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Topological insulators

e Ver. 1: Antiunitrary symmetries - ‘Classical’ TI’s

real-space
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Floquet Topological insulators
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 Ver. I: ‘Classical’ TI's — Floquet TI’s Foa:t topological insulator in semiconductor
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Lindner, Refael, Galitski (2011)
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e Ver. 1.5: Disorder +chirality — Anomalous Anderson Floquet TI’s
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Floquet Topological insulators

e Ver. 2: Unitary + time glide symmetry — Floquet crystalline Tl
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e Ver. 3: Symmetries broken at surface + time glide HOFTI
— Higher-order Floquet TI’s & SOFTI
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(Yang Peng, Refael, 2018)

Plan:




From Crystalline to high-order T1Is
e Start with chiral symmetry (class AIII):
SH(k,k,)S" =-H(k,,k,)

 Edge Hamiltonian:

H,, =0k, and,eg., S=0" =) {H,,S} =0

edge

e Mass term? Possible:

V. =mo’, {V ,S} =0 Induces a gap...
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Protection by reflection

e Start with chiral symmetry (class AIII):

H

- — eage :OZk.x S :Gx
SH(kxaky)S L= H(kxaky) %

H St =(
e Reflection: d edge? )

UR H(kxaky)UR-'- :RH(- kxﬂky)R+

Must have: {R,Hggqge} =0, Assume: [R,S]=0 => R =0"

* Mass term? Impossible!

V ,Sy=0,and [V,,R]=0  ButR=S'/



Protection by reflection

e Start with chiral symmetry (class AIII):

S H(k,.k,)S™" == H(k,.k,) H =0k 4V, S =0
H —
e Reflection: { edgeaS y =0
Up H(k,,k)Uy" =RH(- k. k)R’

More generally, assume:  [R,S]=0 and diagonalize RS

v ,RS} =0 :> Gaps (mixes) Opposite RS eigenvalue states

/ /€
Tr(SR)/2
ﬁ “‘o’ I'( . )
/ f = helical modes



Higher-order TI: CTI’s pushed to the corner

(Langbehn, Trifunovic, Peng, von Oppen, Brouwer, 2017)

Hedge (kx) = k, I

[}, respects only the chiral symmetry: {S , Fm} =0

4=E!

=+

Hedge (kx) = k, I

but also: {R,T),} =0

- &

% S
Hgdge = Hgdge =
kT, + T, kT, — T,




Berlin style HOTI Classification

(Langbehn, Trifunovic, Peng, von Oppen, Brouwer, 2017)

RT = n;TR RP =npPR CR =n.RC
Cartan 7 P C d=72 d=73
A 0O 0 0 O 7 R
Al 0 0 1 Z R, 0
Al 1 0 0 0 0
BDI | 1 1 Z R,. 0
D 0O 1 0 2z, R, 7 R,
pm -1 1 12 R,,R_R., Z, R,..,R_,
Al -1 0 0 0 - Z, R, R.
cr -1 -11 2 R.,R_ 0 .
C 0O -1 0 O : Z R, R_
CI 1 -1 1 0 : 0




Floquet HOTT’

* Add periodic time dependence:

H =H, + Ve +e)

* Floquet states:

l/jg(t) :e-istHwO + aneiwntH

[n|>0




Time-glide Floquet Crytalline TT’s

e Reflection-time-glide symmetries: (Morimoto, Po, Vishwanath, 2017)

Uy Hk ok, )Up" =M H

edge

(-kx,ky,t+T/2)M+

Periodic driven system:

reﬂectzon ﬂ reflection
Time-glide
| ﬁ
T/2 r




Time-glide Floquet Crytalline TT’s

e Reflection-time-glide symmetries: (Morimoto, Po, Vishwanath, 2017)

Uy Hk ok, ) Upe” =M H,y, (- kKt 4T/ 2)M ™

* Stroboscopic Models: ' H, .H2 H,
0 72 T 0 T/Z T c
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* What about high-order Floquet TI’s? resonance



Higher-order Floquet Topological Insulators (peng, Refacl, 2018)

e Additional reflection and time glide symmetries
U Hk, kU™ =M H,, (- ok, 0+ T/ 2)M

edge

* Simple Floquet Hamiltonian:

V H

oVt Hy-w  V 0

H=H,+ plei +ei) H, :H & Hf 4 H
) vt Hyto ¥ i

. vt H, 42w V.

H o

e (Concentrate on odd resonances.

Y (?) =e"“’”2Hwo +) wnei“’”’H Yy = Y+

|n|>0



Higher-order Floquet Topological Insulators (peng, Refacl, 2018)

e Additional reflection and time glide symmetries
U Hk, kU™ =M H,, (- ok, 0+ T/ 2)M

edge

* Simple Floquet Hamiltonian:

- vt H,- V I

] \ e PR : ;/w H, 7 |
I— ﬁ H, =l f 0
/\ H V' H,+w 4 H

v I H V't Hy+20 V

e (Concentrate on odd resonances.

w(t) :eia)t/ZHl/jo +aneime _ woeiwt/2 +wle-ia)t/2

|n|>0



Higher-order Floquet Topological Insulators (peng, Refacl, 2018)

e Additional reflection and time glide symmetries
U Hk, kU™ =M H,, (- ok, 0+ T/ 2)M

edge

» Effective Floquet Hamiltonian:

off —
H,” =

HHO V

veH "‘CUH =(Hy+w/2)1+p w/2+ReVp, +ImV p,
0

H,. " (kk)— (p, e MH, " (- k ,k )p, @ M)

* Time glide: 1 -
Vi = - MV, o M7 |Hy = MH M

( xoty O(kx’ky) O(' kx’ky)

exp(iwt +iwT /2) =exp(iwt +im) =- exp(iwt)

e New reflection operator:

//?"”
Reﬁ:HM _M l J"o .




Higher-order Floquet Topological Insulators (peng, Refael, 2018)

e C(Class AIIl example:
=(Hy+w/2)1+p, w/2+ReVp, +ImV p,

s° :HiS mﬁ =54, R :H

[t —t, w > —w and V - VT]

M s oA
_MH ’OZ

+ Need: [RS]=0 EZ) (M,S}=0

Floquet ( ’/ /

coplies ﬁ
.0
‘0



Explicit AIIl model
 Hamiltonian and symmetries:

=(m- cosk, - cosk, )t” +bo”

V(t) =exp(ion)\- isink, +o” sink, Jr” + HC

() =

S =t'c"

"Wlfnlm -1/2
(=]
(=]
o
o

. {S,M}=0 as needed ey ]| ..
M :O 0 5 0 5
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SOFT-SC
e Static Hamiltonian: (Class D/BDI)

Hy(k) = (mo—2ty cos ky — 2ty cos ky )T, + A1y +boy, M=o,
* Time-glide reflection (y) symmetric drive: C = 1,0,
Oscillating Rashba terms
H(k,t) = 2aq cos wt(sin ko, — sin kyo,) 7,
e Exact diagonalization:
cyliDl}tdter with mirror sym edges: non-mirror sym edges:
1.0 atic ; 1.0 riven
— 0.125
0 03 > 0.100
2 00 2 00 0 0.075
: g
-1.0

0.54
1.0,
0.52
0.5
3
3 3 30,50
~0.5 0.48
0! = -1.0 :
-10 -05 00 05 1.0 -10 -05 00 05 1.0 04085
ky/m ky/m

mo =w/2+1, A=0.9, w=48, L =15 b=0.15

2905




SOFT-SC — Realization with phonons
e Static Hamiltonian: (Class D/BDI)

Hy(k) = (mo—2ty cos ky — 2ty cos ky )T, + A1y +boy, M = o,

* Time-glide reflection symmetric drive: C = 1,0,
Oscillating Rashba terms

H(k,t) = 2aq cos wt(sin ko, — sin kyo,) 7,

e Lieb lattice with oscillating ligands:
Lowest-energy
AY } p .
y

orbital
<] x-hopping:
.ty C
1——0y

€

Z




Explicit class A model in 3D

* Hamiltonian and symmetries:
H, =(m- cosk, - cosk, - cosk )r" +bo"

V(t) ZeXp(ia)t)(ax sink, +0” sink, +0~ sin kz)r' + HC

M =0




From AIII to All
Hy=(H;+w/2) 1+p,w/2+ReVp, +ImV p,

T P C R
" | v

t > —t,i—>—i i— —i S _Teﬁ Ce R
T pO Ceﬂ :C .px _T C ,0
RT = n;TR RP =npPR CR = n-RC
HOTI Flogquet HOTI

Nr,Np,Mc nr, -Np, —MN¢

Vo

L.



From AIII to All

HOTI Floguet HOTI
nr, Npe,7c nr, -Mp, —Tc
Class T C S d=2 d=3

Cartan 7 P C d=2 d=3 A 000 0 ™ Z
A 0 0 0 O VA R AIIL 0 0 1 M- Z 0
Al 00 1 7 Ry 0 Al 100 0 0
Al b0 00 0 BDI 1 1 1 M Z 0
BDI 1 1 1 Z Ry 0

D 0 1 0 7z R, Vi R, D 010 M- Zy M- L
pm -1 1 1 Z, R.o\,R_R_. Zy, Rit,R_. DOI -1 1 1 My Moy, Moo Zo My M- 7
ATl -1 0 0 0 : Z, Ri, R_ AIl -1 0 0 0 My, M_ Zs
CIll 1 -1 1 Z Ryt R__ 0 . i o-1-11 M M, 27 0
C 0 -1 0 0 : Z Ry, R- C 0-10 0 M_ M, 27
Cl I -1 1 0 ' 0 Cl 1 -11 0 0




Summary and conclusions

* Periodic drives induce additional toplogical phases.

* Driven trivial systems give rise to new kinds of high-order TI’s

* Pathways to realizing Floquet HOTT’s
using phonons and SO coupling.



If there’s time..

Dynamically induced band-flattening

Or Katz (Technion)
Netanel Lindner (Technion)
Gil Refael




Applications to Twisted Bilayer Graphene?
* “Flattening TBG with light”: (Katz, Refael, Lindner, 2019)

e Small fields needed!
~5MV/cm

(No interlayer
coupling)

Undriven

VG=0.7 i
\ i

1 1

N !

Driven
Vog=—o0rN

gap A [meV]
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