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We use Raman-assisted tunneling in an optical superlattice to generate large tunable effective magnetic

fields for ultracold atoms. When hopping in the lattice, the accumulated phase shift by an atom is

equivalent to the Aharonov-Bohm phase of a charged particle exposed to a staggered magnetic field of

large magnitude, on the order of 1 flux quantum per plaquette. We study the ground state of this system

and observe that the frustration induced by the magnetic field can lead to a degenerate ground state for

noninteracting particles. We provide a measurement of the local phase acquired from Raman-induced

tunneling, demonstrating time-reversal symmetry breaking of the underlying Hamiltonian. Furthermore,

the quantum cyclotron orbit of single atoms in the lattice exposed to the magnetic field is directly revealed.

DOI: 10.1103/PhysRevLett.107.255301 PACS numbers: 67.85.!d, 03.65.Vf, 03.75.Lm, 73.20.!r

The application of strong magnetic fields to two-
dimensional electron gases has led to the discovery of
seminal quantum many-body phenomena, such as the in-
teger and fractional quantum Hall effect [1]. Ultracold
atoms constitute a unique experimental system for study-
ing such systems in a clean and well-controlled environ-
ment and for exploring new physical regimes, not
attainable in typical condensed matter systems [2,3].
However, charge neutrality of atoms prevents direct appli-
cation of the Lorentz force with a magnetic field. An
equivalent effect can be provided by the Coriolis force in
a rotating atomic gas, which led to the observation of
quantized vortices in a Bose-Einstein condensate [4]. The
regime of fast rotation, in which the atomic gas occupies
the lowest Landau level, was achieved in Refs. [5] but the
amplitude of the effective gauge field remained too small
to enter the strongly correlated regime that requires a
number of vortices on the order of the particle number
[2,6]. An alternative route consists in applying Raman
lasers to the gas in order to realize a Berry’s phase for a
moving particle [7,8]. The effective gauge fields generated
in such a setup resulted in the observation of a few vortices,
but were still far from the strong-field regime.

In this Letter, we demonstrate the creation of strong
effective magnetic fields for ultracold atoms in a two-
dimensional optical lattice. Inspired by the proposal of
Jaksch and Zoller [9] and subsequent work [10–12], our
technique is based on atom tunneling assisted by Raman
transitions [see Fig. 1(a)]. Because of the spatial variation
of the Raman coupling, the wave function of an atom
tunneling from one lattice site to another acquires a non-
trivial phase, which can be interpreted as an effective
Aharonov-Bohm phase. In our setup, the magnetic flux
per four-site plaquette is staggered with a zero mean,
alternating between !=2 and !!=2 [see Fig. 1(b)] [13].
We study the nature of the ground state in this optical

lattice from its momentum distribution and show, in par-
ticular, that the frustration associated with the effective
magnetic field can lead to a degenerate ground state for
single particles, similar to the prediction of Ref. [14]. We
also study the quantum cyclotron dynamics of single atoms
restricted to a four-site plaquette and obtain direct evidence
for time-reversal symmetry breaking of the Hamiltonian.
Our experimental setup consists of an ultracold gas of

87Rb atoms held in a two-dimensional square lattice, form-
ing an array of 1D Bose gases. The lattice was created by
two standing waves of laser light at "s ¼ 767 nm (‘‘short’’
lattices) and a third one with twice the wavelength

FIG. 1 (color). Experimental setup. (a) The experiment con-
sists of a 2D array of 1D potential tubes with spacing jdxj ¼
jdyj ¼ "s=2. While bare tunneling occurs along the y direction
with amplitude J, it is inhibited along x owing to a staggered
potential offset !. A pair of Raman lasers with wave vectors k1;2

and frequency difference !1 !!2 ¼ !=@, induces a resonant
tunnel coupling of magnitude K whose phase depends on posi-
tion. This realizes an effective flux ## per plaquette with
alternating sign along x. (b) Spatial distribution of the phase of
the Raman-induced tunnel coupling realized in the experiment.
The gray shaded area highlights the magnetic unit cell.
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FIG. 1. (a) Raman-assisted tunneling in the lowest band of
a tilted lattice with an energy offset � between neighboring
sites. The two-photon Rabi frequency ⌦ determines the cou-
pling between adjacent wells. (b) Experimental geometry to
generate uniform magnetic fields using a pair of far-detuned
laser beams and a uniform potential energy gradient. Tunnel-
ing along the x-direction with amplitude K imprints a com-
plex, spatially-varying phase �m,n – with site indices (m,n)
– into the system due to the momentum transfer in the y-
direction. (c) A schematic depicting the position-dependent
phases of the tunneling process. The equivalent number of
flux quanta per unit cell is ↵ = �y/2⇡.

as shown in Figure 1a. Note that the two Raman beams
couple different sites, but do not change the internal state
of the atoms. For resonant tunneling, �! = �/h̄, time-
averaging over rapidly oscillating terms [20] yields an
effective Hamiltonian which is time-independent. As a
result, the tilt has disappeared because, in the dressed
atom picture, site (m,n) with j and k photons in the
two Raman beams is degenerate with site (m+1, n) and
j +1 and k� 1 photons in the two beams. This effective
Hamiltonian describes the system well assuming that �

is larger than the bandwidth, ⇠J , and smaller than the
bandgap, EGap. The resulting Hamiltonian is equivalent
to one that describes charged particles on a lattice in
a magnetic field under the tight-binding approximation
[11, 26] – the single-band Harper Hamiltonian:

H = �
X
hm,ni

�
Ke�i�

m,n â†
m+1,nâm,n

+Jâ†
m,n+1âm,n

+h.c.
�

(2)
with spatially-varying phase, �

m,n

= �k ·R
m,n

= m�
x

+

n�
y

. Solutions in this model are periodic with respect
to the number of flux quanta per unit cell, ↵. If the fre-
quency of the Raman beams are similar to those used
for the optical lattice, one can tune ↵ over the full range
between zero and one by adjusting the angle between the

Raman beams, and consequently k
y

. A similar Hamilto-
nian can be realized for the tunneling of phonons between
ion microtraps [31].

The spatially-dependent phase imprinted by the Ra-
man lasers, given by �

m,n

, can be intuitively understood
in a pertubative regime where, J = J

y

and:

K =

⌦

2

Z
d2r w⇤

(r�R

m,n

)e�i�k·rw(r�R

m,n

� aˆx)

= Ke�i�k·R
m,n (3)

where R

m,n

denotes the position of each lattice site.
Adding up the accumulated phases around a closed path,
one sees that this method leads to an enclosed phase of
�
y

= �k
y

a per lattice unit cell of area a2, thus realizing
the Harper Hamiltonian with ↵ = �

y

/2⇡.
In a cubic lattice, the Wannier function w(r) factor-

izes into w(x)w(y) which are the localized Wannier-Stark
and Wannier wavefunctions, respectively. The result-
ing expression for K =

⌦
2

R
dxw⇤

(x)e�ik

x

xw(x � a) ⇥R
dy w⇤

(y)e�ik

y

yw(y) shows that the momentum trans-
fer in the x-direction is necessary to have a non-vanishing
tunneling matrix element K. The x momentum transfer
does not contribute to the enclosed flux (or the value of
the synthetic magnetic field B), but to the vector po-
tential A = h̄(k

y

y + k
x

x)/a ˆ

x. Therefore, our scheme
does not realize the simple Landau gauge for the mag-
netic field. Note that it is this momentum transfer along
the x-direction that distinguishes our scheme from Refs.
[20, 22, 27], and is responsible for connecting the two
orthogonal Wannier states in the x-direction without
changing the internal state.

For a more comprehensive description, we add the
moving lattice – V

RM

= ⌦ sin(�k ·r�!t) – of the two Ra-
man lasers along with a linear tilt to the Hamiltonian in
Eq. 1. In addition to the off-diagonal laser-assisted tun-
neling term, this moving lattice causes a diagonal term,
which is a temporal modulation of the on-site energies.
A unitary transformation as in [29, 32] leads to a frame
rotating non-uniformly in time and position that elimi-
nates the diagonal time-dependence. For resonant drive,
� = h̄�!, the onsite energies are all equal and vanish
while the remaining off-diagonal coupling has a time-
independent part leading to the Harper Hamiltonian as
in Eq. 2. The resulting expressions for K and J due
to the temporal modulation of the lattice and one-site
wavefunction are (see supplemental information):

K = ⌦�
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where �

i0 = h0| cos(k
i

x
i

)|0i is the on-site matrix ele-
ment, and �

x1 = h0| sin(k
x

(x � a/2))|1i and �

0
x1 =

h0| cos(k
x

(x � a/2))|1i are the off-diagonal matrix ele-
ments. This result is more general than the case of phase

3

modulation [32] and the tight-binding limit in [30, 33],
where K is proportional to J1(x).

We implement the Harper Hamiltonian with each Ra-
man laser aligned along one of the two lattice directions,
x and y, corresponding to momentum transfer in both
directions of h̄k

L

– the single photon recoil of the lat-
tice laser. The magnetic flux per unit cell resulting from
k
y

= k
L

is ↵ = 1/2. In the tight-binding limit for this
momentum transfer, �

i0 ⇡ 1 and �

x1 ⇡ �2J
x

/� � �

0
x1,

so the resonant tunneling amplitudes resulting from k
x

=

k
L

simplify to:

K = J
x

J1

✓
2⌦

�

◆
, and: J = J

y

J0

✓
2⌦

�

◆
(5)

Experimentally, the system is prepared by starting
with a Bose-Einstein condensate of ⇠ 5⇥10

5 87Rb atoms
in the |2,�2i state in a crossed dipole trap. The Raman
lasers are ramped up to their final intensities in 30 ms at a
large detuning of 200 kHz, far away from any excitations
of the system, and are switched to their final detuning
after the tilt is applied to the system (see below). To
avoid interference between the lattice and Raman lasers,
they are perpendicularly polarized and frequency offset
by >50 MHz using acousto-optic modulators. Next, we
adiabatically load the condensate in 100 ms into a two-
dimensional cubic optical lattice of spacing �

latt

/2 = 532

nm. For longer hold times, a weak 2 E
r

lattice beam
along the third direction is simultaneously ramped up to
provide additional confinement. Here, E

r

= h̄2k2
L

�
2m ⇡

h⇥2 kHz is the single photon recoil. Lattice depths are
calibrated using Kapitza-Dirac scattering, and the two
photon Rabi frequency of the Raman lasers is determined
using free-space Rabi oscillations.

After loading the condensate into the lattice, a uni-
form potential energy gradient is applied by turning off
the confining crossed dipole traps in 20 ms. This ex-
poses the cloud to a linear gravitational potential (which
was compensated until then by the trapping beams). Al-
ternatively, we have successfully used a magnetic field
gradient to access a broader range of tilts. The data pre-
sented here were obtained with the gravitational force
which provides an offset of mga/h ⇡ 1.1 kHz between
adjacent lattice sites. This has the advantage over the
magnetic gradient of a much faster switching time. The
cloud widths, �

x

and �
y

are obtained by standard absorp-
tion imaging along the direction perpendicular to the 2D
lattice.

The essential feature of our implementation of the
Harper Hamiltonian is that tunneling in the x-direction
is suppressed by a potential tilt, and reestablished by
laser-assisted tunneling. This is demonstrated in Figure
2 which shows the resonance for the laser-assisted pro-
cess. For this, tunneling is characterized by looking at
the expansion of the cloud within the lattice. Expan-
sion occurs since the confinement by the optical dipole
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FIG. 2. In situ cloud width as a function of Raman detuning,
�!, after an expansion of 500 ms, with a Raman lattice depth
of ⌦ = �/4. The solid line is a Lorentzian fit to the experi-
mental data (dots) centered at 1133 Hz – consistent with the
gravitational offset between sites. Pictures (of size 135⇥116
µm) show typical column densities on/off resonance. (Inset)
Dependence of the laser-assisted tunneling on optical lattice
depth. For deeper lattices, the expansion occurs more slowly.

trap has been switched off, and due to some heating dur-
ing the 500 ms hold time. Note that for fully coherent
time evolution, charged particles in a magnetic field will
undergo cyclotron motion which would suppress the ex-
pansion. The resonance width of 60 Hz may have contri-
butions from laser frequency jitter, inhomogeneous lat-
tice potential and atomic interactions. The Lorentzian
fit suggests a homogenous broadening mechanism. Fig.
2 demonstrates how the laser-assisted tunneling rate can
be controlled by the lattice depth.

The dependence of K and J on the intensity of the Ra-
man lasers (described by Bessel functions) allows tuning
of the ratio of the two. For low intensities, K increases
linearly with the intensity, and J decreases quadratically.
The latter reflects the depletion of the unperturbed Wan-
nier function by the modulation due to the moving Ra-
man lattice. Fig. 3a shows experimental results in qual-
itative agreement with these predictions.

For a quantitative interpretation of the expansion of
the cloud, we assume an incoherent diffusion process,
where the square of the width � of the expanded cloud is
proportional to the tunneling rate times expansion time.
For finite time, we correct for the initial size �0 by assum-
ing that the expansion and initial size add in quadrature,
and plot the corrected squared width �2

corr

= �2��2
0 ver-

sus time. The slope is proportional to the laser-assisted
tunneling rate. Absolute tunneling rates are obtained by
comparing this result to the expansion of the cloud in
the y-direction with the Raman beams far off resonance,
when normal tunneling occurs. The ratio of the slopes
is then K/J

y

, with J
y

calculated from the calibrated lat-
tice depth to be ⇠ h ⇥ 48Hz. Figure 3b shows the time
evolution of the square of the corrected size for various
Raman intensities. The linear fits supports the assump-
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Continuum magnetic fields
Single-particle eigenstate structure:  Landau gauge
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sample, an electron will not have sufficient 

space to complete the orbit; it bounces off 

the edge and starts a new one. As this pro-

cess continues, the electron moves along the 

edge, always in the same direction, which 

leads to chiral edge currents with a direction 

imposed by the magnetic field (see the figure, 

panel A). Because the orbits are quantized, 

the edge currents are also quantized and 

are extremely robust against small perturba-

tions. These properties lead to the universal 

quantum of conductance at the heart of the 

integer quantum Hall effect.

These effects are clearly observed in solid-

state systems, which are ideal for measuring 

transport properties. However, visualizing 

the electrons’ trajectories is more challeng-

ing. The task is much easier using instead 

synthetic solids made of ultracold atoms in 

optical lattices ( 4). Because these systems 

are extremely dilute, with lattice spacing 

thousands of times larger than in conven-

tional materials, they are excellent candi-

dates for the direct imaging of the particle 

trajectories. However, observation of the 

skipping orbits presents several challenges: 

Atoms are neutral and so do not couple to 

magnetic fields as electrons do, but their ef-

fect on the atom motion can be mimicked 

using laser beams ( 5); to observe the edge 

states, a system with sharp boundaries is 

desirable, but ultracold atoms are usually 

confined in soft traps; and single-site re-

solved imaging is required to visualize the 

atomic trajectories at the boundaries. The 

last two challenges have been overcome by 

using an elegant experimental trick—the 

use of a synthetic dimension ( 6).

What is a synthetic dimension? Or rather, 

what is a dimension? In lattice systems like 

the ones used in these experiments, “dimen-

sion” relates to the connectivity—the num-

ber of independent directions, or states, the 

atoms can move in. Thus, in addition to real 

dimensions where motion corresponds to a 

displacement in space, one can consider a 

synthetic dimension where motion corre-

sponds to a change of spin states (see the 

figure, panel B). This simple but innovative 

concept has key experimental advantages: 

Changes of spin states can be induced us-

ing the same laser beams that generate the 

appropriate synthetic magnetic field; the 

system has intrinsically sharp boundaries 

because the number of spin states is finite; 

and single-site detection in the synthetic 

dimension is obtained through spin-depen-

dent measurements, which gives excellent 

access to the particle trajectories along the 

edges ( 7).

The two papers consider complementary 

situations: Stuhl et al. use a rubidium Bose-

Einstein condensate; Mancini et al. use an 

ultracold Fermi gas of ytterbium atoms. Both 

exploit the synthetic dimension trick to cre-

ate narrow ribbons made of three synthetic 

sites and subjected to a synthetic magnetic 

field. By preparing the atoms on the system 

edges, and suddenly allowing them to move, 

they directly observe the edge currents and 

can reconstruct the skipping orbits.

This synthetic dimension approach opens 

up a wealth of new possibilities for future ex-

periments. One of the most intriguing is the 

realization of interacting systems display-

ing exotic fractional quantum Hall physics, 

in which effective particles with fractional 

charge emerge ( 8). Their fingerprint in 

solids is the existence of fractional Hall 

conductance. In cold atom experiments, it 

may be possible to observe these particles 

directly and even make use of their braid-

ing to perform quantum computations. In 

addition, by wrapping the synthetic dimen-

sion in a circle, the system acquires a cylin-

drical shape and becomes periodic. In such 

conditions, the elusive Hofstadter fractal 

energy spectrum, a manifestation of topol-

ogy complementary to edge states, could be 

directly observed. A number of exotic lattice 

topologies could be implemented, includ-

ing, for instance, Möbius strips. Finally, by 

considering the three spatial dimensions, 

synthetic lattices offer the opportunity to 

simulate four-dimensional phenomena.      ■
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sample, an electron will not have sufficient 

space to complete the orbit; it bounces off 

the edge and starts a new one. As this pro-

cess continues, the electron moves along the 

edge, always in the same direction, which 

leads to chiral edge currents with a direction 

imposed by the magnetic field (see the figure, 

panel A). Because the orbits are quantized, 

the edge currents are also quantized and 

are extremely robust against small perturba-

tions. These properties lead to the universal 

quantum of conductance at the heart of the 

integer quantum Hall effect.

These effects are clearly observed in solid-

state systems, which are ideal for measuring 

transport properties. However, visualizing 

the electrons’ trajectories is more challeng-

ing. The task is much easier using instead 

synthetic solids made of ultracold atoms in 

optical lattices ( 4). Because these systems 

are extremely dilute, with lattice spacing 

thousands of times larger than in conven-

tional materials, they are excellent candi-

dates for the direct imaging of the particle 

trajectories. However, observation of the 

skipping orbits presents several challenges: 

Atoms are neutral and so do not couple to 

magnetic fields as electrons do, but their ef-

fect on the atom motion can be mimicked 

using laser beams ( 5); to observe the edge 

states, a system with sharp boundaries is 

desirable, but ultracold atoms are usually 

confined in soft traps; and single-site re-

solved imaging is required to visualize the 

atomic trajectories at the boundaries. The 

last two challenges have been overcome by 

using an elegant experimental trick—the 

use of a synthetic dimension ( 6).

What is a synthetic dimension? Or rather, 

what is a dimension? In lattice systems like 

the ones used in these experiments, “dimen-

sion” relates to the connectivity—the num-

ber of independent directions, or states, the 

atoms can move in. Thus, in addition to real 

dimensions where motion corresponds to a 

displacement in space, one can consider a 

synthetic dimension where motion corre-

sponds to a change of spin states (see the 

figure, panel B). This simple but innovative 

concept has key experimental advantages: 

Changes of spin states can be induced us-

ing the same laser beams that generate the 

appropriate synthetic magnetic field; the 

system has intrinsically sharp boundaries 

because the number of spin states is finite; 

and single-site detection in the synthetic 

dimension is obtained through spin-depen-

dent measurements, which gives excellent 

access to the particle trajectories along the 

edges ( 7).

The two papers consider complementary 

situations: Stuhl et al. use a rubidium Bose-

Einstein condensate; Mancini et al. use an 

ultracold Fermi gas of ytterbium atoms. Both 

exploit the synthetic dimension trick to cre-

ate narrow ribbons made of three synthetic 

sites and subjected to a synthetic magnetic 

field. By preparing the atoms on the system 

edges, and suddenly allowing them to move, 

they directly observe the edge currents and 

can reconstruct the skipping orbits.

This synthetic dimension approach opens 

up a wealth of new possibilities for future ex-

periments. One of the most intriguing is the 

realization of interacting systems display-

ing exotic fractional quantum Hall physics, 

in which effective particles with fractional 

charge emerge ( 8). Their fingerprint in 

solids is the existence of fractional Hall 

conductance. In cold atom experiments, it 

may be possible to observe these particles 

directly and even make use of their braid-

ing to perform quantum computations. In 

addition, by wrapping the synthetic dimen-

sion in a circle, the system acquires a cylin-

drical shape and becomes periodic. In such 

conditions, the elusive Hofstadter fractal 

energy spectrum, a manifestation of topol-

ogy complementary to edge states, could be 

directly observed. A number of exotic lattice 

topologies could be implemented, includ-

ing, for instance, Möbius strips. Finally, by 

considering the three spatial dimensions, 

synthetic lattices offer the opportunity to 

simulate four-dimensional phenomena.      ■
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Real movement

Optical lattice

Cyclotron orbits
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Visualizing synthetic edges. (A) Closed and skipping orbits in a quantum Hall ribbon subjected to a strong magnetic 

field B (indicated as B with arrow). (B) Experimental semisynthetic ribbon: The atoms move in a real dimension along 

an optical lattice and in a synthetic dimension formed by spin states (green, red, and blue) coupled by lasers. The laser 

beams also induce a synthetic magnetic field. The chiral edge currents (arrows) are the result of the skipping orbits and 

are experimentally detected by measuring the spin-state motion.
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Lattice magnetic fields
Single-particle eigenstate structure:  Landau gauge

Has lowest Landau band eigenstates with 

two quantum numbers: kx and ky

With � =
p

q
in simplest form,

H = �
�

j

�
t(x)e�i2��jy |j+ ex ��j|+ t(y)|j+ ey ��j|+ h.c.

�

�(j) = uk(jy )e i j·k

Magnetic B.Z. sized: k0 � k0/q

Unit cell sized: a0 � qa0
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Lattice magnetic fields
Single-particle eigenstate structure:  Landau gauge

q degenerate ground states each with

with a distinct “guiding center” within  
each magnetic unit cell 
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Finite width strips
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Continuum limit 
One unit cell in size (or 
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“Hofstadter” limit 
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Building a magnetic lattice

t(x)
· · ·· · ·

BEC

Lattice laser geometry

Lattice potential

Tight binding model



Building a magnetic lattice

Reference
Celi, A. et al.  Phys. Rev. Lett. (2014).

Simple “tunneling”

Complete harmonic “potential”

In todays experiments the m2 term 
may be neglected.

RF or Raman Hamiltonian
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Interpreting data
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Interpreting data: zero flux
Ground state
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QHE systems: Edge states
Edge states in QHE systems



Interpreting data: +1/3 flux quantum
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Interpreting data: -1/3 flux quantum
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Rotating BEC 
Quadrupole mode
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In the extreme large field limit
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Chiral current 
Tunneling anisotropy
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Independent of anisotropy (tight binding)
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QHE systems: edge states, skipping?
Edge excitations in QHE systems



References

Dynamics: “edge magnetoplasmons”

van Houten, H. et al. Phys. Rev. B 39, 8556–8575 (1989). 
Goldman, V. J., Su, B. & Jain, J. K. Physical Review Letters 72, 2065–2068 (1994).

Magnetic focusing of electrons

Magnetic focusing of composite fermions

In a single Landau level, the 
radius is set by 

N is the Landau level index

In these data

So cyclotron radius at Fermi 
surface matters

Edge magnetoplasmons 
Involve many “edge modes” in 

many Landau levels
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Dynamics: edge magnetoplasmons
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Adiabatic vortex generation Topological transition

Other completed work 
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Invariants in parameter space for nonabelian 
systems

Damping and diffusion of solitons Geometric charge pumping
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Using mechanism from

Edge states

Wrap-up
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NIST single electron pump 

Sometimes quantized pumping,  
quantum mechanical (left) or not quantum mechanical (right_. 

Geometric/topological pumps 
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Basics
Lattices and Bloch bands 

Band structure 
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Each eigenstate has quantum numbers: 
crystal momentum q and band index n. 

e.g. 
n = 0, q = -0.6 kR
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and two sub-lattice sites

Spatial lattice potential 
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In condensed matter topological pumps focus on filled Bloch bands


Cold atoms can have:

Thermally filled bands

Interaction-filled bands (Mott insulator)

Statistically filled bands (Fermions)


In contrast geometric pumps operate with a single crystal momentum state


Cold atoms can have:

A very cold thermal cloud

BECs
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Physical mechanism
Charge pump basics 
In a charge pump we adiabatically and periodically vary a Hamiltonian  

with period T, and where q is the crystal momentum. 

Since we assume the pumping process is adiabatic, any initial crystal 
momentum state can at most acquire a phase after each pump cycle: 

The phase can be different for different crystal momentum states.  This 
allows us to define the single-cycle evolution operator



Physical mechanism
Charge pump basics 
Independent of its origin this phase leads to motion after each pump 
cycle 

from the non-commutation of x and q.  

For any q the  phase has two contributions.  The first is: 

dynamical (kinetic energy) 

Giving the displacement: 

from mean group velocity. 

Zero for: filled bands or particles at the dispersion minimum



Physical mechanism
Charge pump basics 
The second phase is the geometric (Berry phase):  

In terms of the Bloch functions 

Derived from the time component of the Berry connection 

Giving 



Physical mechanism
Charge pump basics 
Next consider the Berry curvature 

And think about the displacement as a loop integral around the path

This is torus
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Quantum charge pumps
Every state occupied 
topological, quantized

BEC at band minimum 
geometric, not quantized
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Figure 2. Center-of-mass (COM) position of the atom cloud as a function of the pumping parameter ' for the lowest band
with V

s

= 10.0(3)E
r,s

and V

l

= 20(1)E
r,l

. (a) Detailed evolution of the measured COM position during a pump cycle. The
step-like motion is caused by tunneling of the atoms to the lower lying sites. The solid black line depicts the calculated COM
motion of a localized Wannier function. Each point is the average of ten data sets and the error bar shows the error of the
mean. COM positions are determined differentially comparing a sequence with pumping to a reference sequence of the same
length, but with constant phase ' = 0. One data set is obtained by averaging ten images each, taken in alternating order, and
subtracting the resulting COM positions. The inset illustrates the motion of a localized Wannier function in the first band
during a full pump cycle. (b) COM displacement and site populations for multiple pump cycles in the positive and negative
pumping direction. The COM positions are averaged over ten data sets and the error bars depict the standard deviation. The
dashed black line shows the ideal motion of a localized Wannier function and the gray line is a fit of the Wannier COM to
the data assuming a finite pumping efficiency of 97.9(2)% per each half of a pump cycle (see Supplementary Material). The
inset displays the population imbalance between even and odd sites as a function of ' with n

e

(n
o

) the fraction of atoms on
even (odd) sites. Each data point is the average of five measurements and the error bars indicate the corresponding standard
deviation. The gray line is obtained by fitting the calculated even-odd distribution of the Wannier function using the same
model as for the COM displacement which yields an efficiency of 98.7(1)% leading to a slight decrease of the imbalance over
time.

lying site on the right. The sign of J
1

� J
2

is reversed
at ' = ⇡/2, where the tilt is largest, and at ' = ⇡ the
lattice forms symmetric double wells again, but shifted
by one short lattice constant to the right. The atom,
which remained on the lower site for large �, delocalizes
over the shifted double well as � becomes comparable
to J

2

and therefore has moved by d
l

/2 during the first
half of the pumping cycle. In the second half, the same
procedure is repeated, but shifted by one site. After one
cycle, the lattice configuration is identical to the starting
point, but the atom ends up in the double well next to
the initial one. In contrast to this, a classical particle
would not move because the positions of the individual
sites do not change. This illustrates the importance of
quantum tunneling for the pumping.

During the pump cycle, the system moves along a
closed trajectory in the (J

1

� J
2

)-� parameter space. It
encircles the degeneracy point at � = 0 and J

1

= J
2

,
where the two bands of the Rice-Mele model touch,
and smoothly connects the topologically distinct phases
J
1

< J
2

and J
1

> J
2

of the SSH model (Fig. 1c). The
Berry curvature and thus the motion of the atoms is
peaked around ' = l⇡, l 2 Z where the tilt changes sign
and the atoms tunnel to the neighboring sites (Fig. 1d).

The Chern numbers of the pump cycles in the two bands
of this model are ⌫

1

= +1 and ⌫
2

= �1, giving the
same Chern number distribution as the HHH model with
↵ = 1/2 [37]. Their sum vanishes because these bands
emerge from the topologically trivial lowest Bloch band
of the short lattice.

The experimental sequence starts by preparing an
n = 1/2 Mott insulator of 87Rb atoms in a 3D optical
lattice with at most one atom per unit cell in the ground
state of symmetric double wells with ' = 0 and J

1

� J
2

(see Methods). Due to the large on-site interaction, each
atom is localized on an individual double well, resulting
in a homogeneous delocalization over the entire first Bril-
louin zone. The pumping is performed by adiabatically
shifting the phase ' of the long lattice (see Methods) and
the resulting motion of the atoms is tracked by measuring
the COM position of the cloud in situ. The displacement
during one cycle is indeed quantized and occurs in steps
(Fig. 2a) – unlike the underlying linear motion of the
long lattice. The cloud moves by one lattice constant d

l

per cycle as expected for ⌫
1

= +1 and the steps appear
around ' = l⇡, l 2 Z, where the atoms tunnel from one
side of the double wells to the other. When perform-
ing multiple cycles, the cloud keeps moving to the right
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Technique 
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Magnetic interpretation

Technique 

Morally similar in outcome to proposal of D.-W. Zhang, et al, PRA 92, 013612 (2015).
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Spatial structure Momentum structure

Essential properties
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Topology and local geometry
Zak phase Berry curvature at q = 0


Nothing special at Topological 
singular points
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Direct sub-lattice readout

Magnetization 
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Trajectories
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Trajectory
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Trajectory (i)

Pumping 
“Polarization” effect in 

conventional charge pump theory
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Oscillating local magnetization

Conclusions? 
• Atoms are oscillating back and forth in the same well? 
• Atoms move by ± one cell 

Correct for: a classical particle and a filled bands → quantized motion
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Spatial structure Classical/Quantum pumps

Essential properties: Classical

2

where the two coupling fields have a opposite sign on the e
y

component due to the opposite momentum kick.
The rf magnetic field is ⌦rf = 1/

p
2[⌦rf cos(�),�⌦rf sin(�),

p
2�]. The e↵ective magnetic field in Eq. (1) of the

main text has the contributions from the above three coupling fields.

MOTION OF GROUND ADIABATIC POTENTIAL

When we linearly ramped the rf phase, we modulated the adiabatic potential periodically. Fig. 1(c) in the main text
shows the ground adiabatic potential computed at �⌦/⌦̄ = �0.1 over one pump cycle, where the stagger potentials
for the two sublattices move up and down but the lattice does not appear to move over one period. Figure 2(a) plots
the ground adiabatic potential at a large Raman imbalance of �⌦/⌦̄ = �0.7, where the lattice potential does appear
to shift by one lattice site per cycle. The underlying lattice motion can be quantified by whether the two sublattices
maintain local energy minima when changing �. We systematically compared the potentials and found the critical
Raman imbalance value is |�⌦/⌦̄| ⇡ 0.63.

For example, Fig. 2(b,c) show ground adiabatic potentials computed at � = 0.6 � 0.8⇡ for �⌦/⌦̄ = �0.62 and
�⌦/⌦̄ = �0.64, respectively. The local energy minima (solid black symbols) are shown as well. In Fig. 2(b), both
sublattices stay as local energy minima; classical particle at zero initial kinetic energy at x = 0 sublattice would
remain at the same sublattice, giving no net displacement per cycle. In Fig. 2(c), x = 0 sublattice can not maintain
local energy minima (or zero energy derivative) at � > 0.7⇡, forcing a classical particle to slide toward the next energy
minimum (x = a/2 sublattice). At � > 1.7⇡, x = a/2 sublattice can not maintain local energy minimum again, forcing
the classical particle to move to x = a sublattice.
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FIG. 2: Lowest adiabatic potentials. (a) �⌦/¯⌦ = �0.7 and � = 0� 2⇡. Curves are o↵set by an energy shift �E = �24�/⇡ER

for clarity. In the adiabatic potentials in (b) �⌦/¯⌦ = �0.62 and (c) �⌦/¯⌦ = �0.64, we label the local energy minima using

solid black circles. For both (b) and (c), the phase is computed between � = 0.6� 0.8⇡ and curves are o↵set by an energy shift

�E = �80�/⇡ER. ~(¯⌦,⌦rf) = (6, 2.2)ER.

3

CLASSICAL PUMP

Our BECs had a typical temperature of 30 nK with less than 10% of the atoms in the thermal component. To show
the contrast of geometric pump to classical pump, we first simulated trajectories of particles at an initial temperature
of 0 K, which is the closest condition for describing the majority of atoms occupying at the lowest energy state of the
lattice. The classical trajectory is govern by the force derived from the lattice potential. Figure 3 shows the simulated
per-cycle displacement versus �⌦/⌦̄ for geometric pump and classical pump. We also included the topological pump
result, which was obtained by integrating the Zak phase over rf phase, describing the displacement of a filled band.
The topological pump displays quantized per-cycle displacement as expected; the sign of the displacement dependents
on the sign of Raman imbalance, since Zak phase in Fig. 1(e) of the main text also has mirror symmetry across zero
Raman imbalance.

The classical pump also displays quantized displacement. The transition point from zero to non-zero per-cycle
displacement occurs at �⌦/⌦̄ ⇡ ±0.63, which is consistent with the underlying motion of the adiabatic potential
discussed above. For large Raman imbalances, the adiabatic potential is displaced by one site per cycle, shifting the
classical particle by one site as well; for small imbalances, two sublattices always maintain local energy minima, giving
no net force on the classical particle releasing from the sublattice centered at origin.
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FIG. 3: Computed per-cycle displacement vs. Raman imbalance �⌦/¯⌦ for geometric, topological, and classical pumps. Classical

particles have zero initial kinetic energy. Ramping period for classical pump is 2 ms.

We also computed the classical pump for atoms at a finite temperature of 30 nK and 100 nK, respectively. The
initial spatial distribution of the ensemble is govern by the lattice potential of one sublattice centered at origin, which
has the lower energy at � = 0 compared to the other sublattice regardless of the Raman imbalance. The simulated
per-cycle displacements for finite temperature ensembles are shown in Fig. 4. The displacement for 30 nK sample
is rather quantized for a wide range of Raman imbalances. The displacement for the 100 nK ensemble becomes less
quantized, but the quantitative dependence on Raman imbalance is in stark contrast to the geometric pump (solid
line).

⇤
Electronic address: ian.spielman@nist.gov



Spatial structure Classical pumps: T > 0

Essential properties: Classical

2

where the two coupling fields have a opposite sign on the e
y

component due to the opposite momentum kick.
The rf magnetic field is ⌦rf = 1/

p
2[⌦rf cos(�),�⌦rf sin(�),

p
2�]. The e↵ective magnetic field in Eq. (1) of the

main text has the contributions from the above three coupling fields.

MOTION OF GROUND ADIABATIC POTENTIAL

When we linearly ramped the rf phase, we modulated the adiabatic potential periodically. Fig. 1(c) in the main text
shows the ground adiabatic potential computed at �⌦/⌦̄ = �0.1 over one pump cycle, where the stagger potentials
for the two sublattices move up and down but the lattice does not appear to move over one period. Figure 2(a) plots
the ground adiabatic potential at a large Raman imbalance of �⌦/⌦̄ = �0.7, where the lattice potential does appear
to shift by one lattice site per cycle. The underlying lattice motion can be quantified by whether the two sublattices
maintain local energy minima when changing �. We systematically compared the potentials and found the critical
Raman imbalance value is |�⌦/⌦̄| ⇡ 0.63.

For example, Fig. 2(b,c) show ground adiabatic potentials computed at � = 0.6 � 0.8⇡ for �⌦/⌦̄ = �0.62 and
�⌦/⌦̄ = �0.64, respectively. The local energy minima (solid black symbols) are shown as well. In Fig. 2(b), both
sublattices stay as local energy minima; classical particle at zero initial kinetic energy at x = 0 sublattice would
remain at the same sublattice, giving no net displacement per cycle. In Fig. 2(c), x = 0 sublattice can not maintain
local energy minima (or zero energy derivative) at � > 0.7⇡, forcing a classical particle to slide toward the next energy
minimum (x = a/2 sublattice). At � > 1.7⇡, x = a/2 sublattice can not maintain local energy minimum again, forcing
the classical particle to move to x = a sublattice.
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FIG. 2: Lowest adiabatic potentials. (a) �⌦/¯⌦ = �0.7 and � = 0� 2⇡. Curves are o↵set by an energy shift �E = �24�/⇡ER

for clarity. In the adiabatic potentials in (b) �⌦/¯⌦ = �0.62 and (c) �⌦/¯⌦ = �0.64, we label the local energy minima using

solid black circles. For both (b) and (c), the phase is computed between � = 0.6� 0.8⇡ and curves are o↵set by an energy shift

�E = �80�/⇡ER. ~(¯⌦,⌦rf) = (6, 2.2)ER.

4
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FIG. 4: Computed per-cycle displacement vs. Raman imbalance for classical ensembles at finite temperature is shown in

symbols. Ramping period for classical pump is 2 ms.
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Trajectory

Pumping 
All three trajectories

Direct observation pumping 
20 pump cycles

−1 −0.5 0 0.5 1

−0.5 0 0.5 1 1.5

−3
−2
−1

0

iii+

i+

ii+

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1

−1

−0.5

0

0.5

1

−1 −0.5 0 0.5 1

−5

0

5

−51

−45

−39

−33

−27

−21

−15

−9

−3

What else? 
Harmonic trapping: 2 ms pump period vs (m*/m) x 70 ms → 240 ms) 

Look at short time to see initial force
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Trajectory

Pumping: short time response 
All three trajectories

Direct observation pumping 
Agreement with Berry’s phase
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Conclusions 
Cold atom systems are 
• the first systems to show the topological charge pumps  
• can show new kinds of quantum charge pumping, e.g., geometric
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