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Fig. 1 Formation and classification of magnetic ordering. (a) Schematic of direct exchange, double exchange and super exchange

between atomic magnetic moments; (b) classification of magnets according to ferromagnetic/antiferromagnetic coupling within/

between magnetic atomic layers
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Fig. 2 Structural diagrams of two types of antiferromagnetic materials. (a) Octahedral honeycomb configuration of chromium trihalide

CrX,™; (b) rhombic and monoclinic phases of CrX,*"; (c¢) hexagonal honeycomb configuration of transition metal phosphorus

sulfur compound MPX.?; (d) ground-state magnetic structures of FePS,, NiPS,, and MnPS,*"

0113203-3



2.3 Hft xEuEAR

BT ERWZE, S — 2 Yk Bk A R R T
2T H T o B, U 4 S K bW CrSBr [ 2 ]
BREERR A L RG4S 1) S v LR AL AN B T
(R -2 O ) O FE R 22 8 17 )72 %
S CrOCH 30 A Al 4% /Y stripy B 1T P Sk g
A U R S A R, AR A R F 3 B A A G
HESE M AT BN . Zeng A5 i v it 1 Ak 2 S
BB v A LT R i R R FeOCTHRL &, 38 15 HL
W) B 45 3 ) 4 FeOC] 22 B H 38 20 A9 11 PN Y624
L 2% 45 1) S Pk . Kulish 2857 FL T — &R 51 2 B —
ek W m )Y, ER)ZN LT, FeX, . CoX,
NiX, 5 i ] 4% R A 26 25,17 VX, . CrX, Al MnX, 5
] F S 4 R L A L 3R X 43 B pke F 3 4 R d-d B
HE - Y B4 A8 4 R0 R R T p BUIE A S 0 R A e A
FHZ 85 4 o H 11 181 P9 4% R A s 4k 2 1) R A7
NiL, 55 2 J2 W PR A ORE i B2 A B2 9 AH <8 i+ 19 1 Jié
& 1) LUR e 2R HES T O e g A . = kAl ik
G VX, (X=CI, Br, D5 =KL ESH L ATFZ
AR , LA VIR B, 3% 8 REFE 28 D7 I B B8 DL T 14 45
Fa A AE Je 3 BN G V B, ) SR AR AIE Y S 4k
WEVE . BLEE R R A VIR FESA A R BT Y d

E50%5 £ 18/2023 £ 1 B/HEHE

B, A IZ M B 25 Bl ik B 2% ) 4 T B
LR G- R I S — R ke
RuCl, 7F W% & T Neel il BE R AT 0] LLUJE 18l 4 1
Kitaev F HE R AR, 1R 6% mi By #8 78 T HL o -
FE 22 18] /R A5 1 F A7 3800, i A7 7 o B A
PRSI 5 TN T 502 RuCl, H o6 X w6 e vk pY A %50
AT A #R o T AT DA I K G B R AR AR
R RO BRRE AR S TE AR S RE T O T, AR Sk R
MnBi, Te, # B B A5 0.2 eV B AR AEH B, 24 2 0] 2 8k
Wl AWM 5 58 WAL kG A e, S R AW b E
AAES S B T van der Waals 2R #1 8 4h , NiO | Cr,O,
kP4 R A R £ IE kA IR DyFeOs.
TmFeO, %" 4 9l B 9% 0 Ve i 52 Bk 41 kL . 76
3 — 24 AL A ) Mn, X (X=Sn, Ge) 3 It £k | 8k
OB Mn B 1 AFE SRS R L1207 8 35 = A F B iR
Kagome 4 B4, 3 i JLAa] B4 [ € & 48 AR I R
BRI SCH B IR RN, I8 BE 8 7 ok AH 25 K 1wl I8 w4 Ot
O b AR g R o EOIR R Bk A R R AR
PERT Y S gt 1 s, Horp 1L Ros L2 2L Rom W
2o AR RCER WA REIY BE BOA AR ) gk v L
AH AR TR R R R B R OR [R) T RCER R AR Néel
R

1 LT TR SR R ER AR B A T S

Table 1 Typical two-dimensional layered antiferromagnets and basic properties
AFM . . . ‘e
coupling Chemical Material Symmetry Bandgap /eV Magne.tlc Critical Ref.
type orientation  temperature /K
type
. Monoclinic - . 45 (1L, 2L), o
Crl, C2/m 1.5 Vertical 61 (bulk) [11, 35]
. . Monoclinic . 10 (1L), .
Halide CrCl, C2/m 3.0 Parallel 17 (bulk) [36]
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C1S 8, 72
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< ba o
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N . i 42,75
MnPS, AFM-Neéel 3.0 Vertical 78 (bulk) [42, 75]
Intralayer Tr 1R3
C/G-type >Se., rigona Sy 19
yp MnPSe, AFM-Néel 2.5 Parallel 70 (bulk) [42]
RuCl, Monoclinic C2/m 1.0-1.9 Parallel 15 [61-62]
. AFM-zigzag
Halide Orthorhombic P 2.38 (1L) 160 (1L)
. . rthorhombic Pmmn . s . -
CroCl AFM-stripy 141 (bul) v ertical 14 (bulk) [54,76]
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Fig. 3 Multiple magneto-optical phenomena in antiferromagnetic thin film
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Fig. 4 Birefringence and dichroism in magneto optic effect. (a) Influence of magnetic circular birefringence (MCB), magnetic circular

dichroism (MCD), magnetic linear birefringence (MLLB) , and magnetic linear dichroism (MLD) on polarization of reflected
light™; (b) MLD comparison of FePS;, NiPS, ,and MnPS,”"; (c¢) temperature dependence of MLD in FePS,””; (d) anisotropy

and polarization rotation of reflected light™"; (e) spectral response of ML.D""
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Fig. 10  Optical properties of excitons in Crl,. (a) Excitonic emission with circular polarization characteristics of monolayer and bilayer

CrL,™; (b) phonon modified electronic states related to excitons at different temperatures reflected by periodic Raman
modes"™; (c) magnetic field correlation between Raman mode amplitude (above) and electron-phonon coupling intensity
(below) "™ (d) transition of electron-phonon coupling intensity near magnetic critical temperature™”
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Fig. 11 Exciton effects of two types of two-dimensional antiferromagnets. (a) Narrow linewidth fluorescence emission characteristics

of NiPS, excitons with different thicknesses™; (b) temperature and polarization dependences of multilayer NiPS, exciton

fluorescence”™; (c) temperature dependence of exciton fluorescence in CrSBr'”; (d) correlation between fluorescence and

magnetic field in monolayer and bilayer CrSBr™*”
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Abstract

Significance Semiconductor microelectronics, which are based on the charge properties of electrons, have brought
about revolutionary advancements to modern information technology. However, necessary improvements in the
computing and information-processing capabilities of devices cannot only be achieved by manipulating and optimizing the
charge properties of electrons. The manipulation of electronic spins, one of the most basic characteristics of magnetic
materials, has enabled magnetic devices to become considerably successful, resulting in a series of cutting-edge
applications with the advantages of nonvolatility and low-calorie requirements.

Antiferromagnets, magnetic materials with the internal magnetic moment offset to zero, exhibit fascinating physical
properties and have high application potential. First, the spin precession frequency resonant at the terahertz band of
antiferromagnets has a higher spin storage density than that of ferromagnets. Second, the stray field of antiferromagnets is
almost zero, which provides a strong ability to resist external interference. Third, antiferromagnets are often accompanied
by many complex electronic states that give rise to some novel effects. However, owing to the characteristics of weak or
zero net magnetic moments, the detection and regulation of antiferromagnetic materials have been challenging for a long
time.

In recent years, ultrathin and monolayer-exfoliated two-dimensional materials have provided new opportunities for
research on antiferromagnets. The low-dimensional scale has improved the interaction among the lattice, electronic spin,
and charge, which not only gives rise to complex and rich magnetic states but also paves the way for exploring low-
dimensional magnetism and its applications by using interdisciplinary research fields such as optoelectronics. Research
based on optical means has many advantages such as enabling microscopic-level, high-speed, noncontact, high-sensitivity
analyses with a high space-time and high-energy resolution. In addition, it is conducive to the observation of various
magnetic responses of antiferromagnets under extreme physical conditions. The developments of magneto-optical
principles and optical detection technology have resulted in the use of various laser spectrum and polarization detection
schemes to solve the challenges presented by antiferromagnetic material research. Therefore, it is necessary to summarize

research advances on two-dimensional antiferromagnets in the existing magneto-optical field.

Progress This paper reviews the progress in the field of magneto-optical research pertaining to antiferromagnets from
the perspectives of optical characterization and regulation. After introduction of the basic principles, the main research
objects of the interactions between laser and two-dimensional antiferromagnets are extended to the forms of the
macroscopic magneto-optical effect and microscopic elementary excitation quasiparticle, respectively.

After a brief introduction in Section 1, the basic structure, properties, and classification of typical van der Waals
antiferromagnets, including chromium trihalide and transition metal phosphorus sulfide (Fig. 2), are introduced in Section
2, along with some other common materials (Table 1). Starting from different magnetic coupling characteristics (interlayer
or intralayer antiferromagnetic coupling), the magnetic ordering of these antiferromagnetic materials in combination with
the molecular configuration and chemical composition are reviewed.

In Section 3, multiple magneto-optical effects are discussed for magnetic thin films (Fig. 3). In addition to the well-
known Faraday effect, magneto-optical Kerr effect, Zeeman effect, magnetic dichroism, and Viogt and Cotton-Mouton
effects, various specific magnetic changes in matters resulting from the interactions between light and matters are also
included. For example, two-dimensional FePS, exhibits giant linear dichroism because the destruction of the rotational
symmetry by the antiferromagnetic order renders the electron energy band anisotropic (Fig. 4). The spin photovoltaic
effect is demonstrated in multilayer Crl,, the interlayer magnetic order directly affects the magnitudes of the photocurrent
and tunneling current in the direction vertical to the heterojunction. The circular polarization of the photocurrent also

reveals a correlation between the magnetic state and the photon energy (Fig. 5). In terms of spectral detection, the second-
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harmonic emission and scattering spectra that are closely related to the magnetic order are also reviewed (Fig. 6).

Subsequently, the ability of the magneto-optical effect to clearly reflect the regulation of two-dimensional antiferromagnets
by means of magnetic field, electric field, temperature field, stress regulation (Fig. 7), passive regulation, and ultrafast
lasers is discussed (Fig. 8).

In the spectral research presented in Section 4, as a link between macro- and micro-quantum phenomena, elementary
excitation quasiparticles are shown to greatly facilitate related research on low-dimensional condensed matter physics.
Under antiferromagnetic conditions, the disturbance of the magnetic order may affect the properties and mutual coupling of
various quasiparticles in the material. The magnons produced by the collective excitation of the laser to the spintronic
system facilitate the loading of electrical information, and their frequency determines the switching speed of the spintronic
devices. For applications, the energy of the magnons can be adjusted using an all-optical method and an electrostatic
doping method controlled by the gate voltage (Fig. 9). On the other hand, research on the transport of magnons in two-
dimensional antiferromagnetic materials has also been conducted and these transport phenomena could potentially be
studied by all-optical imaging. Research on the same Bosonic excitons in two-dimensional antiferromagnets is another
important research topic. The Frenkel-like excitons in Crl;have circular-polarized and polaronic characteristics (Fig. 10),
while the Wannier-like excitons in NiPS; prefer linear polarization and high coherence in the emission spectra (Fig. 11).
For another low-energy excited Bosonic phonon, strong coupling magnon-phonon states are formed through the tuning
effect of a large magnetic field (Fig. 12). The dispersive anti-cross feature of this polaron state is clearly reflected in the
spectra, which can provide a new research platform for the magneto-optical control of antiferromagnetic materials.

Section 5 summarizes the prospects for further research and the application of two-dimensional antiferromagnets in
magneto-optical and related fields.

Conclusions and Prospects Compared with ferromagnets, the unique advantages of antiferromagnets in magneto-
optical research are undoubtedly expected to accelerate research in spintronics-related fields. Research on antiferromagnets
based on the magneto-optical effect is foreseen to focus on more complex and extreme systems in non-collinear, helical,
topological, multiferroic, spin-liquid magnetic states, etc. The control of these magnetic states would enable interlayer
electronic coupling to be effectively adjusted to facilitate the detection, manipulation, emission, and tracking of spin
information through optical means. This approach could introduce huge optical nonlinearity, efficient spin filtering, high
conversion efficiency between charge current and spin current, high electron mobility, long spin diffusion length, and other
characteristics, and expand the research scope of magnetism, photonics, and other interdisciplinary disciplines. Although
the ability to conduct antiferromagnetic writing and reading under two-dimensional conditions would also need to be
fundamentally improved, future breakthroughs in two-dimensional antiferromagnetic opto-spintronics can certainly be
anticipated.
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