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Topological States of Matter
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Review: B. Yan and C. Felser, Ann. Rev. Conden. Matter Phys. 8, 337 (2017).
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Weyl fermion and Berry curvature
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Berry curvature in transport
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Weyl point and Berry curvature

Example: H = hvk - o

Choose (0,0, k,) forexample, H = hk,o,
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AHE, Quantum AHE and Fermi arcs

Fermi arcs

(b) AHE (1881) Quantum AHE .
C=1 . M.J\Z AHE in Weyl
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Weyl semimetal materials

Nonmagnetic (Inversion-breaking)

Magnetic (Time-reversal breaking)
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S.-Y. Xu et al., Science 349, 613
B. Q. Lv et al., Phys. Rev. X 5, 031013
L.X. Yang et al. Nature Physics 11, 728

R. Batabyal et al. Science Adv. 2, e1600709
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Anomalous Hall Effect
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Mn,Sn(Ge), Co,Sn,S, TaAs MoTe,/WTe,
2
Ony = —%Jfo Q(k)dk osy = 0because Q(k) = —Q(—k)

AHE No AHE

In the presence of TRS, will monopoles lead to
some exotic transport phenomena?
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Berry curvature in transport
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WSM - Transport phenomena
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Nonlinear Anomalous Hall effect
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A Weyl toy model

A single Weyl cone

Berry curvature Berry curvature dipole
Hwey(q) = ~viqOo + ~vrq -0, Q) = 505 dy, = @ _ 3a9
@ 2
(a) Type_l (b) Type-I (tltled) (C) Type—II

Note that d,,= 082 /0k, is even to Mx, My or TRS.
So a pair of Weyl points contribute the same D,



Berry curvature dipole for TaAs

* Point group C4v: M,, M, C,
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Berry curvature dipole for MoTe, and WTe,

(a) MoTe, (b) WTe,
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Nonlinear Anomalous Hall effect
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2D Weyl layers WTe, and MoTe,, gate tuning E;
Y. Zhang, B. Yan et al. PRB 97, 041101(R) (2017). Y. Zhang, B. Yan et al. 2D Mater. 5044001 (2018).



Very recent realization in WTe, and MolTe,

2D
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Q. Ma, P. Jarillo-Herrero, etal, Nature 565, 337-342 (2019)

VE®is 0.1% of V),

1.0 > 32.0
Vv)* (10° V)

Mak and Shan, et al, Nature Materials 18, 324-328 (2019)

3D

Tsen et al. Nature Comm. 12, 2049 (2021) 3D Mole,
Z. Mao, B. Yan et al., Nature Comm. (2022) Room temperature, BaMnSb2
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Wireless radiofrequency (RF) rectification
with zero external bias, TalrTe4

H. Yang et al. Nautre Nano 2021



Nonlinear optics

Shining light
Polarization

DC photocurrent Jpc = dP/dt ="G%E + c@E 2+ ...,

Lighti

E = E,cos(mt),
P= X(1)E +X(2)E2 =

ng up the Weyl semimetal?

Studied in polar insulators such as BaliO,
Theory: shift current, injection current..

Bulk Photovoltaic Effect (BPVE)

Second Harmonic Generation

Photocurrent
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Material  |dj| |d] (em V™) Fundamental Weyl—optical control
wavelength (nm) £ 4 . /
TaAs da3 3600 800 \\ /,/
BaTiO3 d33 15 9S00 % %/\\
BiFeOs  ds3 15-19 1550, 800 Let &
LiNbO3 d33 26 852 g
L. Wu, J. Orenstein et al. Nature Phys 2017  G. Osterhoudt, K. Burch et al. Nature Mater 2017

Q. Ma, N. Gedik et al. Nature Phys 2017




Topological nature of optical responses with TRS

Injection current Shift current

J & (A=A, — 0,¢12)E?

J. Sipe PRB 2000 R. von Baltz and W. Kraut 1981



Design a new Iinjection current

Excitation asymmetry Band structure asymmetry
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Magnetic Injection Current (hw > Eg)

—_—— ~— Asymmetric Fermi surface

A©)
/

)
AFM -M |y M \

!
aa (,,cC C
Oga;c X gnm(vn — vm)T

g%?n = |r%m|2

(eV)

S

Magnetic quantum materials:
Crl; bilayer, Cr,0O5, MNPSe;, CuMnAs, Mn,Au,
doped-magnetic Tls, thin film MnBi,Te,

Zhang et al. Nature Comm. 10, 3783 (2019)
T. Holder, D. Kaplan, B. Yan PRR 2020



Recent discovery of magnetic photocurrent
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Summary

T o Jopties

Berry curvature Anomalous Hall effect CPGE, injection current
(t-independent) (t-linear)

Berry curvature dipole Nonlinear AHE (t-linear)

Berry connection LPGE, shift current

(t-independent)

Quantum metric ?? Magnetic injection current
(t-linear)
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