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INTRODUCTION: Quantum Hall Effect - challenges and opportunities

PART I. OPTICAL APPROACHES TO REAL MATTER SYSTEMS
OPTICAL PROBING (EXPERIMENT):
Photocurrents in Quantum Hall Graphene

(Gazzano, Cao, Hu, Huber, Grass, Gullans, Newell, Hafezi, Solomon]

OPTICAL STATE PREPARATION (PROPOSAL):

Anyon creation with light

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hatezi, PRB (2018))
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Non—Abelian phases in opfically driven system : .
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PART II: SYNTHETIC SYSTEMS
OPTICAL ENGINEERING OF INTERACTIONS IN ATOMIC GAS

Anyon crystal
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Integer Quantum Hall Effect
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In 2D and in the presence of a
sfrong magnetic field, electronic
Transport feafures fopological
behavior.,

/‘ Vay B

Transverse (Hall) resistance torms
flat plateaux:
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Integer Quantum Hall Effect

Ingredients:

« 2d sysfem semiconductors @m materials Quantur
Quantum Wells (graphene) simulators

AlGaAs AlGaAs

T GaAs |
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Integer Quantum Hall Effect

Ingredients:

« 2d sysfem semiconductors @201 materials Quantur
Quantum Wells (graphene) simulators

AlGaAs AlGaAs

o Gads [

Strong magnefic field (or synthetic gauge field)

Landau levels: Flat energy bands

E
A o 2D Hamiltonian Ladder operators:
) H=o—[p+eA)]” 4t < p, —ip, H‘JWB(JG+§>
hwp Dynamical momenta: | taves the form of a
. P, =p;, —eA; 1D harmonic oscillator
Where are the other degrees of freedom?

m=0 m=1 m=2 - - highly degenerate single—particle spectrum
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Fractional Quantum Hall Effect

Remarkable observafion: Robust Hall conductances also for fractionally filled
Landau levels [(Tsui, Stormer, Gossard, (1982)1 :ﬁ

Explanafion: Gapped liguid due fo interactions

: : 1

Most famous JH'|a_\ wave function: ¥ = NH(Z?, — z;)% exp <— Z |zz|2/4> at v = —

(Laughlin, (1982)1 :ﬁ i<j q
(z =z +1iy)

Theoretical Methods to study FQH physics:

ﬂ\neﬂ'\ev a FQH liguid is tormed, and which wave function describes such \
ods

liguid, must be studied by means of exact or quasi—exact wnumerical meth
(exact diagonalization, DMRG),

109
Compact 2d surfaces:
L

10!

Finite number of states per Landau level
- Neglect Landau level mixing
. Exploiting all symmetries

Dimension

10? L e e

1000.0 - Quavﬁum

N ED  DMRa simulation?

. q 2
dim ~ N
( N—)/@ ) i
5 10 15 20 25 30
Number of electrons

Tobias Grass (JQI)

Topological matter controlled by light



Spin-Statistics Theorem: bosons, fermions, anyons

Exchanging two identical parfticles twice:

In 3d:

- must return to same wave function

- exchange may produce wnothing buf a sign: Vip =+¥Ypa — bosons
Yuip=-—VYpa — fermions

In 2d:

- any complex phase is possible: Uup=—e%Tpsy — anyons
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Anyon there?

Theory answer: YES!
&) ~ [J(€—2)@ |
; . Fractional Charge
Vortices in Laughlin liguid: . Fractional Statistics
P U2 (&g, &) ~ H(& — %) H(& — )V
A - 0.75
----------------------------------------------------------------- N ®) ]
& = Re'® B 05 e .
[ AF \ 3 — N=
P S 025k N=5 [
1_// - W=
> 0 | | |
— 0 0.5 1 15 2
|z = ¢| R
(Julia—Diaz, Grass, Barberan, Lewenstein, NIP (2012))]
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Anyon there?

Theory answer: YES! oh
vIE) ~ [ (€ — 2T, .
; . Fractional Charge
Vortices in Laughlin liguid: Fractional Statisti
2qh « FracTional STaTisTics
W (€1, 62) ~ H(fl — z;) H(& —z;)¥,
P i i
A - 0.75
FEEEE R R AR AR R R RN} / ] (b) LR . -
| &e=RT B 05 T <
‘:/' R \:‘ § —_— N4
et S 0251 NS |
> \ o 0|5 ll 1|5 2
|2 —¢] o ' R '
(Julia—Diaz, Grass, Barberan, Lewenstein, NIP (2012))]
Experiment answer: NOT YET!
5.8 T T T T T :
Detection of - o Inferferometric defection of statistical
fractional charge N% ] ‘_r"e"e{s phase?
via shol noise 8 - /] —
S 56 E <\ \R|
\-.:' L% LN
r 52 . .
SI — QQGHIB Eg 55l :_,.-" OEJ‘; 5,0 _:e A \|\_\]
TR T E 438 o —
Z /¥ ey
Saminad 8 sall ey BB ]
g = 44f o
[6\2:1'\?8 Jail;ah 5 #§ o 300100 Proposal:
chienne, PRL (14a7); e TR T e [Cham.om, Freed, Kivelson, Sondhi, Wen, PRB (1947)1
Backscattering Current I (pA) Experimental aftempt:
(Camino, Zhou, Goldman, PRB (2005))
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Non-Abelian Anyons and topological quantum computing

Non—Abelian anuons:

degenerate quantfum stafes, characterized by *fusion rules”:

Example: Fibonacci anyons

&7 =1 F TR =132 7 qubev of sfates
101=1 =— rRTRTRT=2-1®3 T which fusg to T
T@Tzl@T T®7‘®7‘®7‘®7‘:3.1@5.7— 'FO\\OWS FlbOVlé\CCl
: series: 1,2,3,5,8..
. possibility of sforing T T T T T
guantum information: |O> _ |1> —
1 T
T T

. braiding of anyons changes quantum sfafe - processes quantum information

@ Robust against local noise @ Technically involved

« Occurrence of non—Abelian anyons:
. certain FQH stafes (e.g. af filling 5/2)
(Moore & Read, Nucl, Phys, B (1991), R, H, Morf PRL (199¢)]
. Majorana wires (e.q. super—semi interfaces)
(Fu & Kane, PRL (2008), Sau, Lufchyn, Tewari & Das Sarma, PRL (2009))
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Outstanding Goals

*‘Short—1erm” motivation: Fundamental inferest
Experimental demonstration of anyonic behavior

‘Long—term” motivafion: Technological application
Use anyons tor quantum—intormation purposes

Strategies:

Use quantum optics To generate

(1) semi=synthetic solid matter
(infrinsic+synthetic features)

(2) synthetic atomic matter Atomic
(intrinsically teatureless) System
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OPTICAL PROBING: Photocurrents in IQH graphene

Experimen’fa\ sefup: d Edge photocurrent

1

. Graphene sample in magnefic field:
- exhibits integer QH effect
. Laser field excifing carriers in The sample

i e, Ay
- i i A 2 T
y
T - 5 )
. g -
s 4, 4 e
TN T Ly
T
o i _-..-ﬂ(

Position x (pzm)

L

1 1 1 HTEE 1

10 20 (30 | 40 50

Back gate voltage (V) | [N TN

| -|-30 nA| 0V +30nA

£
=
. Detection of photocurrents through the g
sample <
Opportunities: i lovel
. Local probing: focus laser beam on a finite spot - Chirality of
(see also: Nazin, Zhang, Zhang, Sufter, Sutfer, Naf, Phys. (2010)1 eolqe ohanv\e\s

- Sensitive probe of

.« Photocurrents as a function of backgafe voltfage
Landau guantization

[ Gazzano, Cao, Hu, Huber, Grass, Gullans, Newell, Hafezi, Solomon (unpublished)?
Tobias Grass (JQI)
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OPTICAL STATE PREPARATION: Creation of quasiholes with light

Given a quantum Hall state — can we opfically create a (quasi)hole on top of it?

o e e e oo o o — . e e e e o o o —

Initial stat '
nital state T mem) Final sfafe Ty ~ (H%) T

1

e o o 0 o

Coherent transfer by optically coupling different orbifals? PR

@ e o e

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hafezi, PRB (2018)]
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OPTICAL STATE PREPARATION: Creation of quasiholes with light

Given a quantum Hall state — can we opfically create a (quasi)hole on top of it?

o e e e oo o o — . e e e e o o o —

Initial stat '
nital state T mem) Final sfafe Ty ~ <sz> T

(

/

e o o 0 o

Coherent transfer by optically coupling different orbifals? PR

@ e o e

Selection rules:

. Dipole fransitions: orbital quantum number is conserved m < m

. Light with orbital angular momentum (twisted light*): m < m+ 4
(6ullans, Taylor, Imamoglu, Ghaemi, Hafezi, PRB® (2017)]

Available empty levels:

. Coupling into empty Landau level: nm&n+1l,m+1 - short lifefimes:

. Coupling info (metfastable) spin manifold: n,m,s<nm+1,s+1 - HOW?

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hafezi, PRB (2018)]
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OPTICAL STATE PREPARATION: STImulated Raman Adiabatic Passage

Optical coupling between two spin manifold: s ) Im +1,T>\
- direct coupling microwave coupling (slow) Eomjuc*'ow ’ Py
an
- indirect optical coupling via a third level:
in GaAs: spin—orbit coupled valence band ®
. Valence band |
o /

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hafezi, PRB (2018)]
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OPTICAL STATE PREPARATION: STImulated Raman Adiabatic Passage

Optical coupling between two spin manifold: s ) Im ‘|‘1,T>\
- direct coupling microwave coupling (slow) Eomjuc*'ow ’ Py
an
- indirect optical coupling via a third level:
in GaAs: spin—orbit coupled valence band ®
. Valence band |
o /

/ STIRAP \

/ \

Appropriate fiming of the pulses avoids
excifations from the third level:

Rabi frequency

time

\ ‘ved” field: create dark state of le> and I )

/

\\\\\\ *Blue” field: couple I1> to this dark stafe //////

— -

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hafezi, PRB (2018)]
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OPTICAL STATE PREPARATION: STImulated Raman Adiabatic Passage

Optical coupling between two spin manifold: s ) Im ‘|‘1,T>\
- direct coupling microwave coupling (slow) Eomjuc*'ow ’ Py
an
- indirect optical coupling via a third level:
in GaAs: spin—orbit coupled valence band ®
. Valence band |
o /

— T

/ STIRAP \
/ \ / Qur scheme \
| \

Appropriate fiming of the pulses avoids \

. Particle—hole franstormafion:

Consider STIRAP pulse acting
le) | | | | on the empty state (‘hole’) in
' the conduction band

excitations from the third level:

« Coulomb interactions: Numeric

> : : simulation shows that franster
TT> time fidelity vemains large if
defuning and Rabi frequency

\ ‘ved” field: create dark state of le> and I

\ ‘Blue* field: couple [ly fo this dark stafe / v"e sfrong /

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hafezi, PRB (2018)]
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OPTICAL STATE PREPARATION: Possible application

Detection ot fractional charge via flux pumping in Corbino geometry

STIRAP pulse create
fractional

guasiparticles/quasiholes and

inner and oufer edge
(traction 1/4).

Atter q STIRAP pulses, an
electronic charge can flow
Through wire connecting the

edges.

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hafezi, PRB (2018)]
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OPTICAL PHASE ENGINEERING: Synthetic bilayer

Landau level coupling in graphene: \ L /

m

‘chemical potential” ‘interlayer funneling”

TAKE: monolayer graphene in FQH phase n<tn=xl

2 —

&

ADD: oplical coupling o empfy Landau

Level with circularly polarized 1% field

(Jiang, ., Kim, Stormer, PRL (2007))

GET: synthetic bilayer e n=-2

(Ghazaryan, Grass, Gullans, Ghaemi, Hafezi, PRL (2017)1
Tobias Grass (JQI)
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OPTICAL PHASE ENGINEERING: Synthetic bilayer

Landau level coupling in graphene: \ L /

at . E

5 { - o -

& o

K o

N A K
K .
s .
. H

[ K

., %

0

"

0

m
‘chemical potential” ‘interlayer funneling”

DIFFERENCE TO REAL BILAYER:

« Tunability

. Interlayer inferactions: geal Synthetic
bilayer bilayer

Densify—density YES YES

Ul (20) T (20) W (2) W4 (21)

Exchange NO YES
\Il;r (zl)\Il;r (ZQ)W@(ZQ)\IJJ (21)

(Ghazaryan, Grass, Gullans, Ghaemi, Hafezi, PRL (2017)1
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OPTICAL PHASE ENGINEERING: Interactions on synthetic bilayer

Vinter

Vinter

Haldane pseudopotentials: Expand inferaction in terms of fheir strength for fixed

relafive angular momentum m

. Density-density only_

4-LLO-LL1

LL1-LL2
0.7 | = "

Monotonic

decay with m

2 1' 2 3 4 5
A Density-d_ensily and Excha_nge

[6-LLO - LL1 |
=LL1-LL2 |

0.55 |

0.5
i For LL1 - LL2:
0.4 Non—monotonic
035 behavior favoring
0.3 | .
singlets at m-=o

0.25 |
o | _ _ |

0 1 2 3 4 5

m

(Ghazaryan, Grass, Gullans, Ghaemi, Hafezi, PRL (2017)]
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OPTICAL PHASE ENGINEERING: Identification of the singlet phase

. Ground state overlaps:
v=2/3

“No” overlap with:

- Halperin states (113, 330)
- Composite Fermions

- Intra-layer Pfaffian

You and rhesus monkeys

99.9% genetically similar oy = ; .
WY 93% genetically similar

P4

“Larger” overlap with:
- Inter-layer Pfaffian
- Fibonacci phase
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Identification of the singlet phase

OPTICAL PHASE ENGINEERING:

. Ground state overlaps:
v=2/3

“No” overlap with:

- Halperin states (113, 330)
- Composite Fermions

- Intra-layer Pfaffian

98.8% genetically similar

“Larger” overlap with:
- Inter-layer Pfaffian
- Fibonacci phase

X

C=8,.5=0
. Topological ‘quanfum numbers”: : r:!:l, |“I1I?:
— Ground sfate degeneracies on the forus ",‘.:Etl I!i..;'
(v=2/3: becomes s—Tfold when squeezed) 7 ‘ ::3;!'! ;.;1‘
— tdge stafe counting v=2/3: 1,1,3,s,. 27 et ::3'.‘.:‘
which is characteristic for Fibonacci phase 20 0 :I:':
. 3.,
10 T
Optical driving might be a for .

engineering ot Fibonacci anyons,

Entanglement spectrum for 1 electrons on
sphere (DMRG result by Ze—Pei Cian)

Tobias Grass (JQI)

Topological matter controlled by light



INTRODUCTION: Quantum Hall Effect - challenges and opportunities

PART 1. OPTICAL APPROACHES TO REAL MATTER SYSTEMS
OPTICAL PROBING (EXPERIMENT):
Photocurrents in Quantum Hall Graphene

(Gazzano, Cao, Hu, Huber, Grass, Gullans, Newell, Hafezi, Solomon]

OPTICAL STATE PREPARATION (PROPOSAL):

Anyon creation with light

(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hatezi, PRB (2018))

Quantum Well

OPTICAL PHASE ENGINEERING (PROPOSAL) [YL

Non—Abelian phases in opfically driven system : .

(Ghazaryan, Grass, Gullans, Ghaemi, Hafezi, PRL (2017)]

d PART I1I: SYNTHETIC SYSTEMS
OPTICAL ENGINEERING OF INTERACTIONS IN ATOMIC GAS

Anyon crystal
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Synthetic gauge fields

Neutral atoms are insensitive o real magnetic fields, buf various fechnigues
exist o synthesize the effect of a magnetic field:

— vofation (Coriolis tforce equivalent to Lorentz force)
— imprinted Berry phase by laser—dressing of atoms
— laser—assisted funneling in optical laftices

— Floguet engineering ot complex hopping ferm

Experimentally achieved phases:
— vortices and vorfex latfices

(Matfhews, Anderson, Haljan, Hall, Wieman, and Cornell, PRL (1999)1
((¥) Abo—Shaeer, Raman, Vogels, Ketferle, Science (2001)1 = O TR 8

all @ | o | @
— infeger quantum Hall phases (Hofstadfer model) S S e s
((¥%) Aidelsburger, .., Bloch & Goldman, Nat, Phys. (2015)] ? ‘_i_()@_._i_o_g
(stuhl, .., spielman, Science (2015)1 rq%( o
(Mancini, .., Fallani, Science (2015)1 §:---0-—--¢----

JX
still outstanding: Synthesis of fractional quantum Hall phase : il
from [(*¥))
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Engineering interactions by Rydberg dressing

WANTED: Long—ranged afom—atom inferactions, e.q. van der Wals inferactions
between Rydberg states

BUT: fast decay of Rydberg stafes T

| | Q\?
SOLUTION: Rydberg dressing (small Rydberg admixture Prya = <ﬁ> = Ldressed = Pryal’ )

(Jau, Hankin, Keafing, Deutsch, Biedermann, Nat, Phys. (20%); Zeiher,., Bloch, Gross, Nat, Phys. (201)]

Tune several Haldane pseudopotential through combination of s— and p— state dressing:

energy [2m kHz]

[Grass,

1.0

0.5

0.0

-------

01
op———
1) IO Y
3 4 5

— Re[Vpp]

-0.5¢ — == Re[V]
= TEEL R o e RelVerl
...... Re[V]
a1 e = e
r [um]

—|s nsS1ys
v s
(b) |_> “\
5— -------- \ “ nppl/g
g
HAN
\ ’2
Qp ‘\‘ ®
- _ \ 5P3:
-?-5
':Qs,l
— :
T - 50,
gy

Bienias, Gullans, Lundgren, Maciejko, Gorshkov, PRL (2018)]
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Phase diagram of bosonic atoms

What happens it we fune interactions?

(a) AE(K = 0)

(a) FWC (ug = —0.6, ug = 1.5) (c) Bl (uz = 1.8,u4 =0.4) (e) S (uz = —1.5, uqg = —0.6)
1 ; I 4

Y Il LT —

y(b)

Tﬁ i o ] - L : = 3 - : L - -
3 .../ ......... - reresnnaanen 00 _.],:({;_) 1 0
s /! [ ee—
2 i , 0.8 1 1.2 05 1 15 2

~~~~~~ (b) WC (ug =0.4, ug = —=0.2) (d) B2 (uz = 1.5, uq = 1.5) (f) L (uz =0, uqg =0)
1§ | 3

y(b)

“““““

A 0 x(a)

1

il . | e ra——
0.05 0.1 0.15 02 06 1
Bosonic phases at Landau level Two—body correlation functions (periodic
filling v=1/2 as a function of boundary): summetry—broken phases vs,
Haldane pseudopotentials Laughlin liguid

(Grass, Bienias, Gullans, Lundgren, Maciejko, Gorshkov, PRL (201¢)]
Tobias Grass (JQI)
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Fractional Wigner Crystal

Summetry—broken (crysfal) phase with 2N peaks emerges from ‘*deforming” the
Laughlin liguid and has finife overlap with the Laughlin state:

-

(@) 4
0.8
= <= 1EX
> - 2EX
o 0.4
0.2 Ve
s
’
s
0 =z B
0 0.5

15

Coexistence of fopological order and symmefry—broken order?

Ct. rvecent experiments: Nematic FQH phase

(Xia, Eisensfein, Pfeiffer, West, Nat, Phys. (201m)1
(Samkharadze, Schreiber, Gardner, Manfra, Fradkin, Csathy,
Nat, Phys (201%)1

Summetry—breaking through soffening of the magneforofon mode?
(Maciejko, Hsu, Kivelson, Park, Sondhi, PRB (2013)]
(You, Cho, Fradkin, PRX, (2014)]

(a) B B pEE gEEE RNy ﬁ—li:ﬁﬁ.—
015 o8 o8 1 .-'. g "
E:L ‘o b ‘ “0 0 :
3 01 b . m;..: ; :
A »
l ¢
Lﬂ 0.05 ¢ u4:0 ’0:
ug = 0.1 *
0s ruyg =04
0 2 3 5
; K|(27/a) e
(2018))

(Grass, Bienias, Gullans, Lundgren, Maciejko, Gorshkov, PRL
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Topological systems:

. Exotic excifations (Abelian and non—Abelian anyons), but detection is
challenging:

. Greal opporfunifies for quantum fechnology applications:

- Develop optical control strategies:

- OPTICAL PROBING: Defection of edge states via photocurrents
(Gazzano, Cao, Hu, Huber, Grass, Gullans, Newell, Hafezi, Solomon (2018)1

- OPTICAL STATE PREPARATION: Awnyon creafion using light with
orbital angular momentum
(Grass, Gullans, Bienias, Zhu, Ghazaryan, Ghaemi, Hatezi, PRB (2018))

- OPTICAL PHASE ENGINEERING : Synthetic bilayer with non—Abelian
FAQH phases

(Ghazaryan, Grass, Gullans, Ghaemi, Hafezi, PRL (2017))

- SYNTHETIC MATTER: Designer inferactions for FQH systems via
Rydberg dressing: anyon crystal?

(Grass, Bienias, Gullans, Lundgren, Maciejko, Gorshkov, PRL (201g)]

Tobias Grass (JQI)
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