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Abstract:

Layered antiferromagnetism is the spatial arrangement of ferromagnetic layers with
antiferromagnetic interlayer coupling. Recently, the van der Waals magnet, chromium
triiodide (Crls), emerged as the first layered antiferromagnetic insulator in its few-layer
form?, opening up ample opportunities for novel device functionalities?®. Here, we
discovered an emergent nonreciprocal second order nonlinear optical effect in bilayer
Crls. The observed second harmonic generation (SHG) is giant: several orders of
magnitude larger than known magnetization-induced SHG®*? and comparable to SHG
in the best 2D nonlinear optical materials studied so far'36 (e.g. MoS,). We showed that
while the parent lattice of bilayer Crls is centrosymmetric and thus does not contribute
to the SHG signal, the observed nonreciprocal SHG originates purely from the layered
antiferromagnetic order, which breaks both spatial inversion and time reversal
symmetries. Furthermore, polarization-resolved measurements revealed the underlying
Can crystallographic symmetry, and thus monoclinic stacking order in bilayer Crls,
providing crucial structural information for the microscopic origin of layered
antiferromagnetism?’-?L, Our results highlight SHG as a highly sensitive probe that can
reveal subtle magnetic order and open novel nonlinear and nonreciprocal optical device
possibilities based on 2D magnets.

Reference:

1 Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal down to the
monolayer limit. Nature 546, 270-273 (2017).

2 Zhong, D. et al. Van der Waals engineering of ferromagnetic semiconductor heterostructures
for spin and valleytronics. Sci. Adv. 3, 1603113 (2017).

3 Song, T. et al. Giant tunneling magnetoresistance in spin-filter van der Waals
heterostructures. Science 360, 1214-1218 (2018).

4 Klein, D. R. et al. Probing magnetism in 2D van der Waals crystalline insulators via electron
tunneling. Science 360, 1218-1222 (2018).

5 Huang, B. et al. Electrical control of 2D magnetism in bilayer Crls. Nat. Nanotech. 13, 544-548
(2018).

6 Jiang, S., Shan, J. & Mak, K. F. Electric-field switching of two-dimensional van der Waals
magnets. Nat. Mater. 17, 406-410 (2018).

7 Jiang, S., Li, L., Wang, Z., Mak, K. F. & Shan, J. Controlling magnetism in 2D Crl; by
electrostatic doping. Nat. Nanotech. 13, 549-553 (2018).

8 Wang, Z. et al. Very large tunneling magnetoresistance in layered magnetic semiconductor
Crls. Nat. Commun. 9, 2516 (2018).

9 Kirilyuk, A. & Rasing, T. Magnetization-induced-second-harmonic generation from surfaces
and interfaces. J. Opt. Soc. Am. B 22, 148-167 (2005).

10 Fiebig, M., Pavlo, V. V. & Pisarev, R. V. Second-harmonic generation as a tool for studying

electronic and magnetic structures of crystals: review. J. Opt. Soc. Am. B 22, 96-118 (2005).



11

12

13

14

15

16

17

18

19

20

21

Némec, P., Fiebig, M., Kampfrath, T. & Kimel, A. V. Antiferromagnetic opto-spintronics. Nat.
Phys. 14, 229-241 (2018).

Tokura, Y. & Nagaosa, N. Nonreciprocal responses from non-centrosymmetric quantum
materials. Nat. Commun. 9, 3740 (2018).

Li, Y. et al. Probing symmetry properties of few-layer MoS, and h-BN by optical second-
harmonic generation. Nano Lett. 13, 3329-3333 (2013).

Malard, L. M., Alencar, T. V., Barboza, A. P. M., Mak, K. F. & de Paula, A. M. Observation of
intense second harmonic generation from MoS, atomic crystals. Phys. Rev. B 87, 201401
(2013).

Kumar, N. et al. Second harmonic microscopy of monolayer MoS,. Phys. Rev. B 87, 161403
(2013).

Zeng, H. et al. Optical signature of symmetry variations and spin-valley coupling in atomically
thin tungsten dichalcogenides. Sci. Rep. 3, 1608 (2013).

McGuire, M. A,, Dixit, H., Cooper, V. R. & Sales, B. C. Coupling of crystal structure and
magnetism in the layered, ferromagnetic insulator Crls. Chem. Mater. 27, 612-620 (2015).
Jiang, P. H. et al. Stacking tunable interlayer magnetism in bilayer Crls. Phys. Rev. B 99,
144401 (2019).

Soriano, D., Cardoso, C. & Fernandez-Rossier, J. Interplay between interlayer exchange and
stacking in Crls bilayers. Preprint at https://arxiv.org/abs/1807.00357 (2018).

Sivadas, N., Okamoto, S., Xu, X., Fennie, C. J. & Xiao, D. Stacking-dependent magnetism in
bilayer Crls. Nano Lett., 7658-7664 (2018).

Jang, S. W., Jeong, M. Y., Yoon, H., Ryee, S. & Han, M. J. Microscopic understanding of
magnetic interactions in bilayer Crls. Preprint at https://arxiv.org/abs/1809.01388 (2018).



