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Direct measurement of the Zak phase in
topological Bloch bands

Marcos Atala'’, Monika Aidelsburger'?, Julio T. Barreiro'?, Dmitry Abanin?, Takuya Kitagawa®*,
Eugene Demler® and Immanuel Bloch?*

Geometric phases that characterize the topological properties of Bloch bands play a fundamental role in the band theory
of solids. Here we report on the measurement of the geometric phase acquired by cold atoms moving in one-dimensional
optical lattices. Using a combination of Bloch oscillations and Ramsey interferometry, we extract the Zak phase—the Berry
phase gained during the adiabatic motion of a particle across the Brillouin zone—which can be viewed as an invariant
characterizing the topological properties of the band. For a dimerized lattice, which models polyacetylene, we measure a
difference of the Zak phase §¢;,, = 0.97(2)x for the two possible polyacetylene phases with different dimerization. The two
dimerized phases therefore belong to different topological classes, such that for a filled band, domain walls have fractional
quantum numbers. Our work establishes a new general approach for probing the topological structure of Bloch bands in

optical lattices.
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Introduction

Topological phenomena: Topological invariants:
* Fermion number fractionalization * (2D) Chern number —related to Berry’s phase
* Integer Quantum Hall effect * (1D) e.g. Zak phase to define invariants

* Protected surface states

Systems with non-trivial Zak phase:
Polyacetylene (Su-Schrieffer-Heeger model) Linearly conjugated diatomic polymers
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Measure Zak phase using Bloch oscillations and Ramsey interferometry
in 1D optical lattices



Definition Zak phase

G/2
PZak — Z/ <uk\ E)k \uk> dk
~G/2

Cell periodic Bloch function:

wy(x) = e~ (x)

Reciprocal lattice vector:

G =2n/d

Depends on choice of unit cell, relative phase is well defined

J. Zak, PRL 62, 2747 (1989)



Bloch oscillations - TOF distributions

Move particles adiabatically through Brillouin zone using Bloch oscillations.
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Dimerized optical lattice

Rice-Mele Hamiltonian

H==> (Jalby +J'a}bn1 +h.c)+ A (alan — blby)
" " PRL 49, 1455 (1982)
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Realizing the lattice

Load Bose-Einstein condensate of ~5 x 104 8/Rb atoms
in 1D optical superlattice defined by

V(z) = Visin®(kix + ¢/2) + Vysin?(2kix + 7/2)

¢=0— DI As = \/2 = 767 nm
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Eigenstates Of H Wannier functions

Vr(x) = Z ape®Trw, (x — x,) + Bre* @t Dy (x — x, — d/2)

Pseudospin vektor Ui = (akv Bk)

Energy (a.u.)
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Pseudospin representation A =0
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Phase Shift - 3Step Sequence |

Phase due to adiabatic movement in Brillouin zone:

Ptot = PZak T Pdyn + PZeeman ©

Bloch oscillation
D1,J>J

3step sequence to isolate 590231{
(one atom) MW pulse
and phase | /2,0
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Phase Shift - 3Step Sequence |l

2) Eliminate 5¢Zeeman
by a spin echo 7T pulse

and add a non-adiabatic
dimerization swap

D1 — D2

3) Evolutions via
Bloch oscillations back to
k=20
Interference of the two spin
components with MW 7 /2 pulse

TOF measurements with Stern-Gerlach
setup separates spin states an reveals
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Measured Ramsey Fringes

nq — NT/Ntotal

Blue — dimerization swapped
Black — dimerization not swapped

Histogram of
14 measurements
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Fractional Zak phase A # 0

Modified 3step sequence:
2Re( )

A=0— |Al <2J
Pzak = T/2 = Pzax(A)

2Im(e, ;)



Fractional Zak phase
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Conclusions
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