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How to characterize states of matter?

Characterize phases
of matter

- based on Landau paradigm

- symmetry breaking

- order parameter and long range order
- thermal and quantum phase transitions

Extremely successful

- band insulator/Fermi liquids
- crystals

- superfluids

- Bose-Einstein condensate
- superfluid Helium

- superconductors

- ferromagnets and
anti-ferromagnets

broken translation
symmetry
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How to characterize states of matter?

Characterize phases
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- based on Landau paradigm gram of water

- symmetry breaking
- order parameter and long range order
- thermal and quantum phase trangi

critical
point

- superfluid 7 ' 374

- ferromagnets and
anti-ferromagnets



Topological phases

Characterizing ground states
of quantum many-body
systems at T=0

- absence of symmetry breaking

- gapped phases

Definition:

two states are in the same topological
phase if they can be smoothly
transformed into each other without
closing the gap

Two dimensions

gapped
Hamiltonians®

local Hamiltonians




Properties of topological phases in 2D

Topological character

- ground state degeneracy scales
with genus of the manifold

- ground states are indistinguishable
to any local probe

- anyonic excitations: the statistics is
neither bosons nor fermions

- long-range entanglement with
topological entanglement entropy

SLZCXL—’)/

area law

/ \Wzlog > d2

Examples

- fractional quantum
Hall states

- fractional Chern

insulators A =]
_ i N -i--- g -t-B, = [[ of

- bosonic models: | |

toric code, ‘ ; :

Fibonacci anyons, |- s e

bosonic fractional d i .

Chern insulators ‘ | |

————— o -0~

: topological entanglement
entropy

|:> Are there other topological phases also in 1D?



Symmetry protected topological phases

- restrict to systems, which
satisfy a certain symmetry

- symmetry group S with [H,S] =0

require a
symmetry
g?ppe.d :>
Hamiltonians® [H 8] —0 gapped symmetric
? Hamiltonians*
local Hamiltonians local Hamiltonians

One dimension



Outline

Symmetry protected Topological
phases with Rydberg atoms

- experimental setup of Rydberg atoms
in optical tweezers

- Symmetry protected topological phase

S. de Léséleuc, et al, Science 365, 775 (2019)| @)

- Haldane Spin-1 phase o )

6[)51/2

diplar exchange

interaction

Bosonic fractional Chern insulator
with Rydberg atoms

: a b
- topological band structures (a) I (b)
I B. —
- proof of principle experiments on a triangle ﬁ
V. Lienhard, et al., Phys. Rev. X 10, 021031 (2020) B
: L , Y
- blueprint for realization of bosonic TL>T

fractional Chern insulator
S. Weber et al., arxiv:2202.00699



Experimental setup with Rydberg atoms

Rydberg atoms

...................... e — electron
- one electron excited into a state o I B ()
with high principal quantum » n
number n T e
- here, Rubidium atoms n~40 -100, th .
excited into s-states and p-states n"" : principal quantum number
Rydberg-Rydberg interaction
- strong van der Waals interactions
between Rydberg states
: : ( \ (2 ( \
- attractive or repulsive 60 /5 = (3cos6,; — 1) 60, Jr/2
O ! -@- bl |0y " <@bj|0>
o) ) oract O [0) | . ll lh O [0)
- dipolar exchange interactions 1Ipolar exchange
> < \6051/2 /) interaction \ 6051/2/

- exchange of excitation between
two different Rydberg states

- d ~n?



Experimental setup with Rydberg atoms

TR AL

NI Y

(A3

($, y) %’ .:
Single atoms trapped in optical spatial light e SREAS
tweezers modulator )
. 2
- individual traps for a single atom |FT[€W( ’y)]
- not in ground state of the trapping potential i
- single site resolution
J Wil

Deterministic assembly in arbitrary

structures and lattices Barredo, et al., Science 354, 1021 (2016)

- loading from a cold thermal cloud
- stochastic loading

initial

- prepare lattice structure by moving
the filled traps

15 moves 53 moves
- prepare arbitrary 2D as well
as 3D structures

final

- achieved by different groups:
Paris, Science 354, 1021 (2016)
Harvard, Science 354,1024 (2016)
Korea, Nat. Comm. 7, 13317 (2016)




Experimental setup with Rydberg atoms

Quantum Ising like models 0000
- all atoms coupled to a Rydberg S-state O OO O
- van der Waals interaction between O O O O
Rydberg states O O O O
H = o; + A;o; + nin; 2~ N =
ot 3 i 4 3 g, <
1]
transverse longitudinal Ising type interaction
field field
PRL 120, 113602 (2018)

Quantum simulation of spin models 10 pm
- non-equilibrium quench dynamics B} « ¢ o
- time dependent driven and disordered systems - .
- up to several hundreds of atoms p:¥ 2

0000000

- Z> spin liquid in analogy to toric code

A o ©°2%00°%¢
- Labuhn, et. al., Nature 534, 667 (2016) /W\/\
- Bernien, et al., Nature 551, 579 (2017) . . .

- Ebadi, et. al. Nature 595, 227 (2021) 0.0 0.5 1.0 1.5
- Scholl, et al., Nature 595, 233 (2021) Qt/2n
- Semeghini, et al., Science 374, 1242 (2021)




Experimental setup with Rydberg atoms

Dipolar exchange interaction s ®14
p g &
A %@/9 l ..... 12
- vacuum state: all atoms in a N et o 9
Rydberg S-state RS S o
9} 3 S0 S
- bosonic particles: excitations into a 3 J] 6
Rydberg P-state 1 l\
- hopping by dipolar exchange ’
- hard-core bosons: strong interactions 60Pyy | (1=3co0y) [ 60P1
-@-b!(0) Bij @-b!0)

H = ' b;.r[:[ijbj = Z Jij {bjb] —I—bjbz} -O>|0> “ <O- 10)

ij iEA,j cB 605 5 diplar exchange 605, /2
N

interaction

Alternative view in spin language: hard core bosons <,— > spin 1/2 system

Rydberg S-state: spin down| | ) H = Z Jij [S;LS; + S S;F]
%]
Rydberg p-state: spinup | T) _ Z 2, [stf n S?‘/Sy}
¢ ? (|

= XY model for spin 1/2 tJ



Experimental setup with Rydberg atoms

Dipolar exchange interaction

- vacuum state: all atoms in a
Rydberg S-state

- bosonic particles: excitations into a
Rydberg P-state

- hopping by dipolar exchange

- hard-core bosons: strong interactions 60P1 /5
-@:b1(0)
_ T 1 _ T T
H=Y blHgby= S i [blb, +blb] Jo
] €A, JEB 6051 /5

d2 (1 -3 C()S2 eij)

Rij

<)

diplar exchange

60P; /2
-©-51|0)

O 10)
6051 /2

Reminder: Fermionic SSH chain — topological insulator

- non-interacting Fermions

- sub-lattice (chiral) symmetry
(anti-unitary operator)

Ss = H [cz- + (—1)%” K

(]
- on single particle Hamiltonian
UsHUL = —H (Us),;; =

interaction

- Jordan Wigner transformation
' el . non-local
complex bj =e'™ 2 ok< ke, , 0 foca .
conjugation ranstormation
non-interacting hard-core
, fermions bosons
—1)I 5.
(—=1)7 0



Symmeftry protected topological phase

Protecting symmetries

- particle conservation

- discrete g _ {bfr b}K
operation " H i T 0

(3

- symmetry

group U(1) x Zy
- Hamiltonian [H,Sp] =0

- allows for 4 different SPT phases
X.-G. Wen, et al, Science (2012)
F. Pollman, et al, PRB (2010)

SPT phase

- gapped ground state
at half-filling

- four-fold ground state
degeneracy

- zero energy edge states

60P; /o d? (1 —3cos?6;;) [60P; s
-@-+1/0) i @b} 0)

0>|o> “ <0 7

6051 /2 diplar exchange 605} 2

interaction

Special point: .J' = (
m m’ 1
mom') = (61) " (1) T —5 (of +0l) 10
1€even

Perturbations respecting
the symmetry:

- arbitrary hoppings 1y +blp,
(also complex) v

S

(blb: = 1/2) (blb; —1/2)

- interactions



parameter space

Symmeftry protected topological phase

Spin-1 anti-ferromagnet: Haldane state

Ground state in  JPASAGEIRCTiTRtiE:Nnte)]
normal phase

; \_8 ,un;

- unique gapped

+ 1
pum
ground state

—

P, .....
S 11 ] *14
| g I e
gapless or symmetry 0\\ T ] J/ 0. ®
mo 8 °
forbidden states 9/ .
P ,jl_ 6

Ground state in RISt Re Vs fqitateal lee... [\
SPT phase . - 2
- ground state B\ S 60Py /s d? (1 —3cos?0;;) [ 60P)

degeneracy . /1'2;1,111 -@-b!(0) Ri; (©_b}|0>

- edge states

diplar exchange 6051 /2

interaction



Preparation of ground state at half-filling

Adiabatic preparation of quantum
many-body ground state

- prepare the ground state at half-filling
- highly efficient due to large gap

- ramping scheme motivated for
prefect dimerization

Full numerical simulation

- efficient preparation of
ground state

- high fidelity to prepare
exact ground state
with N/2 excitations
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Symmeftry protected topological phase

Characterization of topological
phase

- half-filling in the bulk

- occupation of edge states depending
on ramping procedure

:> ground state
degeneracy
- Zero-energy modes in spectroscopy

- robust to perturbation

- absence of any spontaneous
symmetry breaking

- experimental detection of
string order parameter

Vbulk

- edge modes

—1 0 1

- edge modes excitation is at zero detuning

- in perturbed and unperturbed setup

- line-width well accounted for by finite
pulse shape



What about spin fractionalization?

Spin-1 Haldane phase/AKLT model

- spin-1 at each lattice site

- edges carry spin-1/2 degree of freedom

I::> spin fractionalization

Setup with Rydberg atoms
- three Rydberg levels to model spin-1
- dipolar exchange hopping

- suppress symmetry breaking terms

H=J"%>" 1 (SFS7 + 878 ]1+D> (57)°

—
= li—Jl

B 1

1> E
enhanced by Forster resonance _ (a+\2 (a—)\2
’ Aij = (57; ) (S ' )

J

B/J%¥ =V+t—/J%Y

-3 —2 —1 0 1 2
D/J=v

parameters optimized with pair-interaction
software: s. Weber,et al, J. Phys. B (2017)



Outline

Symmetry protected Topological
phases with Rydberg atoms

- experimental setup of Rydberg atoms
in optical tweezers

- Symmetry protected topological phase

S. de Léséleuc, et al, Science 365, 775 (2019)| @)

- Haldane Spin-1 phase o )
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Bosonic fractional Chern insulator
with Rydberg atoms

: a b
- topological band structures (a) I (b)
I B. —
- proof of principle experiments on a triangle ﬁ
V. Lienhard, et al., Phys. Rev. X 10, 021031 (2020) B
: L , Y
- blueprint for realization of bosonic TL>T

fractional Chern insulator
S. Weber et al., arxiv:2202.00699



Array of Rydberg atoms in fwo-dimensions

Setup

- one atom per lattice site
with quenched tunneling

- static external electric field
and magnetic field

broken time
reversal symmetry

—>

- select three internal states
|+)
10);

: two excited states

: ground state

.

nPsjg Ao —
— _|_
- —

S )

|m; 32 —1/2 12 3’/2j

Bosonic operators:

Mapping onto two t

—> a;

hard-core bosons, +
e.g., (%‘)2 —0 b’l,

+;
_>i



Dipolar exchange interactions

Hamiltonian dt = d* + id¥
- dipolar interaction restricted to 0 _ - = AT _ ;Y
the three internal levels d’ =d” § d- =d id
Hy—— 2 P00+ (dfd; +d;df) — 5 (dfdfe "% +d; d; e??)
Z_|ri—rj|3 U] 9\t ) v ) 9\t ) v g
dipole exchange spin-orbit
interaction interaction coupling
4 N 4 I dz

-) +) ) +)
/N A
A X Cbij

J

hopping with spin flip: intrinsic spin-orbit coupling



Quantum many-body Hamiltonian

I nP3/2 - A+ ________ m
B. & -
Hard-core bosons B, T =
| )
H Z
- honeycomb lattice TLy, = = 3?2)
xr
t® e21%ii
i R - R, P Y TR - RyP i
[Ri — R R — R, n; = a;a;

Hy =Y (4 —ti; wij \ [a +AY e < 20f
0 b; wr —to. b; ’ =
i#j J J i <
< 10}
3
hopping Hamiltonian energy difference < ok
Parameters -
- Rubidium atoms ®“Rb in Rydberg state n=60 microscopic derivation of : —1o7
parameters using 3

- lattice spacing R = 12um |:> —20 F

- magentic field strength B=8G pair-interaction software

S. Weber,et al, J. Phys. B (2017) —300 ;

- additional weak density-density interactions Lo
E. (V/cm)



Single particle properties

)
Topological band structure ;5\ 20 T\/<
K
- characterized by a topological invariant ;/ M
- relative high flatness and i C = _1
O =
homogeneous Berry curvature £y . . C =1

Interpretation

[N ‘~’:o' ,/ ]
- adiabatic elimination of the |+) /,‘ D

for large energy difference A > t, w

______________

.. v // \\ i
- Haldane model on the honeycomb 5 [ Nl
lattice for single particles ) = _w WS

H=—tY blbj—t > (W+Aei%%(1—nij)) bib; —tv ) blb; +2tA ) min;

(4,3) ({4,3)) ({(%,5))) (4,7)

n.n. hopping n.n.n. hopping with correlated phases n.n.n.n. hopping  n.n. interaction

(see also Ohler et al, arxiv:2202.03860)



Experimental proof of principle

V. Lienhard, et al., Phys. Rev. X 10, 021031 (2020)

Minimal setup with three Rydberg

atoms on a regular triangle

- hopping by dipolar exchange interactions

- intrinsic spin-orbit coupling
- adiabatic elimination of |+)

2
teicp — 40 4 ei47r/3w_

—> N

- artificial gauge flux ® = 3¢
through the triangle

- perfect chiral motion of a single
excitation for ® = +7/2

@
— /2 A

Energy

=
~
[\)
]

—~
O
N
—
o

o
o

(b) . O ™\
2 -7 |60P
riy SO . e e
’ P .- R
10 e
X 0/3
A0 RS 6051, 19
TS~ L my—32 —1/2 1/2 32
SR / / / /j
4 (b) 4 Im(te™)
|—OO>—>[0—O> |OO—) 0
AN 0\ 'l 2
T 2id3s 194 S W ian3
—2ip13 N \w (& ' e
we ~“ ‘s :' ILL
~“A ‘s t >
|+00)  |0+0) |00+) b Re (te'?)
\ /\/\)\rl/,\]\\/\‘\ ‘ /\/\\4 //]\’/ - P|_00>
Y/ [ \ ‘ y/ \\ _ P|070>
k - Py

Probabilities

o
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Interaction time (us)



Experimental proof of principle

V. Lienhard, et al., Phys. Rev. X 10, 021031 (2020)

Minimal setup with three Rydberg
atoms on a regular triangle

- hopping by dipolar exchange interactions
- intrinsic spin-orbit coupling
- adiabatic elimination of |+)

2

teicp — 40 4 ei47r/3w_

—> N

- artificial gauge flux ® = 3¢
through the triangle

- perfect chiral motion of a single
excitation for ® = +7/2

(b) //(, \
L2 o7 |60Pyy
o D=5
Os .
. 605} /2 0)
TS~ L my—32 —1/2 1/2 32
SR / / / /j

o =
~N o
o S

Probabilities
(e»)
ol
(e»)

0.25
0.00.—
0.0
Interaction time (us)
o ) o
4
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Quantum many-body Hamiltonian

nP3/2 - A+ ________ m
B. -
Hard-core bosons B, T =
| )
. Z
- honeycomb lattice Tﬁ» it = 3?2)
xr
t® e21%ii
i R - R, P Y TR - RyP i
[Ri — R R — R, n; = a;a;

hopping Hamiltonian energy difference

- single particle band structure
with Chern number C=1

:> Does a fractional bosonic Chern
- relative high flatness f= 2.7 insulator naturally appear?

- homogeneous Berry curvature



Fractional bosonic Chern insulator

Quantum many-body ground state

- numerical methods:

- exact diagonalization: three states per
lattice site, up to 28 sites
- infinite DMRG on torus

Signature of bosonic fractional
Chern insulator

(i) incompressible plateau at filling 7 = 1/4

(i) near two-fold ground state degeneracy
and large excitation gap AFE ~ ¥ ~ ta/g

(iii)absence of long-range order, and
exponential decay of correlations

(iv) many-body Chern number C=1

(v) topological entanglement entropy

—> Characteristic property of a
v = 1/2 bosonic Laughlin state

incompressible phase
0.4 e

0.3 | 1/4 filling *

S eoosce

0.2 °

0.1 "-* : :

u/h (MHz)

excitation energies

(a) 16' 20 (bL g
@ .o....o..oo E 0.6 e

...... [ ] E 8

= 0.4 0 808 8
24B ~
2‘“*‘& S 0ol

> | "

2 0.0 é ----------- mé

16 20 24 28

28A
(c) Number of sites
N
i 1.0 —®-
= 05

)
N
OBCX) <
o oo <

24C
28B
L )

®% e %o % 1.0 1.5 2.0 2.5

L X ) ...
|I‘1' —I‘i|/l



Fractional bosonic Chern insulator

twisted boundary conditions

Quantum many-body ground state

- numerical methods:

- exact diagonalization: three states per
lattice site, up to 28 sites
- infinite DMRG on torus

Signature of bosonic fractional
Chern insulator

(i) incompressible plateau at filling 7 = 1/4

(ii) near two-fold ground state degeneracy
and large excitation gap AE ~ t* ~t%/3

(iii)absence of long-range order, and exponential
decay of correlations

(iv) many-body Chern number C=1

(v) topological entanglement entropy

—> Characteristic property of a
v = 1/2 bosonic Laughlin state

0.6
e —

0.4 e

(E — Ep)/h (MHz)

0.2 lAE/h 9&@92
2T <>

0.0 1 ]

0.0 0.5 1.0
01/27

Berry curvature

0.4F

0.2 F

(E — Eo)/h (MHz)

0.0

0.0 0.5 1.0
02 /27

01 /27

S/In2

Bond dimensions
x = 200 X x = 1500
x = 400 X x = 2000
X x =800 + extrapolated

0 / —~ = (0.4540.10)In 2




Fractional bosonic Chern insulator

Adiabatic preparation

- all atoms in ground state \0) {np3/2 I Aﬂ‘ ________ _\
-_ |+
- generate excitations by microwave field |—>K
nsS —
H, = > 0(r) b+ ;| = 3" 8(7) |ng + 0t v 0)
: Z \m;  —3/2 —1/2 1/2 32

- final filling is controlled by detuning

::> gap closing for critical
Rabi frequency

- increase finite size gap by inhomogeneous driving

Signatures of fractional excitations

(a) [ v
- local chemical potential traps excitations =gl
\Z/ (eooos0vTe®
- | 0000000000
::> excitations appear in step = 2r
with fractional charge TR L.

u/h (MHz)

Raciunas, et al., Phys. Rev. A (2018)



Fractional bosonic Chern insulator

Adiabatic preparation

(a) () 0.65 53/4};(1\8[1;12) 0.03
- all atoms in ground state |0) o = o
PPpT . . %05 ——1.1%50.1—“ -
- generate excitations by microwave field = 25
" 0o ‘—1.5%;30’0" - ' '
H, = Q(r |:bj;+bij| B 5(r [n?—i-nﬂ 0.78 0.85 0.92 0.99
. . ) ) % 1.0 F ig/ 0.3
- final filling is controlled by detuning < e
o 0.5 i o
—> gap closing for critical . e B : ‘
Rabi frequency S 0 1}3 2}3 T < 0.73 0.85 0.92 0.99
- increase finite size gap by inhomogeneous driving
Signatures of fractional excitations "
a
v A4
- local chemical potential traps excitations =gl
\Z/ (eooos0vTe®
- | 0000000000
::> excitations appear in step = 2r
with fractional charge TR L.

u/h (MHz)

Raciunas, et al., Phys. Rev. A (2018)



Conclusion

Symmetry protected Topological
phases with Rydberg atoms

- experimental setup of Rydberg atoms
in optical tweezers

- Symmetry protected topological phase
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- Haldane Spin-1 phase o )
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: a b
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I B. —
- proof of principle experiments on a triangle ﬁ
V. Lienhard, et al., Phys. Rev. X 10, 021031 (2020) B
: L , Y
- blueprint for realization of bosonic TL>T

fractional Chern insulator
S. Weber et al., arxiv:2202.00699



