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ELECTRONIC TOPOLOGICAL INSULATORS
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A topological insulator is a material with non-trivial topological order, which
enables the operation as an insulator in the bulk, but that conducts on the surface.

The conduction states are symmetry protected, and they are associated with unsual
phenomena, such as strong robustness to disorder, and the quantum Hall effect
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PHOTONIC AND PHONONIC TOPOLOGICAL INSULATORS
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NON-RECIPROCITY WITH MAGNETIC BIAS
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BREAKING RECIPROCITY CONSTRAINTS

Lorentz reciprocity theorem
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ANGULAR-MOMENTUM BIASING: A ZEEMAN META-MOLECULE

R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alu, Science 343, 516 (2014)
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AN ACOUSTIC CIRCULATOR
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MODE EVOLUTION
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AN ACOUSTIC CIRCULATOR
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MOLDING THE TOPOLOGY OF THE ACOUSTIC BAND DIAGRAM

Lattice Unit Cell

A. Khanikaeyv, R. Fleury, H. Mousavi, and A. Alu, Nat. Comm. 6, 8260 (2015)
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NON-TRIVIAL TOPOLOGY OF THE BAND STRUCTURE
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TOPOLOGICAL METAMATERIALS
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TOPOLOGICAL METAMATERIALS
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TOPOLOGICAL PHONONIC METAMATERIALS

Reconfigurable waveguides, broadband isolators...
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EFFECTIVE SPINNING WITH SPATIOTEMPORAL MODULATION
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ANGULAR-MOMENTUM-BIASED OPTICAL ISOLATOR
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ANGULAR-MOMENTUM NON-RECIPROCAL METASURFACE
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RF MAGNET-LESS INTEGRATED CIRCULATOR

Normalized S-parameters
Normalized S-parameters

x

. . L f L L 1 X b4
140 160 180 200 0.0 0.6 1.2
Frequency (MHz) Modulation amplitude (V)
N. A. Estep®, D. L. Sounas® J. Soric, and A. Alu, Nature Phys., 10, 923 (2014)

METAMATERIALS & PLASMONICS
Kl © ReseArcH LABORATORYQ

| A. Alu -Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials



RF CIRCULATOR WITH COUPLED MODUILATED RESONATORS
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FLOQUET TOPOLOGICAL INSULATORS FOR EM WAVES
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CONTINUOUS BANDWIDTH OF [SOLATION
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PHASE GRADIENTS TO INDUCE TOPOLOGICAL PROTECTION
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EFFECTIVE GAUGE FIELD BIAS
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NON-RECIPROCAL TRANSMISSION
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TOPOLOGICAL PHONONICS
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EDGE MODE DISPERSION
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ROBUST EDGE MODE PROPAGATION

2.5 4 2.5
2 & () Rk u VAN A 2
15 & 1.5 ¢ 1
1 & ol 1 SR WAL 5
75N AV N & Py 5
E 05 & & <
8 V. g ,,,,,,,,,,, 8
2058 8 0. =
A A ; —
IO i A -l Wae. =
o
15¢ 1 S5eH S ASCE AT S N e wn
-2 ‘ ) ,,,,, 0
1 5 W RIL REL RIS RERREL > 5 YOGy PR B F I F A 3
25 -2 -15 -1 05 0 05 1 15 2 25 25 -2 -15-1 050 05 1 15 2 25
Distance (m) Distance (m)

. . . . . METAMATERIALS & PLAS
| A Alu-Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials 27 o FQE;%X‘;{EKI;\LCABé;:R#g;;\) O




INTRODUCING PHASE DELAYS IN A SMALL FOOTPRINT

&Mﬁfyfﬁwwvwmwu

M P o %%mm%my
&&%%M%mx Coa !
Z‘.}ﬂ‘.r, Tw‘t:,x%,?' o - o. . X ..'
r“xfr‘ "O‘x‘%’w 2 = — —_
0 "“f Q. m ”no g g -
[ [0 g
9000 9000000 a 8 3
R s YWJ%AY SeRt A g
g *Kvﬁyfuﬂw’*@ 2, =
- b - 3
0y sosovecee :
N %%*’%; o “vcﬂ%en Ao
,}%’xaf‘«y 7 Wm@‘m’naré«xm m‘é‘z% %
Yﬂ&wﬂ&xf ﬁmféwx% 4:‘%‘%%&% ry 0
¥ ¥ ¥ X ¥ X X
&W’%f‘w *”‘?”‘wﬂv’%o'nx*w*mﬁw w’%«;‘f’“x‘ e
F R A B i g %%,%,W -1 05 0 05 1 - . ]
Distance (m) Distance (m)

Topological propagation requires large phase delays across unit cells
Can we induce large phase delays within deeply subwavelength footprints?
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INTRODUCING PHASE DELAYS IN A SMALL FOOTPRINT

In a totally different field, the integrated circuit community has been solving this
problem using time modulation!
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NON-RECIPROCAL PHASE SHIFTER BASED ON N-PATH FILTERS
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PROPAGATION ALONG A LATTICE OF N-PATH FILTERS
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I° ; —Su1| S12 _ oikca (32)
=521 S22 -1 b,

*only for S, and S, do not have empty rows
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PROPAGATION ALONG A LATTICE OF N-PATH FILTERS

N-path filter S-params

Band diagram 0 :
- Stopband K
. 000 ® ©o00 _1 0 L
~ 3| -200
N Stopband N
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=25 1 T -400 §
= ° —S,, mag )
a 2 B -5 g -30 _521 mag 4 600 g
= c = ©
) o e S, mag c
S15¢+ 1 @ 12 o
o § =y * S, mag
L?._j 1 ke Stopband N ---S,, phase 1-800
\ / o 821 phase
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k al2w Frequency, f (GHz)
X
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NON-RECIPROCAL TRANSPORT

unit-cell
90°
[ =0.1 mm [=0.1 mm .
—— O Hee——--- Band diagram
C C Stopband
' JT_ 1 a=2I ) P °° °°'°'°°°°=°’°“""°on...,m:
N,.
’%‘ 3T ’ .. Stopband I
N-path filter params O 25
Y
fs = 1GHz R <
Q
=
C = 25 ohm $15
N =4 (non-overlapping clocks) ,_?‘-_J 1k Stopband e
. . . M‘“-au
Transmission line params 05¢F E
Stopband
C; = 50 ohm . . :
-0.5 -0.25 0 0.25 0.5
B = CO/‘/§ kxa/27r
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NON-RECIPROCITY AND TOPOLOGICAL TRANSPORT

; N-path filter S-params Band diag ram
10 Stopband
'lr'l| 35RE i ® ©90000000, ]
-10 | . 1“1 N / M
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20 i ' I ©020000000000e.. 3
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X
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TOWARDS ULTRA-BROADBAND NON-RECIPROCAL ELEMENTS

Generalizing N-path filters: commutated delay lines

LO;(t) LO, (1)
o—e” P =0
PORT1 0 L=24A,./4 PORT2
< >
4 ; : . |
LO; i s i i
p : ; | | { | : '
LO; i | E o
i | | L
o T, T, 3T, T, 5T, 3T, 7Ty 2T,
4 2

T. Dinc, M. Tymchenko, A. Nagulu, D. Sounas, A. Alu, H. Krishnaswamy, under review (2017)
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FORWARD DIRECTION

UT T ECE

L0, (t) LO,(t)
D o =0
PORT1 ] )JZO L=2,/4 PORT2
@ T 3x90° -90°
T, w
oJH)
(U? O——e— 3x90° -90°
w
0—/.—0 w = 3ws
time + t t
T T 1 s
_ Tt s s —jw—
v3(t) = v (t—I) L0, (t _I) Syy(w) = = e 97

l A. Alt -Topological Insulators for Ligh

t and Sound: Breaking Reciprocity with Metamaterials
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BACKWARD DIRECTION

LOy (D) LO,(t)
o — 7 —o
PORTL | [ ] “0 L=2,/4 )|  Pporr2
S | N B
T, /4
o——e0
T 3%90°
o—" 3xgoo
T — — — |y —
W = o—e—e 0°
90° 3x9
o— o9
w = 3w
time ! t t
3T 3T 1 _. 3T
S S —JwW—
vi(t) =v3 | t— LO;|t— - Spp(w) =74
4 4 2
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ULTRA-BROADBAND GYRATOR: SINGLE BALANCED

LO,(t) < — > LO,(t)
PORT1 PORT2
——) Zo
LO; (t) LO,(t)

To avoid reflections, a parallel path with complementary switching can be added

S-parameters
4 0 1 TSTI(-a-J )I

:8_ 2 \w M| Non-Reciprocal

——————- | Phase!
T W
if-fg“iszi .

Non-reciprocal phase with no transmission loss
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ULTRA-BROADBAND GYRATOR: DOUBLY BALANCED

PORT1 91 Lo, (t) L0,(t) [=s PORT2
—" o = o b
Z )

._\,_U 0 . —

LO,(t) LO, ()
+1 1 oy
AL a il

S-parameters
0 T E
—e J2 Ws/y Non-Reciprocal

-] Phase
r-----

i
i
\,e__i;i(ﬁ’i)_i 0 y

Non-reciprocal phase difference of 180° over atheoretically infinite BW

3 X . . . . . . . # METAMATERIALS & PLASMONICS
UTYE | A. Alu -Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials CP I:ELE:{:{”CI;“[ﬁ’,tl)lgﬁgk\@



ULTRA-BROADBAND GYRATOR: DOUBLY BALANCED

Singly — Balanced NR Element f
| I
LOy(t) < L = Ao /4 o LOy(t) ng [ 1 l.
PORT1 :I-- PORT2 £ o : :
m ZQ )-O_L.O/(t) ﬁ —F‘i«m th phase lag
1( ) 2 E—T[fz —R italse'l?atl'\ phase lag
\9’
—— _
0 1 2 3 4 5 6
Normalized frequency (f;,/f;)
DO u b Iy - B al an Ced N R El em ent Phase Response of Doubly-Balanced Non—Reciprocal Element
T / / ——Phase lag In Forward Duroctm/
i ‘:. —pnasetag::teversenremn
150 L=2,/4 , L0 — i L Jix
' Y . ' g i 1k I
\:() Zo X P 3 /:( K /I' K 1
PORT13— Lo, (t) L0,(t) [F—s PORT2 -;-"— 0 : /:/ !/:/ I :
0—/ —o\—u U 1 i | i I 1 I
._\:() Zg )_./._.. £ n/2 L ¥ A
LO,(t) LO,(t) /\:; /E:g /i

0 1 2 3 4 5 6
Normalized frequency (f;,/fs)

Doubly — balanced structure has wider non-reciprocal phase bandwidth
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ULTRA-BROADBAND ISOLATOR / CIRCULATOR

LO, (t) < i Afs/ * >  LOy(1)
) Zo " }
PORT1 _ PORT?2
-——I—é) Zg Yo —
LO,(t) LO,(t)
LO, (1) LO,y (1)
Zy
S-parameters

(o0 io7

Lossless transmission in forward direction and perfect
Isolation in reverse direction over a theoretically infinite BW
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DOUBLY-BALANCED CIRCULATOR

a b = 0
=
LB —a————— ] -
2
" ]
E g 515 1 T
as » S 20 {4 —S11 =822] "\ ./
N —S21 —S12
-25 ‘ 1
22 23 24 25 26 27 28
c d Frequency (GHz)
__ 5 0 ‘
21] —S11=—=833—S13—=S31 a1] | -
=) ‘ — ‘ S 5 Lo AT
Q |=—S32 —S23
g €-15 - §
o o
g 8-20 1 N\l Tt
P -25 ? 25

22 23 24 25 26 27 28 22 23 24 25 26 27 28
Frequency (GHz) Frequency (GHz)

T. Dinc, M. Tymchenko, A. Nagulu, D. Sounas, A. Alu, H. Krishnaswamy, under review (2017)
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NON-RECIPROCITY BASED ON NONLINEAR EFFECTS

3
Lorentz reciprocity theorem i=

ﬂ Ji - EpdV = ﬂ J2 - EqdV Time-invariant materials

Linear materials

Chi-3 non-linearit
<\ P, y

Fn W V> -
N\ Agy =y |E|

Non-linear medium Non-linear medium
P. Saboo, J. Joseph, Appl. Opt. 52, 8252—-8257 (2013)
L. Fan, et al., Opt. Lett. 38, 1259-1261 (2013)
Y. Shi, Z. Yu, S. Fan, Nature Photon. 9, 388-392 (2015)
A. M. Mahmoud, A. Davoyan, N. Engheta, Nature Comm. 6, 8359 (2015)
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BASIC OPERATION OF NONLINEAR ISOLATORS

e, = € + xP|E|?

Pipne Vv
[ Ae|Eq|*dV
N Aw = —Wy >
f €|E0| dVv
“\ P, 0
mnc
5
N\» I
2
=
%)
c
©
=
|E,|?
K= 5> 1
|Eq|
Frequency
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TRADE-OFF BETWEEN FIELD ASYMMETRY & INSERTION LOSS

L VAVAREE |
L > Rel% Ereft - Re_inEleft +Te™ Eright
‘Eleft < Re{e G EI2eft — ‘Eleft 2
My Te” 2 ,
Rel(pR K= Eright‘ / Eleft
— 1+ R
t — —t Q SKS——
1+ R 1-R
Y\ |
W Te ™ 2 o 4K
Re %% \\» ~ (k+1)2
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NUMERICAL VALIDATION

10*

RN
o
[ae]

Field ratio
o
o

—
<
]

— —
' 0.2 04 06 08 1 1.2 14

—
=
N

0.2 0.4 0.6 0.8 1
Reflectivity

o

D. Sounas, A. Alu, Phys. Rev. Lett. 118, 154302 (2017)
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COUPLED-MODE ANALYSIS

R - L

Aqp/R "o &/ L-R
02 04

0.0 06 08 1.0
Input intensity (normalized)

— K

»i

Transmission
(e
=

~

AwlL =

UT v ECE
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IDEAL ISOLATOR BASED ON TWO NON-LINEAR RESONATORS

Transmission
1 U

-50 : ‘ ‘
0 0.01 0.02 0.03 0.04

Input intensity (a.u.)

1

1 —]
0.9 0.8 .
=
0.8 0.6 o>
8
- — =
0.7 0.4 =
0.6 0.2
0.5 0
0 0002 0004 0.006 0008 0.01 0 0002 0004 0006 0008 0.01 3 : : \ s
I“_I (a.u.) I"_I (a.u.) 0 50 100 150 200 250

Time (ns)
D. L. Sounas, J. Soric, and A. Alu, under review (2017)
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EXPERIMENTAL RESULTS AT RF

25
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515
=
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A 5 2
700 725 750 775 800 700 725 750 775 800
Frequency (MHz) Frequency (MHz)
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NONLINEARITY-INDUCED TOPOLOGICAL TRANSITIONS

-3
o 5 x10
// 2,!;\\
I\al’n V /\K
n—1 n n+1
AW,
3 dt =QU, +K,,¥,_1 + Kplen—l-l

vV > Ko

[V — K
(Iibg ::l:|1/—f’{,0—0512| Ith = TO

Y. Hadad, A. B. Khanikaey, and A. Alu, Phys. Rev. B 93, 155112 (2016)
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FINITE ARRAY: 40 ELEMENT CHAIN

Intensity increase yields
decreased coupling
between edges
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NONLINEARITY-INDUCED TOPOLOGICAL TRANSITIONS

4l a120(t)|| | . e agy|| 05 Local”winding
al L
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) ) § . e 2—
100 —ay,(t) ' N—F{Sin} 80 m
——ay(t) S a — "
(Ll‘,l()(t) ' { 1’1}" 560 —o Aap | 1.5
s 540 N
]
a 0.5
5 20
- ~ 0 . 0 0 '
000 4000 -0.01 0 0.01 0 20 40
t/T w n n

Y.Hadad, A. B. Khanikaey, and A. AlU, Phys. Rev. B 93, 155112 (2016)
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NONLINEARITY-INDUCED TOPOLOGICAL TRANSITIONS
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EQUIVALENT CONTINUUM MODEL

Stored energy
indimer

Relative phase ¢ (t)=tan™
in dimer

(2)
®)
an

Fixed points X =(q;a)

« line of unstable/stable nodes

X —>0; = (v,
« Saddle (unstable) nodes (only if | C |< KA)

X, >0, =0, a, =-0.5sin""[c/ xA],

\_/

X —=>0=0, o, =-7/2-a,

UT T ECE

~-x)(k-v,), Va; ~--

g, (1),

Continuum Moving g — x —ct
limit frame

a,(t) = a(x,1),a(x,t) = q(¢), a(<)

-

K%KZJW-

~N

Continuum model:
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- . trajectorx i
Saddles |
! (l.mstable) i
-05 025 O 0.25 0.5
ol

l A. Alu -Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials

e METAMATERIALS & PLASMONICS
Sl & RESEARCH LABORATORY



PHASE DIAGRAMS AND SOLITONS
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PHASE DIAGRAMS AND SOLITONS
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2D NONLINEAR TOPOLOGICAL PHOTONIC INSULATOR

The Elementary Cell: Kagome Lattice

\ / .
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\\ %‘3 : Intracell coupling K%:ﬁ) = K, + K— Ky

(1) at®
/ \1/ : Intercell coupling
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TOPOLOGICAL TRANSITION TRIGGERED BY INTENSITY
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TOPOLOGICAL TRANSITION TRIGGERED BY INTENSITY
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TOPOLOGICAL TRANSITION TRIGGERED BY INTENSITY
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NON-RECIPROCITY IN STATICS

0.02 —
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C. Coulais, D. Sounas, A. Alu, Nature 542, 461 (2017)
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NON-RECIPROCITY IN STATIC TOPOLOGICAL METAMATERIALS

o

\ , — 0.002 .
J —0.010f, . e
2 z
8 S|
5 —0.005 ) g 0.000
S 8 ‘
) ) topologically
g 0.000 C?) trivial
= 0.002
— 0 3 /4 0 /4
Input Force Fo Asymmetry 6
_ 2
Au = k(0)F,

h 10

topologically
non-trivial

W=0

Susceptibility «
o

Nonreciprocity Au
\
o
o
w

o
o
=]

L -1 _ .
-0.2 0.0 0.2 —077/4 0 /4

Input Force F Asymmetry ¢

C. Coulais, D. Sounas, A. Alu, Nature 542, 461 (2017)
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TOPOLOGICAL PHOTONICS AND PHONONICS IN METAMATERIALS

Magnetic-free, linear nonreciprocity at the Nonlinearity and asymmetry to build
subwavelength scale: angular-momentum biased optimal isolators and non-reciprocal
meta-atoms v devices

20 40 60
x/a

Sp = 100

2333
81

yia

23S

Topological metamaterials for broadband, one- These coﬁacepts span a broad range of physical
way, reconfigurable signal transport mechanisms, from acoustics to RF, mid-IR,
optics, mechanics, statics, and more.

o 20 40 60
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