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(Juantization

In solids, quantization occurs typically as a linear response ol insulators

(Quantum Hall effect

von Klitzing, Tsui, Stormer (80’s)

Kerr/Faraday rotation in topological insulators
L. Wu, etal. Science (2016)
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2nd order non-linear response
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Topological semimetals Large and quantized ( ——-)




Chiral topological metals have large and quantized non linear responses



Non-linear responses

needs inversion breaking

Ji = 0ij By + ot By + - -

Traditional: GaAs, BaTiO, Topological: TaAs, BiySeq

Bergfeld and Daum PRL 99 Ma et. al. Nat. Phys 17 (MIT)

Young and Rappe PRL ‘15 Wauet al Nat. Phys *17 (Berkeley)

Bas etal Opt. Exp.’16 (Toronto/Virginia)
Osterhoudtetal. arXiv 17
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Second order zoo Ji X o BB

Injection current o (iw) ™ G G

Sipe, Shkrebtii, PRB (2000)
Chan, et al PRB(R) (2016)



Second order zoo Ji X 0B b
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Second order zoo Ji X 0B b

Injection current o (iw) ™ G G

d.i K
é = Bij(w)(E x EY);

electron linear momentum rate +——  photon angular momentum density



Second order zoo Ji X 0B b

Injection current o (iw) ™ G G

Linear Aﬂgu]ar

momentum // i dj ; momentum // |

= Bij(w)(E x E);

Tr[f]

[.esson®

Mirror-free (chiral)
point groups

Trl5]#0 -~

classical screw!

“Brute force way: transform tensor under point group symmetries and check for non-vanishing components



Topological metals have large and quantized injection currents

F. de Juan, AGG, T. Morimoto, J. E. Moore Nat. Comm. 17



Injection current

h = Big(w)(B x B),
Tr|f]
Two band model
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Injection current

Vi Biy(w) (B X B),

Tr|f]

Two band model

inj; 1 O O

dt 2 —

= group velocity x excitation rate
o2
AFk( ) — W—‘E‘QQ 0(e1 — €0 — Iw)

Fermi’s golden rule

2IDOS

Vanderbilt, Souza “13
D.T. Tran, A. Dauphin, AGG etal Sci. Adv 17
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Injection current

djz
= Bij(w)(E x E7);
Tr|5]

Two band model
anj; 1 18 Q

dt 2 -

= group velocity x excitation rate
dAj, A3k e’
dt / (27)3 (v1 — v5) Al (w) —— W—\E\QQ 0(e1 — €0 — fw)

Fermi’s golden rule
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Vanderbilt, Souza ‘13
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Injection current

djz
= Bij(w)(E x E¥);
Tr| 3]

Two band model
anj; 1 O Q

dt 2 T

= group velocity x excitation rate
dAj; d’k e’ i
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Injection current

Vi Biy(w) (B X B),

Tr|f]

Two band model
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Tr[ﬁ]—z;? ds - lefmﬁC
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Candidates

non-universal
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Candidates
Chiral Weyls

SI‘SiQ

F. de Juan, AGG, T. Morimoto, J. E. Moore Nat. Comm. 17



Candidates

Chiral Weyls Kramers Weyls
SrSi, Tellurium

0.0~

F. de Juan, AGG, T. Morimoto, J. E. Moore Nat. Comm. 17



Candidates
Chiral Weyls Kramers Weyls
SrSis, Tellurium RhSi

0.0~

F. de Juan, AGG, T. Morimoto, J. E. Moore Nat. Comm. 17
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RhSi
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multi-band correction
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(Quantized injection with multifold fermions

Felix Flicker, Fernando de Juan, Takahiro Morimoto Maia Vergniory, Barry Bradlyn
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Types of mulafold fermions
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Types of mulafold fermions

2-fold = Weyl
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Types of chiral multfold fermions

2-fold = Weyl

3-fold 6-fold

Bradlyn, Cano, Wang, Vergniory et al Science (2016)
Wieder, Kim et. al. PRL (2016) Tao, Zhou, Zhang 1706.03817
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Space groups that host chiral multifold fermions

node Ch No SO SO
Threefold (spin-1) —2,0,2 195 — 199, 207 — 214 199,214
Sixfold (doubled spin-1) (—2,0,2) x 2 — 198,212,213
Fourfold (spin-3/2) -3,-1,1,3 — 195 — 199 , 207 — 214
Fourfold (doubled spin-1/2) | (=1,1) x 2 | 19,92,96,198,212,213 | 18,19, 90,92, 94, 96, 198,212, 213
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Space groups that host chiral multfold fermions

node Ch No SO SO
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Three-fold fermion

node ‘ Ch ‘ No SO ‘ SO
Threefold (spin-1) ‘ —2,0,2 ‘ 195 — 199, 207 — 214 ‘ 199,214

SG 195 — 199, 207 — 214



Three-fold fermion

s =41

c.g. SG 199 atthe I point with no spin-orbit



Three-fold fermion

SGl99atr SG199at R
with no spin-orbit with spin-orbit
s=+1 ¢ =m/6
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Three-fold fermion

SGl99atr SG199at R
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Conditons for plateaus and quantization dj; N
’ ! = Bij(w)(E x E¥);

— the magic —
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Sipe, Shkrebtii, PRB (2000)




Three-fold fermion
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Three-fold fermion
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Three-fold fermion
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Three-fold fermion
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node

SO

Fourfold (spin-3/2)

k-S

195 — 199 , 207 — 214
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The rest of chiral multifolds

Sixfold

Fourfold

unitary
transformation

unitary
transformation

Threefold

Twotold

Threefold

Twotold



Conditions for plateaus quantization

( h

plateau
(non-universal)

A chiral topological metal Closed optical surfaces

& | plateau (universal)

B(w) = 4% By Cs

k-

A closed form of the sum rule for the involved closed surfaces
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All chiral topological metals have quantized ( ﬁ ) injection currents



Real materials with quantized injection



Real materials with quantized injection

node Ch No SO SO
Threefold (spin-1) 20,2 195 — 199, 207 — 214 199, 214
Sixfold (doubled spin-1) (—2,0,2) x 2 —~ 198,212,213
Fourfold (spin-3/2) -3,—-1,1,3 — 195 — 199 , 207 — 214
Fourfold (doubled spin-1/2) | (—=1,1) x 2 | 19,92,96,198,212,213 | 18,19,90,92, 94,96, 198,212,213

SG 198 (RhSi)

Energy/eV

SG 199




Real materials with quantized injection

node Ch No SO SO
Threefold (spin-1) 20,2 195 — 199, 207 — 214 199, 214
Sixfold (doubled spin-1) (—2,0,2) x 2 —~ 198,212,213
Fourfold (spin-3/2) -3,-1,1,3 — 195 — 199 , 207 — 214
Fourfold (doubled spin-1/2) | (—=1,1)x 2 | 19,92,96,198,212,213 | 18,19, 90,92, 94, 96, 198, 212, 213

SG 198 (RhSi) SG 198 (RhSi) T

no SO
SO

0.25 0.50 0.75 1.00
w/eV



Real materials with quantized injection

node Ch No SO SO
Threefold (spin-1) ~2.0,2 195 — 199, 207 — 214 199, 214
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Real materials with quantized injection

node Ch No SO SO
Threefold (spin-1) ~2.0,2 195 — 199, 207 — 214 199, 214
Sixfold (doubled spin-1) (—2,0,2) x 2 —~ 198,212,213
Fourfold (spin-3/2) -3,-1,1,3 — 195 — 199 , 207 — 214
Fourfold (doubled spin-1/2) | (—=1,1) x 2 | 19,92,96,198,212,213 | 18,19,90,92,94,96, 198, 212, 213
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Real materials with quantized injection

5G214

Maia Vergniory (DIPC)



Measurement



Time scales

quantized slope
3
me
4 —C|E?
J(t) R £
i 3
1l . TEe
B ; Jsat = T h2 C‘E’2

depends on scattering time

t<ps 4 > ps



How large?

A T I
cm? ps W /cm?

jsat — 929

10 X 1
e H 2nA Fermi surface pA

r~ps W / cm?2 contribution W / cm?2

Moore Orenstein PRL 2005
Okadaetal PRB 2016 (TTexp)

Verylarge!






Symmetries help

zﬁ
x

True for chiral Weyls

Need to measure in all polarization planes

Multifold are realized only in cubic space-groups

Bij = B(w)di;

So one component is enough!



Gyrotropic magnetic effect

Ji (W) = aij (w) B? (w)

Felix Flicker, Fernando de Juan, Takahiro Morimoto Maia Vergniory, Barry Bradlyn



Topological metals have large and anisotropic 2nd harmonic generation

o S

S. Pakantar et al. 1804.06973



TaAs

Polar axis

Weyl semimetal

ferroelectric point group 4mm (P=0) Second harmonic generation by reflection

James Analytis ~ Nityian Nair Shreyas Patankar Liang Wu Darius Torchinsky — Joseph Orenstein



Second order zoo

[(w)

A

Ji X o1 B By

(UV-Visible)

2nd harmonic generation

o?) (2w; w, w)

i B e

LA

I
2&)()

W



Resonant enhancement of second harmonic generation

2nd harmonic generation
amplitude

100 times smaller than @

@ TaAs Orenstein group (Nat Phys’17)



Resonant enhancement of second harmonic generation

2nd harmonic generation
amplitude

100 times smaller than @

o GaAs Bergfeld and Daum PRI "99 x100 ( ! )

10 umes larger than GaAs

@ TaAs Orenstein group (Nat Phys’17)



Resonant enhancement of second harmonic generation

2nd harmonic generation
amplitude x16 increase in 0.7-1.5¢V

o2 ((-Umax ) TaAs

~200
o(2) (wmax) GaAs

o GaAs Bergfeld and Daum PRI "99 x100 ( ! )

O TaAs Orenstein group (Nat Phys’17)



(Juestions!

Bound?

Anisotropy?

Topology?




Second order zoo
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Bulk photogalvanic effect
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The shift vector

k-space real space



The shift vector

k-space real space

A

Okpi2 +a; —az = R ~ displacement of an e-h pair

~ AP polarization difference of e-h pair

Shift current =  Absorption X Rate "~ R X |U ‘ZJ DOS

1

Jsug = — 5 st (w) + Jsnee (2w)



1D model with large polarization (ferroelectric)

Rice-Mele model
t+90 t—0

+A
Maximum polarizaion /\ = ()



1D model with large polarization (ferroelectric)

Rice-Mele model
t+90 t—0

+A

A Maximum polarization /\ = ()

Polar axis

L LS
=
~ S

/

L LS

/

Coupled chains




Coupled Rice Mele model

0RERA



How large can this get?

Y = /dwRe{a(2)(2w;w,w)}

Coupled RM bound 2 band models
e’ a?
= F(t/A6/A
642 b /201 8) o 30
— 3
2h?
Fmaxat().25 “Skewness” of the polarization distribution
| TaAs
2
a
— ~ 20
be

see also: Tan and Rappe, arXiv (2017)
TaAs saturates RM bound



A new sum-rule
C 1 is the polarization P=C 1
Vanderbilt, King-Smith, Resta

Cs

+—>

2
gives the sum rule on linear response / dwRelo™M (w)] = % Cs

&

Souza, Wilkens and Martin

New result:

C g gives sum rule for shift current and SHG
Wannier function in a Polar crystal

7T€3

2h?

(enhanced with longer range hoppings)

/dwRe{a(2)(2w; w,w)} = C’s5



How large can this get?

Y = /dwRe{a(2)(2w;w,w)}

Coupled RM bound 2 band models:
’7T€3 CL2
= a2 pot (/A0/R) 5 _ e3 met
2h2 i
Fmaxat 0.23

“Skewness” of the
polarization distribution

— ~ 20
bc

see also: Tan and Rappe, arXiv (2017)

General bound?



All chiral metals have large and quantized injection currents
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TaAs: largest and anisotropic SHG Polarization skewness = upper bound for SHG
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The importance of real space embedding

a x 10'°°AWb ™1

(N

—— SG 198 (RhSi) -
~=—= SG 212 (z = 1/8)

~ —— SG 198 (RhSi)

~=—= SG 212 (z = 1/8)
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