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- Time Reversal Symmetry (TRS) broken topological phase

» Topological protection of surface states regardless of any local symmetries

. Vector of three first Chern invariants C = (C,, Cy, C,)



3D Chern design strategy



3D Chern design strategy
laf \

e 0 O
ETRs = (0 & 0) |
0 0 ¢

5= 2

S

~

/ Step 1:

/




3D Chern design strategy
/ o N s o O\

&1 iT]z 0
_ £ 0 ¢ €p, = —in, €1 0
ETRs = 0 € O ' .. 0 0 2 |
" 0 0 ¢ »
b

16] <
/b/QZn//a/ / /g

XX ? i%i&}_mg=2“

(S— 'Y NWlal
Ak,

Step 2

/" Step1l
X
”

\_

-~




3D Chern design strategy
/ N s o\

£ in, 0
f el Y]
€ ) | » .. 0 .
/ ol = =21/,

/

ey




3D Chern design strategy
4 | pliy




Goal 1: Large Chern vectors by design



Goal 1: Large Chern vectors by design

e Additivity of the Chern number on the reduced BZ

* N =2,4,6...supercell commensurate with Ny, = 2



Goal 1: Large Chern vectors by design

e Additivity of the Chern number on the reduced BZ

* N =2,4,6...supercell commensurate with Ny, = 2

C = (0,0,1),N =2
NW=2 +0.5 BNw=2

B, _ &
9 A T
g
| % 25 3
o 8
Tnax ;ng w
- ~ 05

+0.5

0
k,/2m



Goal 1: Large Chern vectors by design

e Additivity of the Chern number on the reduced BZ

* N =2,4,6...supercell commensurate with Ny, = 2

€ = (0,0,1),N =2 = (0,0,2),N = 4

N =2 Ny =2
w= +0.5 BNW=2 BYw

& z
~
g |1
‘ $38 0 ]
s & '
SN Tmax
S e
A ]

0.5 0 +0.5
k,/2m




Goal 1: Large Chern vectors by design

e Additivity of the Chern number on the reduced BZ

* N =2,4,6...supercell commensurate with Ny, = 2

C =(0,02),N = 4

¢ =(0,01),N=2
+0.5 gVw=2

Nw=2 - Ny=2
BYW & +&SB?”2 B, & ZT
S~ T ~ A/
| 22 4 22
> © o © [
" H 18 . a7 £
N 05 H N
m -0.5 +0.5 " 0'5-0.5 0 +0.5

k./2m

€ =(003),N=6

e




Goal 1: Large Chern vectors by design

e Additivity of the Chern number on the reduced BZ
* N =24,6... supercell commensurate with Ny, = 2

C = (0,0,1),N =2 ¢c =(0,02),N=4

NW=2 . — NW=2
BZ . CS +0 5 B;VW 2 BZ
S ||
% o |
Tmaxi ) >§E é Tm i
T, ‘ N T |
Fimin 0l5—0_5 +0.5 Tmin +0.5

ke /21

¢ =(0,03),N=6 > C = (0,0,4),N =8
L B;VW:Z BNW_Z ‘l‘\‘ 9 +0.5 BzNW=2
1 1 QP S
| ¥ <3
£8 0
o ©
1 E
m W05
0.5 0 +05 i 0.5 0
ky/2m min ky/2m




Goal 1: Large Chern vectors by design

e Additivity of the Chern number on the reduced BZ

* N =24,6.. supercell commensurate with Ny, = 2

€ =(0,0,1),N =2

Ny, =2
BZ w CS +0.5 B;VW:Z
2~ T
=
‘ 23 o
g 8
Tmaxi iqg i
T !
0.5
Fimin _0_5

€ =(003),N=6

. Nw=2
BW

)

+0.5

Ony/21

St
(mod1)
(e)

-0.5

+0.5

-0.5

C = (0,0,2),N = 4

/

0

)
/a

ke /21

C =(0,0,4),N =8

BNw=2
-0.5 0
k,/2mw



Goal 2: Reduced magnetic bias



Goal 2: Reduced magnetic bias

 Decreasing the field N = Ny, > 2 and increasing the modulationr',,, > 1,



Goal 2: Reduced magnetic bias

 Decreasing the field N = Ny, > 2 and increasing the modulationr',,, > 1,

/Reducing the Weyl dipole separation \

o

Ak, =
z NWlal

. /




Goal 2: Reduced magnetic bias

 Decreasing the field N = Ny, > 2 and increasing the modulationr',,, > 1,

/Reducing the Weyl dipole separation \

2T AkW AkW
Ak, = — oo
NWlal ° °
\_/
NW fm ______ } fg M
N N

\_ : Y,




Goal 2: Reduced magnetic bias

* Decreasing the field N = Ny, > 2 and increasing the modulation r',,, > 7;,,

/Reducing the Weyl dipole separation \

Ak 21 Akeyy A&W
= ——

z NWlal ° ° °°
\_/

NW fm ______ } fg x_-_z

/ Increasing the modulation intensity \

27TZ
T — Ty = I Sin N|a|

_ : Y,

N /




Goal 2: Reduced magnetic bias

* Decreasing the field N = Ny, > 2 and increasing the modulation r',,, > 7;,,

/Reducing the Weyl dipole separation \

Ak 2T Aky, A&W
= ——

z NWlal ° ° °°
N

NW fm-==--- } fg S_Z

/‘\ /-\

/ Increasing the modulation intensity \

. [ 2nz
T — Ty = I Sin Nla]

N

_ : Y,




Goal 2: Reduced magnetic bias

* Decreasing the field N = Ny, > 2 and increasing the modulation r',,, > 7;,,

/Reducing the Weyl dipole separation \

2T AkW AkW
Ak, = s e oo
NWlal
./
NW fm ______ } fg x_-_z
\ > N\ 7N\ /
n, =16
0.36
. U
~
= 035
“—
034 ys TZTRZ YT SR

/ Increasing the modulation intensity \

. [ 2nz
T — Ty = I Sin Nla]

N




Goal 2: Reduced magnetic bias

* Decreasing the field N = Ny, > 2 and increasing the modulation r',,, > 7;,,

/Reducing the Weyl dipole separation \

2T AkW AkW
Ak, = s e oo
NWlal
./
NW fm ______ } fg x_-_z
\ > N\ 7N\ J
n, =16
0.36
. U
~
= 035
“—
034 ys TZTRZ YT SR

K Increasing the modulation intensity \

/] '
- [ 2nz i
r — Ty = Ty, Sin Nlal |

B' < B ¢

———
NS

30
I'YSTZTRZ YT SR




Goal 2: Reduced magnetic bias

* Decreasing the field N = Ny, > 2 and increasing the modulation r',,, > 7;,,

/Reducing the Weyl dipole separation \

K Increasing the modulation intensity \

- [ 2nz e’
r — Ty = Ty, Sin Nlal |

2T AkW AEﬁW
AkZ = NWlal .f—‘—\. oo
\_/
NW fm ______ } fg x_-_z
> N\ 7N

YSTZTRZ YT SR

———
NS

.30
r'YSTZTRZ YT SR
ng/meNng,/me'

EB = 53,




Goal 3: Orientable Chern vectors



Goal 3: Orientable Chern vectors

. T . . ] _ . an) . 21Ty . (an)
Multi-directional modulations: Ar 7‘,nxsm(—Nx|aI + T, Sin wlal + T, sin (3~




Goal 3: Orientable Chern vectors

o E . . ] _ . an) . . (27‘[2)
Multi-directional modulations: Ar 7‘mxsm(—Nx|aI + T, Sin wlal + T, sin (3~




Goal 3: Orientable Chern vectors

o E . . ] _ . an) . 21Ty . (an)
Multi-directional modulations: Ar rmxsm(leal + T, sin vy lal + Tin, sin (30




Goal 3: Orientable Chern vectors

o E . . ] _ . 27X ) . 21Ty . ( 21Z )
Multi-directional modulations: Ar rmxsm(leal + T, sin vy lal + Tin, sin (30







Summary: Chern vector engineering



Summary: Chern vector engineering

/ Arbitrarlily large Chern vectors \
by design




Summary: Chern vector engineering

/ Arbitrarlily large Chern vectors \
by design

ﬁcz=1 @Cz>1

W

e

Multimodal operation with unidirectional

K surface states /




Summary: Chern vector engineering

/ Arbitrarlily large Chern vectors
by design

Multimodal operation with unidirectional

K surface states

~

/ Non-zero Chern vectors at reduced \
magnetization conditions




Summary: Chern vector engineering

/ Arbitrarlily large Chern vectors
by design

Multimodal operation with unidirectional

K surface states

~

/ Non-zero Chern vectors at reduced \
magnetization conditions

g

| &

B ~

For frequencies where the gyrotropic
response is weak




Summary: Chern vector engineering

/ Arbitrarlily large Chern vectors \ / Non-zero Chern vectors at reduced \
by design magnetization conditions

Multimodal operation with unidirectional For frequencies where the gyrotropic

K surface states / K response is weak
/ Orientable Chern vectors \




Summary: Chern vector engineering

/ Arbitrarlily large Chern vectors \ / Non-zero Chern vectors at reduced \
by design magnetization conditions

Multimodal operation with unidirectional For frequencies where the gyrotropic

K surface states / K response is weak
/ Orientable Chern vectors \

More interfaces and bulk-boundary

K configurations as compared to 2D /




Bulk-boundary correspondence



dence

+0.
Surface observable: . BY ’
Fermi loops (3D Cl) from 3D Fermi arcs (Weyl Semimetal) S0 S
‘Vectorial bulk-boundary correspondence in 3D CIs’, (under review in Adv. Opt. Mat) = ]
05 Ca
-0.5 0
ky /21



Bulk-boundary correspondence
9 N Ve

e Surface observable:
Fermi loops (3D Cl) from 3D Fermi arcs (Weyl Semimetal)

o 0
N
‘Vectorial bulk-boundary correspondence in 3D CIs’, (under review in Adv. Opt. Mat) ‘FjY(_“

-0.5
-0.5 0 +0.5
ky /21

k,/2n

* Chern vectors: need to define a vectorial bulk-boundary correspondence

3D Bulk
/ u \ VBBC / 2D Boundary

¢, = (0,0,1) / C, = (0,1,0) +0.5 %
I 4 “ 4 Tmax <‘\:1 g
> ‘ Tmin = %

K (51 — 52) L J Cs-os ky/;ﬂf +0.5 (TJ' Ty) J




Bulk-boundary correspondence

Surface observable:

* Fermiloops (3D Cl) from 3D Fermi arcs (Weyl Semimetal)
‘Vectorial bulk-boundary correspondence in 3D CIs’, (under review in Adv. Opt. Mat)

k

+0.5

Ve N

<0 Y
> ST,

-0.5
-0.5

0
ky /21

+0.5

Chern vectors: need to define a vectorial bulk-boundary correspondence

3D Bulk
/ - \ vBBC /

?’ = (0,0,1) /Fz = (0,1,0) +0.5

-~ ;o{.{ 7 irmax <:>

-0.5

2D Boundary

k,/2m

<
&
A3
X

%

7
N

k (51 — 52) ‘7l J \ 05 ky/2m +05

(Tj' Tk) J

3D bulk response:

ME coupler vs Chern wrappers in ‘Berry Phases in Electronic Structure Theory’, D. Vanderbilt (2018)

[}

T Trivial core embedded
& inC =




Bulk-boundary correspondence

Surface observable:

* Fermiloops (3D Cl) from 3D Fermi arcs (Weyl Semimetal)
‘Vectorial bulk-boundary correspondence in 3D CIs’, (under review in Adv. Opt. Mat)

+0.5

S
\0
N

k

-0.

[

5

X

-0.5 0 +0.5

ky /21

Chern vectors: need to define a vectorial bulk-boundary correspondence

-

¢, = (0,0,1)

3D Bulk

\

G, =(0,1,0)

3D bu

ME coupler vs Chern wrappers in ‘Berry Phases in Electronic Structure Theory’, D. Vanderbilt (2018)

I Q‘ﬁ | / ’ irmax
- Tmin
(Ci—C)-n J
Ik response:

Beyond a 2D layer construction:

Obstructed 3D Cl in B. J. Wieder, Phys. Rev. Research 2, 042010 (2020)

vBBC

—

-

2D Boundary

+0.5

k,/2m

7
N

%

\' 05 kyj2m +05

(Tj' Tk) J

[}
1

Trivial core embedded
inC =

Obstructed 3D ClI

CZ - Cle



Photonic interfaces: unidirectionality



Photonic interfaces: unidirectionality

K Conveyer-belt 3DAHE current \

K Nat. Comm., 12, 7330 (2021) /




Photonic interfaces: unidirectionality

/ Conveyer-belt 3DAHE current \

¢, = (0,0,1)

—

B

'BE
Tri{.§ TI :

—

KOCO'AHEXﬁ

/ Axial hinge current

=001 & =001y R

T 1

/ ,/

- —1/.
/iv
7

Z

Ar; = 1, Sin (N)

11

Ary = 1y, Sin (% + 6)

K Nat. Comm., 12, 7330 (2021) /

‘Axial hinge obstructed photonic 3D CI’,
in preparation




Thank you for listening!

)il)( ikerbasque
Basque Foundation for Science

W I UNIVERSITY OF
Universidad Euskal Herriko URBANA-CHAMPAIGN
del Pais Vasco  Unibertsitatea

..

Mikel Garcia Ifigo Robredo Maria Blanco Jon Lasa Barry Bradlyn Juan Luis Maia Garcia Aitzol Garcia
Diez de Paz Alonso Mafes Vergniory Etxarri

‘Cubic 3D Chern photonic insulators with orientable large Chern vectors’ Nature Communication, 12, 7330 (2021)






Photonic 3D CI by cubic supercell
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3D Cl in a reduced magnetization

a Reduced bias b Reduced bias
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3D ClI surface states
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Topological char. via Wilson loops
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Fermi arcs and Fermi loops

a Fermi arcs (Weyl ¢ 3D Chern Fermi loops

points equifrequency) b Simple folding (midgap equifrequency)
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Figure 9: Evolution of the Fermi arcs (a) after Brillouin zone folding (b) and supercell modulation (c).
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Lattice mismatch

a Folding mismatch b Gap opened not at fine tuning

My =0"W72 -1 fg = 75%fy "~
0.38
2036 )\lfﬁfi
= 0.34 o~ |
=0.32 —

X, r X; -X; r X,



