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Atomtronic multiterminal Aharonov-Bohm interferometer
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We study a multifunctional device for cold atoms consisting of a three-terminal ring circuit pierced by a
synthetic magnetic flux, where the ring can be continuous or discretized. The flux controls the atomic current
through the ring via the Aharonov-Bohm effect. Our device shows a flux-induced transition of reflections from
an Andreev-like negative density to positive density. Further, the flux can direct the atomic current into specific
output ports, realizing a flexible nonreciprocal switch to connect multiple atomic systems or sense rotations.
By changing the flux linearly in time, we convert constant matter wave currents into an ac modulated current.

This effect can be used to realize an atomic frequency generator and study fundamental problems related to
the Aharonov-Bohm effect. We experimentally demonstrate Bose-Einstein condensation into the light-shaped
optical potential of the three-terminal ring. Our work opens up the possibility of atomtronic devices for practical

applications in quantum technologies.
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Precise control over quantum systems has led to the rapid
development of quantum technologies for applications in
quantum simulation [1], quantum communication [2], and
metrology [3]. These latter fields are fundamental to atomtron-
ics [4], an emerging quantum technology of propagating cold
atoms in matter-wave circuits [3—5]. Inspired originally by
electronics, atomtronics exploits the advancement in optical
traps and cooling to precisely move ultracold atoms to realize
novel and practical quantum devices [6-9]. Indeed, simple
atomtronic circuits with Bose-Einstein condensates (BECs)
or degenerate fermions that mimic classical transport have al-
ready exhibited interesting physics with potential applications
[10-22].

The construction of atomtronic circuits requires an in-
depth understanding of cold-atom transport both theoret-
ically and experimentally [1,16,23-28]. Analogs of one-
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dimensional mesoscopic conductors also have been investi-
gated [29-33], with transport now possible over macroscopic
distances [34]. In particular, BECs trapped in ring shaped
potentials [35-38] and Y-shaped junctions [7,39,40] augurs
potential practical applications due to its subtle similarity to
integrated photonic chips.

A promising geometry for cold atom devices is the ring-
shaped circuit. Such systems can exhibit superfluid current
flows [20,41-43] and can realize effective two-level dynamics
for a potential atomtronic qubit [44,45]. Here, the transport
can be controlled by the Aharonov-Bohm effect where the
magnetic flux through the ring changes the interference of
matter [46]. The static Aharonov-Bohm effect controls the
conductance in mesoscopic electronic rings [47-50], while
the nature of the time-dependent Aharonov-Bohm effect is
still controversially discussed [51-54]. Through the applica-
tion of suitable synthetic fields [19,20,55-59], cold atoms can
harness the Aharonov-Bohm effect with a high degree of con-
trol and coherence that is difficult to reach in other systems.
An important example is the transport through two-terminal
Aharonov-Bohm rings with bosonic atoms [37,39,40].

Here, we study the transport in a three terminal circuit
in which a bosonic condensate is guided from a source lead
through a Aharonov-Bohm ring attached to two drains—
see Fig. 1(a). We simulate this system with extensive leads
coupled to a continuous 2D ring or a discretized ring of
three sites. We show an experimental demonstration of the
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FIG. 1. (a) Three-terminal Aharonov-Bohm circuit with source lead (left) attached to a ring with two drain leads (right). A synthetic
Aharonov-Bohm flux €2 through the ring controls the current flowing from source to the drains, which can be used for multiple functionalities.
(b) An initial experimental demonstration of the setup with a BEC. 6 x 10* rubidium atoms are cooled to 50 nK by atom evaporation into an
optical potential created by a DMD. We show the in sifu atomic density measured with absorption imaging. (c) Potential of a two-dimensional
ring-lead system simulated with GPE with ring diameter R = 30 um. (d) Sketch of lattice ring-lead system for Bose-Hubbard simulations.
Source and drain leads consist of an extensive number of lattice sites, connected to an L = 3 site ring.

continuous setup by loading a Bose-Einstein condensate
(BEC) of ¥Rb atoms in a digital micromirror device (DMD)
generated optical potential—see Fig. 1(b). We demonstrate
that our scheme provides a useful concept for a multifunc-
tional device. The applications of our work are summarized in
Fig. 2. We show that our system can (i) control density waves,
(ii) realize a nonreciprocal switch and sense rotations, and (iii)
convert a direct current (dc) matter-wave into an alternating
current (ac) modulation of the dc matter wave.

We first introduce the system together with an experimental
demonstration of the setup. We then analyze the low energy
and highly nonequilibrium dynamics of the system as well as
the dynamics under a time-dependent driving of the flux. We
finally discuss the applications of our work.

Model. A sketch of the three-terminal ring pierced by flux
2 is shown in Fig. 1(a). We experimentally demonstrate the
feasibility of this setup by loading a BEC into a static opti-
cal potential generated by a digital micromirror device [see
Fig. 1(b) and the Supplemental Material (SM) F [60] for
details]. In the dilute limit with weak interactions, we simulate
the setup with the 2D Gross-Pitaevskii equation (GPE)

. _ _i 2 2 2
ihd, Y = 2m(a,c+a‘y)+V(ac,y)+gzDN|w + oL, |V,

where ¢ = ¥ (x,y,t) is the wave function, m is the mass
of the atoms, g,p is the atom-atom interaction strength for
rubidium atoms in two dimensions [61], w is the rotation of
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FIG. 2. Applications of three-terminal cold atom Aharonov-
Bohm circuit. (a) Control reflections of density waves from negative
(Andreev-like) to positive with flux €2. (b) Directional switch of the
current to one of the output terminals by adjusting €2, which can also
be used as a rotation sensor. (c) Atomic frequency generator with
a sinusoidal output current 7 (¢) of period T by linearly increasing
Q(t) =t/T in time or via a periodic ramp.

the system to induce flux, L, = —i(xd, — yd,) is the angular
momentum operator, and N is the number of atoms. The
potential V (x, y) is shown in Fig. 1(c).

In the limit where leads and ring are strongly confined,
we can treat the system as effectively one dimensional. Here,
we simulate this system numerically for different interaction
strengths with the Bose-Hubbard model by dividing the sys-
tem into the source lead, two drain leads, and the ring with
L sites [see Fig. 1(d)]. The source lead s and the two drains
b, ¢ are connected to the ring in a symmetric manner with
xs =1, x, = L/3, and x. = 2L/3. We choose an extensive
number of source and drain sites, while the ring is assumed
to be small with L = 3 sites. The system Hamiltonian H =
H, + H;, + H,; with N bosons is given by

L
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where a; (&;) is the bosonic annihilation (creation) operator

at site j on the ring, A; = &;& ; is the corresponding number

operator, J is the intraring coupling strength, and U is the
interaction strength of the ring. We impose periodic boundary
conditions in the ring d;4; = &;. For the leads, &; is the
annihilation operator, 77 the number operator, L, the number
of sites, U, the interaction strength, and J, the intrareservoir
couplings for the source and drains with « € {s, b, c}.

Q(¢) represents the flux through the ring which can be
dependent on time ¢. This flux can be generated for neutral
atoms via rotation, where the Coriolis flux mimics the effect of
the magnetic field [20,62]. A suitable approach is to rotate the
whole potential with rotational frequency w = ,ff—lfz, where R
is the radius of the ring, yielding w = 5.1<2 Hz for the param-
eters of Fig. 1(b) [20,35]. The undesired centrifugal potential
can be removed with the correction potential V (r) = %a)2r2,
where r is the distance to the rotation center. As an alter-
native approach, synthetic magnetic fields can be achieved
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FIG. 3. Dynamics of low-energy excitations in a three-terminal
ring device for L = 3 ring sites. (a) Change of density relative to
average density An(t) = (n(t)) — ng as a function of time and sites of
source, ring, and drain 1 and 2 for Q2 = % + k, where k is an integer.
The forward propagating wave is transmitted into the drains, as well
as reflected back into the source. (b) An in source (bottom) and first
drain (top) measured at positions shown as dashed lines in (a). We
show N = 80 hard-core bosons withJ = 1, K = 0.5 and in total L =
160 lattice sites (L = 3, Ly = 79, and L, = L. = 39).

by counterpropagating Raman beams [56,57] or driving the
optical potential in time [63], which has been demonstrated
for lattice systems [64]. Due to flux quantization in the ring,
the spectrum of H(S2) is periodic with 2 — Q + k, k being
integer, with the flux quantum set to 1. The current operator
between lead « and ring is given by J, = —iK(&I&xa —H.c.).

Low-energy dynamics. First, we study the dynamics close
to the ground state using the Bose-Hubbard model. We perturb
the local potential in the source H, = —¢; Zf;l exp[—(j —
D)2/202]ﬁj, withD = L,/2,0 = 2, and €; = 0.3, We prepare
the ground state of the Hamiltonian H + H,, where now H,
leads to a locally raised density in the source. Atz > 0, we
evolve the system with H only, resulting in two density waves
traveling in positive and negative direction (the negative di-
rection can be ignored for a sufficiently large source). We
investigate the change in density An(t) = (n(t)) — ng, where
ng is the average density. The dynamics is calculated using
matrix product states with the ITensor library [65]. In Fig. 3(a)
we show An(t) for Q = le + k as a function of time ¢ and
the sites of source, ring, and drain (see SM B [60] for other
values of €2). The forward propagating density wave moves
from the source to the ring, then is transmitted into the drains
as well as reflected back to the source. For any value of
Q the transmission into drain 1 and drain 2 is nearly the
same. We show the density An at a fixed site in source and
drain in Fig. 3(b). The transmission is maximal for Q =k
and minimal for Q = % + k. We observe identical results for

Q= % +kand Q = % + k, which is the result of an emergent
reflection symmetry 2 — —. We find that the reflection into
the source at a specific time ¢, [t, ~ 27 in Fig. 3(b)] changes in
nature with Q. For 2 = k we find a clear negative reflection,
which is a hallmark of Andreev reflections. With increasing
2, the Andreev reflections turn into positive reflections.
Dynamics far from ground state. We investigate the dy-
namics when the system is far from the ground state via a
quench protocol. Atz > 0, the filled source lead injects atoms
into the initially empty ring and drains. We study this highly
nonequilibrium setting for zero, weak, and infinite interaction.
In the limit of zero interaction U = 0, we describe the
dynamics with the Landauer formalism as explained in SM

A [60], which yields a transmission of

1 — V2 +2i(2v/2 = 3) exp[—in 2Q + )] ?

G, = 16
¢ 62 — 46+3/2 + 2i cos[r (29 + )]

2

into the respective drains « € {1, 2}. The resulting transmis-
sion and reflection of the system is shown in Fig. 4(a). For
Q= % we have unit transmission into drain 1 and zero trans-
mission into drain 2, while for Q = % the dynamics of the
drains is interchanged. Thus tuning €2 can direct the current
either into drain 1 or drain 2, realizing a perfect nonreciprocal
switch with zero backreflection.

Next, we investigate the system in the dilute limit with the
continuous 2D GPE [66]. In Fig. 4(b), we find that physically
rotating the setup with © modulates the average fraction of
atoms in the drains. The flux dependence of the current arises
from interference patterns in the ring, which are modulated
by €. Increasing interaction leads to smaller interference
patterns, which reduces the flux sensitivity. Due to the finite
width of the ring and the radial dependence of the flux, we find
that the system is not perfectly periodic with 2 in contrast
to the one-dimensional case. By reducing the width of the
ring and leads we expect that the symmetry can be restored.
Further details are shown in SM G [60].

Now, we investigate the limit of strong interaction with
hard-core bosons, where each lattice site occupies at most one
boson. We use L = 3 ring sites and simplify the source and
drain leads by tracing out all of their sites except the very
first one coupled to the ring (3;, by, and ;). The dynamics
of the reduced density matrix p(¢) within the Born-Markov
approximation is described by [39,67]

d i 1
= =2 H ol = 3 Y (Ll o)+ ) LupL ()
m m

with the Lindblad operators L; = Bsﬁi, L, = BbBI, Ly =
B.¢1, and coupling strength B,. L; describes bosons entering
the system at the source site and L, L3 atoms leaving to
the respective drains. We solve for the steady-state pg via
0pss/0t = 0[68]. In Fig. 4(c) we show the steady-state current
J(L2). The current in drain 1 and 2 varies strongly with €2,
allowing for directional control into either drain. The source
current shows a transition from being flux independent to flux
dependent with intraring coupling J (see SM C [60]).

Time-dependent flux. The flux Q(¢) = /T is now linearly
increased in time by one flux quantum for one period 7. As a
result, the current undergoes a periodic modulation. For ¢ > 0,
we inject atoms via the source into the initially empty ring and
drains for the lattice Bose-Hubbard model. We show the case
of T = 2.8 in Fig. 5(a). The current undergoes initial transient
dynamics until it settles into periodic sinusoidal oscillations,
where the currents in the two drains are shifted by 7' /2. The
drain current oscillates between close to 0 and nearly the
magnitude of the source current. Thus this device realizes
a form of atomic dc/ac converter where a constant source
current converts into ac modulated currents.

We investigate the conversion efficiency C =
A Tirain/Max(Jsource) Of the dc/ac converter as a function
of T and J in Fig. 5(b). C =1 indicates that the
amplitude of the drain current oscillation matches the
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FIG. 4. Transport through a three-terminal device for the nonequilibrium setting and different interaction strengths. (a) Landauer formalism
for noninteracting bosons. We show the total transmission and reflection of the system, as well as the transmission into drain 1 and 2 as a
function of flux Q. (b) Atom fraction »n in the drain averaged over time r = 400 ms for a continuous ring-lead system with the 2D GPE.
N = 2000 atoms are initially prepared in the source and evolved in the potential shown in Fig. 1(c), where the physical rotation frequency is
given by w = %. (c) Steady-state current 7 for hard-core bosons and L = 3 ring sites as a function of flux Q for/ =1,L =3, K =1, and

B, =Bg = 1.

source current. We define the drain current amplitude
AT grain = maxr/T>>lu7drain(t) - mint/T>>1«7drain(t) and the
maximal source current max(Jsource) = Max; /71 JTsource (),
where we take the maximum over the long-time behavior
t/T > 1. For small T, the driving is much faster than
the system dynamics which suppresses large oscillations.
For large T, the driving is much slower than the system
dynamics, causing it to be dominated by the properties of the
instantaneous steady state as a function of 2 (see SM D [60]).
We find a sweet spot in the regime of intermediate 7 ~ 2.8
with C =~ 0.88 for J = % While increasing the flux linearly
might be experimentally difficult, similar results can achieved
by a simple periodic modulation between 2 =0 and Q = 1
as shown in SM E [60].

Discussion. We propose a multifunctional atomtronic de-
vice with a three-terminal ring circuit. We study the setup with
a continuous potential as well as a lattice with L = 3 ring sites
and extensive leads. In the low-energy regime for the lattice
setup, transport through the device is realized with density
waves. The flux controls the conductance of the source-ring
interface yielding a maximal current for 2 = 0 and minimal
for Q = % By tuning €2, our setup controls the type of reflec-
tion with a crossover from negative Andreev-like to a normal

(a) —source —drain 1 —drain 2 | (b) 1-00
A
0.4 0.75- N '-.
) Q 0.50
0.2
0.25-
—J=02¢24/=04 /=08
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T T T 0.00 T T T T
0 10 20 0.0 2.5 5.0 7.5 10.0

t

FIG. 5. Time-dependent flux 2(¢) for L = 3 ring sites. (a) Cur-
rent J(¢) in time ¢ for a linearly increasing flux Q(¢) =¢/T with
driving period 7 = 2.8 and J = % (b) dc/ac conversion efficiency
C = AJdrain/ {Tsource) measured as the drain current amplitude rel-
ative to the average source current against driving period T of the
flux Q(t) =t/T. We have hard-core bosons with L = 3, K = 1, and
B, = 1.

one. This effect opens up another way to control the transport
of density waves, as well as detect flux in the system. The
value of flux can be obtained by measuring the reflection,
with positive reflection indicating a value of flux close to half
integer. While we studied Andreev reflections of relatively
small density waves, given its wave origin and persistence in
the GPE regime [39], we expect larger density waves to show
similar behavior [69]. The density wave in lattice systems
can be read out via the in sifu atom density with state-of-
the-art atom microscopes [70]. For the low-energy transport,
the transport is carried by collective density wave excitations
of the atomic condensate. In contrast to the nonequilibrium
regime, the flux controls only the magnitude, but not the
direction of the current into the leads. For a 1D Bose-liquid
ring coupled to two leads, the low-energy current is known to
be independent of flux [71]. Here, only the persistent current
within the ring couples to the flux, while the transmission is
flux independent. For low-energy currents, we believe this is
also true for three lead systems, yielding the observed nondi-
rectional currents. However, finite-size effects can change the
effective coupling strength between ring and leads [71]. Flux
causes substantial shifts of the energy levels in small rings,
likely leading to a decreased effective ring-lead coupling and
transmission for half flux.

Far from the ground state, the system is characterized by
a substantially different dynamics. We analyze the dynamics
for continuous noninteracting (Landauer formalism), dilute
(continuous 2D GPE), and discrete strongly interacting limit
(Bose-Hubbard lattice with Lindblad). The flux controls the
direction of the current in all three regimes. Our work shows
that control over the directionality is robust, appearing for
zero, weak, and strong interactions, as well as for exactly one-
dimensional and finite two-dimensional systems. By choosing
the flux around Q = (2k + 1)/4, k being integer, we find
a nonreciprocal behavior where we can direct the flow into
either of the drains. With this effect we can switch the matter-
wave between different output terminals to realize a transistor
or a rotation sensor.

By sweeping the flux in time, the matter-wave experi-
ences a time-dependent Aharonov-Bohm effect. This could
be experimentally achieved by a constant acceleration of the
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rotation affecting the ring or ramping the flux periodically
up and down. This driving generates a sinusoidal modulation
of the current in time. As a result, a constant source current
is converted into an ac modulated current in the drains. We
control the frequency and amplitude of the modulation via
the change of the flux, with maximal conversion efficiency
C =~ 0.88. In a reverse operation, this remarkable feature can
be used as a sensor for time-dependent rotations €2(¢) by
measuring the frequency of the current.

The time-dependent flux also allows us to study the
time-dependent Aharonov-Bohm effect with cold atoms in
a controlled environment, which has remained an open
problem in other systems [51-54]. Depending on the cold-
atom implementation, additional terms can appear in the
effective Hamiltonian for the time-dependent driving of
the flux, which have to be carefully studied in future
work.

We provide the cold atom system that integrates switch-
like and frequency generating capabilities. Our work relies
on current experimental capabilities of the field, where we
experimentally demonstrate the feasibility of the parameters
of our simulations. Note that our setup is a special case of
a much larger class of possible atomtronic setups. Inspired
by vast applications of classical ring wave guides for elec-
tromagnetic fields [72-74], analogous atomtronic devices for
directional couplers, frequency filters, or wave splitters could
be designed. We hope to draw attention to this rich field for ap-
plication in cold atom technologies, which to our knowledge
has been barely explored.

We thank many participants of the Atomtronics conference
in Benasque for fruitful discussions. This work is supported
by the Singapore Ministry of Education (MOE) and the Sin-
gapore National Research Foundation (NRF).
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