR

Graphene (back gate)

Doping density/(10'3 cm~2)
-3 -2 -1 0 1 2 3

(d)

| —
Vit ce—

y{_Gr contact
v, I

(b) () & 1.4} o H

a M

3
‘g
3
e 3 1.2
= 5 >
o E 1.0
= -
~ £ 08F
= 0.6F
—40 —20 0 20 40
Gate voltage/V
0 E— s 0.031
() 4 ® :
3 -
¥ >
E ] S
Q.
@) 2+ o0
3
= =
~ 1l g
()
3
O
0 A A A
0.78 0.80 0.82
uoH/T
0 0.5 1.0
noH/T

Bl 7 HHB AR Crl AR S5 1 (a) Huang 55 00 44 S 049 BUMHR XUZ Crly #5048/ T &L (b) 7EIRLEE SN 15 K B, [A] — #5419
RMCD 55 5 %5, B2K T4 0(PRE) ] 4.4 x 102 em 2 (ZL); (c) W4 ZKF, ZEM 0 Viom ! () 5 0.6 Vonm' !
(BEAD) REERILA NI B 4E T RMCD 55 S5#E3 0 R (d) Jiang %5 20 ¥4 51 09 SR SUZ Crls 5580 28 4R B (e) 4 K
I A2 Crly o 46 R A58 B2 965 08 R s HEL T B 3 2 K R R Fi s 1 28 4K (F) 4 K I B2 Orly 35 2 95 8 - 3 v &
AAIEL, 2 BT e, Al S 38 2 5 B, FMORT AFM AR 43 5 % Bz = AR RMCD {5 5 (1% X sk S8 >k 8 T2 7% SCRK [20,64).

Fig. 7. Manipulating the magnetism of two-dimensional Crl; crystals via electrostatic doping: (a) Schematic of a dual-gate bilayer
Crl; device fabricated by Huang et al.l; (b) RMCD signal of the same device varies with magnetic field at varying doping levels
from 0 (black) to 4.4x 10" cm ? (red) with temperature fixed at T = 15 K; (c) the dependences of RMCD signal on magnetic field
for displacement field varying from 0 V-nm! (red) to 0.6 V-nm ! (black) with doping level fixed at zero; (d) schematic of a dual-
gate bilayer Crly device fabricated by Jiang et al.?%; (e) normalized Coercive field (magenta), saturation magnetization (purple)
measured at T = 4 K and curie temperature (orange) to their values at zero gate voltage as functions of gate voltage (bottom axis)
and doping density (top axis); (f) magnetic field-doping density phase diagram at T = 4 K. Data from Ref. [20,64].
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Fig. 8. Control the magnetism of Crl; via magnetoelectric effect: (a) Top view of monolayer (left panel) and side view of bilayer
(right panel) Crl; crystal; (b) antiferromagnetic bilayer Crl; consists of two individual ferromagnetic monolayers with antiferromag-
netic interlayer couplings. Schematic of nonzero net magnetization induced by electric field in bilayer Crl; crystals; (¢) MCD signal
varies with magnetic field at different displacement electric field as indicated in the legends. The black and red curves stand for for-
ward and backward sweeps of magnetic field; (d) electric field induced relative (left axis) and absolute (right axis) of magnetization
as function of electric field at T = 4 K; (e) change rate of magnetization with displacement electric field as a function of magnetic
field for bilayer and monolayer Crl; flakes at 4 K; (f) absolute and relative magnetization of bilayer Crl; as a function of electric
field at fixed vertical magnetic field (filled: 0.44 T; empty: —0.44 T). Data from Ref. [67].
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Fig. 9. Raman spectrum reveal the change of Crl; layer stacking order in tunneling devices: (a) Monoclinic (left panel) and rhombo-

hedral (right panel) crystals order of Crls; (b), (¢) polarization dependences of Raman spectrum of Crl; in monoclinic and rhombo-

hedral phases respectively. Data from Ref. [30].
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Fig. 10. Comparing the MCD signal, polarized Raman spectrum and tunneling conductance before and after applying a high pres-

sure: MCD signals of bilayer and five layer Crl; crystals before (a) and after (b) applying the pressure; polarized Raman spectrum

of five-layer Crl; before (c) and after (d) applying a pressure of 1.8 GPa; (e) tunneling conductance of bilayer Crl; device at pres-
sure of 0, 1, 1.8 and 0 GPa (from top panel to bottom panel) at T = 1.7 K. Data from Ref. [30].
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SPECIAL TOPIC—Two-dimensional magnetic materials

Probe and manipulation of magnetism of
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Abstract

For a long time, it has been generally acknowledged that low-dimensional (lower than three-dimensions)
long-range orders cannot stay stable at any finite temperature, because temperature-induced fluctuations can
destroy any long-range orders in low-dimensional systems supported by isotropic short-range interactions.
However, this theorem requires that the interaction must be short-range and isotropic. In fact, many low-
dimensional systems do not meet these two requirements. For example, due to the strong anisotropy in two-
dimensional Crl; crystals, there is a band gap in the magnon spectrum. When the excitation energy from
temperature is much lower than the band gap, the magneton cannot be excited by temperature on a large scale,
and the long-range magnetic order in the two-dimensional system will not be destroyed. Various methods have
been used to characterize the magnetic order in atomically thin Crl; crystals, and a lot of attempts have been
made to manipulate the magnetic structure in the system. Focusing on Crls, in this article we review the recent
studies on growth, magnetic structure measurement and manipulation of two-dimensional magnetic materials,
and also discuss the prospects for the next phase of research from the perspectives of basic condensed matter

physics research and electronic engineering applications.

Keywords: Crl;, two-dimensional magnets, magnetism measurement, magnetism manipulation
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