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Topological charge pumping

of cold atoms

Collaborators:

s Lei Wang Alexey Soluyanov
— ETH Zurich Matthias Troyer
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Pumps

A pump 1s a device that moves fluids, or sometimes

slurries, by mechanical action.
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Pumps

A pump 1s a device that moves fluids, or sometimes

slurries, by mechanical action.
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e e e LLILIT) Archimedes’ screw ~250 BC

Buttiker, Brouwer, Zhou, Spivak, Altshuler ...
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Topological pump

(( «ﬁﬂm v A device transfers quantized charge in each pumping
&/ cycle.

Thouless 1983

= Z(t = 5t)cjf4icBi + (t — 5t)cj4i+1cB7; = 5L

Su, Schriefter, Heeger, 1979

o e B, _e e [

o2l %c /A,i%O /A,i+1%C/a%0/ %o
o o O o o

ot <( \.é \.é \.¢ \'4 \'

-  Current flows in an insulating state

- No dissipation!

- Dynamical analog of quantum Hall effect

Tuesday, April 23, 2013



Experimental progresses

Optical Superlattice

Folling et al, Atala et al

1534 nm lattice + 767nm lattice
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VorL(z) =W1 cos? <7> + V5 cos? (7 — gp)

Full independent) dynamical
control over Vi, Vo and @

(tn-Jtbie 1maging

Gemelke, ¢t al, Sherson et al, Bakr et al

Allows to measure
exact quantization of pumped charge
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1D pumping lattices
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1D pumping lattices
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1D pumping lattices
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1D pumping lattices

2
Vor(z,t) = Vi cos® (iZE) V5 cos? <7m
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Pumping dynamics
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Polarization and Berry phase

Resta, King-Smith, Vanderbilt, ...
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Polarization and Berry phase

Resta, King-Smith, Vanderbilt, ...
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Change of Polarization

P
XP= / dP
Berry Curvature

i
27”/ / dt dk, (atu\ak u hc)

= Chern number
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Connection to IOHE
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Adiabatically thread a quantum of magnetic flux through cylinder.
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Laughlin, 1981
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Connection to IOHE

H ik (ks ) \ \ \ \

Adiabatically thread a quantum of magnetic flux through cylinder.
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1C connection

Adiabat
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1C connection

Adiabat
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Higher bands

As As
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Higher bands
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Higher bands
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Higher bands
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Classical dynamics
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Classical dynamics

[mi, =

aVOL (CB, t)
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&  Without V| term, pumping maps to a

simple pendulum
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Classical dynamics

- AWE.

&  Without V| term, pumping maps to a
simple pendulum

~®  Slow pumping-> small

oscillations-> follows pumping ?
& [Fast pumping-> swings around
pivot-> can not follow pumping ©
& Vj term: Driven pendulum shows ———

chaotic behavior.

Tuesday, April 23, 2013



Classical dynamics
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&  Without V| term, pumping maps to a
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Classical dynamics
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'In general, classical pumped charge 1s

not quantized
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Practical 1ssues

& Detection
~& External trap

& Temperature effect

~& Non-adiabatic effect




Trapping & Detection

LW, Troyer and Dai, 1301.7435
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Trapping & Detection
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Temperature & Non-adiabatic effect

T 5 K 2 T i
elInperature = —
b = A
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Temperature & Non-adiabatic effect
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Measure Chern number
of 2D optical lattice

Wwith

Topological charge pumping




Synthetic gauge-field in
optical lattices

~® [mprint complex phases to the hopping amplitude

a k,.® b
Raman

& Staggered flux lattice Munich ‘wp | @ ,_@

.
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Synthetic gauge-field 1n
optical lattices

~® [mprint complex phases to the hopping amplitude

a 2 k2’(1)2 b
Rama'ln‘ -
R e
R
LR e
& Staggered flux lattice Munich ‘- @D @
Raman -—-@-----QO-----@-----O--
@) | o] @)
y '?""'?'""," Q-
A TR Aidelsburger et al
=
~ ] Peierls lattice NisT Hamb L= i2n® 1 H
, Namburg — € Cm_|_1Cm == G
m
(a) Peierls tunneling phase G i 5 B e
1F I”"sz ||||||||| 5 ||||| | e - )
o [BEOORRS ;,x% :
e ; »(‘% : K
SEE | L XXX
_]- [l B | h ||||||||| X&xrﬂl g N
Jimenez-Garaia et al Struck et al

Tuesday, April 23, 2013



Hofstadter optical lattice

= _‘]Z g ':rn—I—l,nCm,n i Cin,n+1cm,n +He ©= p/q

@ -
Hofstadter, 1976 ‘ ‘
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Hofstadter optical lattice

nd
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Hofstadter, 1976
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Hofstadter optical lattice

@ _‘]Z e in—l—l nCm,n T C:rn e Cr s He &= p/q

Hofstadter, 1976

NO sharp edge states in

harmonic trapping potential
Buchhold et al
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How to measure Chern # ?




How to

Density profile

Umucalilar et a/
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How to

Density profile

Umucalilar et al
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How to measure Chern # ?
Time-of—ﬂight

Alba et al, Zhao et al

Density profile
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How to measure Chern # ?

Density profile

Umucalilar et al

L [—o=1a

1 . - =18

08}
A\ I
06} .
1
04}t |
T

02}t

0 1

0 10 20 30 40 50 1/

Time-of-tlight

Alba et al, Zhao et al

Spon progection § Sp progeson S Spon progection §
0 | Lo
. . »
0s 0s 0s
. ? t 2
> > -
5 on - 0 > on
¥ . ¥
i 5
2 3 s
5 3 5
g 05 - 03 : 0
0 1 o
1 0% 0D 045 0 y 05 0 s n -0% 0 0ns 0
Crystadd momcntens, A, /2r Cryval moesensum, 89, /2 Crystsl momestam, Ay, /2x

Semi-classical dynamics

Price et al

i

_ 10e(k)
ok

b=
= sz(kﬂ

Zak phases

Abanin et al

(b) kl_\‘
i, Gs G
L 4
k, . k
rg2
Dirac points

Tuesday, April 23, 2013



Density profile
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We propose a new probe based on

Topological Pumping Effect p(Fz, y)
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Hybrid time-ot-tlhight

LW, Soluyanov and Troyer, PRL 110, 166802
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Hybrid time-ot-tlhight
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Hybrid time-ot-tlhight
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Hybrid time-ot-tlhight

LW, Soluyanov and Troyer, PRL 110, 166802

p(kz,y)

-

Kz




Hybrid time-ot-tlhight

LW, Soluyanov and Troyer, PRL 110, 166802
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Hybrid time-ot-tlhight
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Why 1t works?
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Why 1t works?

Topological charge pumping
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Quantitative Characterizations
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~® Bi-partition number of particle (trace index)

63
&
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42
e 35

& # of cuts (edge modes) .

21f

14}

<+ COM along y-direction |

Salient features
~& Bulk detection, does not require edge states

~® 0O(ky, y) 1s nearly impossible to measure in solids,
but accessible to cold atom toolbox

~® (Can be extended to interacting case
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Fractional charge pumping

4 =) &

1D lattice 2D Laughlin state
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Interaction is crucial
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Can be used to detect FOHE and fractional Chern

inSUIatOI‘S realized iIl Optical lattice Cooper et al,Yao et al, Nielsen et al
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Laughlin states on lattice

S T
[(I)Laughlin = q)Hofstadter]
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Laughlin states on lattice

e D
((I)La,ughlin = (I)HofstadterJ

Preskill, Kitaev, Levin, Wen

Topological entanglement entropy Tl
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Hybrid densities
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HTOF is also usetul to detect FOHE state !
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Summary

arXiv:1301.7435
PRI 110, 166802

Topological charge pumping 1s a common thread
unifies many features of topological states

Guideline for design and detection of topological
phases in cold atom systems
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Summary

arXiv:1301.7435
PRI 110, 166802

\V.VAV.VAV.VAV.V/

Topological charge pumping 1s a common thread
unifies many features of topological states

Guideline for design and detection of topological
phases in cold atom systems

You might try it in your lab !
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Thank you!




