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Topological charge pumping

of cold atoms
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Pumps

Pump i1s a device that moves fluids, or sometimes

slurries, by mechanical action.
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Pumps

Pump 1s a device that moves fluids, or sometimes
slurries, by mechanical action.
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Buttiker, Brouwer, Zhou, Spivak, Altshuler ...



Topological pump

A device transfers quantized charge in each pumping

Cycle :

Thouless 1983

= Z(t = 5t)cjr4icBi + (t — 5t)cjr4i+1cB7; =i

Su, Schrieffer, Heeger, 1979

o Bl [ e
etz %'/A,SOK,H*'/(&%'/ %0
= = = =

& Current flows 1n an insulating state
& No dissipation!

¢ Dynamical analog of quantum Hall effect



Experimental progresses

Optical Superlattice

Folling et al, Atala et al

1534 nm lattice + 767nm lattice
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Vor(z) = V; cos” (7> + V5 cos” (7 —
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Full independent) dynamical
control over Vi, Vo and @

(n-Jtbie 1Mmaging

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

Allows to measure
exact quantization of pumped charge



1D pumping lattices
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1D pumping lattices
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1D pumping lattices
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Quantization of pumped charge

j($7t) ’”"”‘>




Quantization of pumped charge
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Connection to IOHE
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Adiabatically thread a quantum of magnetic flux through cylinder.

27R nyE

[ =

Laughlin, 1981



ion to IOHE

Connect

=~

kx,t+T)j

(

=

(H(ko,t)

Adiabatically thread a quantum of magnetic flux through cylinder.

27R axyE

[ =

Laughlin, 1981



Ads
1abat
tic Conne
ction

g —
15— ]
R

AV,
X

AV,
X

AV
X
A\
>,

AN
v,

‘V
R
AR

e AVAY
RIRR

%
2




Adiabatic Connection
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Higher bands
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Higher bands
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Higher bands
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Higher bands
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Practical 1ssues

Detection
External trap
Temperature effect

Non-adiabatic ettect



Trapping & Detection
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PRL in press
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Trapping & Detection

LW, Troyer and Dai, 1301.7435
PRL in press
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Temperature & Non-adiabatic eftect



Temperature & Non-adiabatic eftect
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Measure Chern number
of 2D optical lattice

Wwith

Topological pumping etfect



Synthetic gauge-field in

optical lattices

~® [mprint complex phases to the hopping amplitude

& 1D Peierls lattice NiST, Hamburg

(a) Peierls tunneling phase
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Jimenez-Garcia et al

Struck et al



Synthetic gauge-field in
optical lattices

~® [mprint complex phases to the hopping amplitude
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Hofstadter optical lattice

= —JZ e ;rn—l—l,ncm,n =+ Cin,n—l—lcmyn tHe ©= p/q

Hofstadter, 1976




Hofstadter optical lattice

nd
= _JZ - in—i—l,ncm,n =+ C:rn,n—l—lcmﬁ tHe = p/q
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Hofstadter, 1976 ‘ =




Hofstadter optical lattice

H = _JZ €i2wn¢cin—l—l,ncm,n ¥ C:rn,n—l—lcman +He = p/q

m,n

()
Hobstadter 1976 T—) Osadchy and Avron, J. Math. Phys. 2001

NO sharp edge states in

harmonic trapping potential
Buchhold et al




How to measure Chern # ?



How to

Density profile

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

Alba et al, Zhao et al
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How to measure Chern # ?
Time-of—ﬂight

Alba et al, Zhao et al

Density pro ﬁl e | Semiems, S o sonsins. 7 ak Ph ases
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How to measure Chern # ?

Time-of-tlight

Alba et al, Zhao et al
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Semi-classical dynamics

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

Alba et al, Zhao et al

Density profile Zak phases
Umucalilar ef al E “ Abanin et al
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iwo—»  We propose a new probe based on

- Topological Pumping Effect 2k, 9)



Hybrid time-of-tlhight

LW, Soluyanov and Troyer, PRL 110, 166802 (2013)
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Quantitative Characterizations

63} i
& Slope T IZZ?
42 :\::‘-‘\\: 0.06
35 D ——
& # of cuts (edge modes) :zs-___::---‘-“l
21—'___ — "‘"‘?
14*__ — f_-_-—-- : 0.02
~ COM along y-direction i | !

~& Bipartition particle number (trace index)

Alexandradinata et al/

Salient teatures

~& Bulk detection, does not require edge states

& 0O(ky, y) 1s almost impossible to measure 1n solids,
but 1s natural to cold atom toolbox

~& Can be extended to interacting case



Fractional charge pumping

1D lattice 2D Laughlin state
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Interaction 1s crucial

for opening an energy gap y\\\ﬁ@@ﬂ{i&\
k,

J

Use hybrid ToF to detect FOHE and fractional

Chern insulators realized in optical lattices



Fractional charge pumping

1D lattice
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Interaction 1s crucial

for opening an energy gap
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2D Laughlin state
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Use hybrid ToF to detect FOHE and fractional

Chern insulators realized in optical lattices



Numerical diagnosis

of fractional Hall conductance

1. Center-of-mass shift

(

. J

2. Particle number flow

[NA(%) = an@x)]

rcA

Avoid calculating overlap
between wavefunctions i
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LW, Soluyanov and Troyer, to appear



Numerical diagnosis
of fractional Hall conductance

1. Center-of-mass shift

b D,

(e 1 =
V(D) = = zrjyrnr@m)

. J

2. Particle number flow

[NA(%) - an@x)} :

rcA

0.5

Avoid calculating overlap =

between wavefunctions traN
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LW, Soluyanov and Troyer, to appear



Summary

arXiv:1301.7435, in press
PRL 110, 166802 (2013)

j(xa t) w> 56:__._-— _— =*:- Io.os

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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