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We have produced persistent currents of ultracold fermionic atoms trapped in a ring, with lifetimes
greater than 10 sec in the strongly interacting regime. These currents remain stable well into the BCS
regime at sufficiently low temperature. We drive a circulating BCS superfluid into the normal phase and
back by changing the interaction strength and find that the probability for quantized superflow to reappear
is remarkably insensitive to the time spent in the normal phase and the minimum interaction strength. After
ruling out spontaneous current formation for our experimental conditions, we argue that the reappearance
of superflow is due to weak damping of normal currents in this limit. These results establish that ultracold
fermionic atoms with tunable interactions can be used to create matter-wave circuits similar to those
previously created with weakly interacting bosonic atoms.
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Progress in understanding quantum fluids has often been
made by considering spherical, cylindrical, toroidal, or
more exotic geometries [1], and circuits built from quantum
materials have many important applications including
quantum computing. Quantum gases with periodic boun-
dary conditions provide unique opportunities for exploring
quantum many-body physics, especially where it is
possible to bias a circuit with an external flux [2,3]. One
crucial characteristic of such circuits is that they can
support quantized currents that flow without being driven
by an external power source. Persistent nonequilibrium
currents are commonly understood to occur in supercon-
ducting [4] and superfluid [5] phases, but equilibrium
persistent currents can also appear in normal conducting
phases around closed paths shorter than the coherence
length [6-8]. The current response of such circuits to
external flux often conveys important information about the
state of the system [9].

Previous experiments with multiply connected ultracold
gases have utilized weakly interacting atomic Bose-
Einstein condensates (BEC) in magnetic and optical traps
[10-17]. Experiments on ring BECs have demonstrated the
existence of metastable currents [11,13] and quantized
phase slips [18,19]. Bosonic superfluid circuits have been
constructed by incorporating Josephson junctions [20-22],
and the experimental usefulness of multiply connected
quantum gases has been demonstrated by studies of
collective-mode precession [23], spontaneous currents
[24-26], quantum turbulence [14], propagation of shock
waves [27], the stability of supersonic superfluid flows
[28,29], and more [30].

Fermionic quantum gases provide access to a rich variety
of physics distinctly different from that of purely bosonic
systems. Furthermore, magnetic fields can often be used to
continuously tune interactions between fermionic atoms
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from the weakly attractive limit where BCS pairing can
occur to the weakly repulsive limit where the atoms can
form a BEC of weakly bound molecules. Fermionic
superfluidity has been extensively studied throughout this
BEC-BCS crossover, including experimental observations
of an interaction-dependent critical velocity in three
dimensions [31], and very recently in two dimensions
[32]. Josephson junctions and quantum point contacts have
also been realized in singly connected fermionic quantum
gases [33,34].

In this Letter we report the first creation of a multiply-
connected superfluid “circuit” in an ultracold Fermi gas,
and show that it is possible to reliably create and detect
quantized currents in this system. We demonstrate that
currents can survive well into the fragile BCS regime and
examine the decay and revival of currents after quenches to
the normal phase in this limit, establishing a foundation for
other proposed experiments involving quantum gases in
rings and ring lattices [2,3,35-41].

In these experiments, we use a quantum degenerate gas
of °Li atoms in an equal mixture of the lowest-energy spin
states (jm; = —1/2,m; = 1) and |m; = —1/2,m; = 0)).
Interactions between atoms in these two states are attractive
(repulsive) at magnetic fields above (below) a broad
(> 10 mT) Feshbach resonance at 83.2 mT. To create a
persistent current, we must have a continuous (pair) super-
fluid around a closed path, which requires a trap with a
smooth ring-shaped potential minimum and cooling the
system below a critical temperature which depends on the
interaction strength and density. We created an optical ring
trap with two red-detuned laser beams, a horizontal “sheet”
beam (4 = 1068 nm, horizontal waist 290 ym, vertical
waist 7 ym) and a vertical ring-pattern beam [1 =
780 nm, average radius 12.0(1) um, radial 1/e? half-width
2.2(1) ym] (see Supplemental Material [42]).
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FIG. 1. Cross sections of an idealized model of the potential
experienced by a °Li atom in our “ring-dimple” optical trap in its
final configuration (the potential is twice as deep for molecules).
(a) Black line is the potential along a horizontal line through the
center of symmetry, transverse to the direction of propagation of
the sheet beam. The radial trap frequency for atoms away from
the ring minimum is 37(5) s~'. (b) Vertical cross section of the
trap potential at » = 0 (dashed line, blue online) and r = 12.0 ym
(dotted line, red online), as indicated by corresponding vertical
lines in (a). The vertical trap frequency is 1.5(1) x 103 s~! for
atoms near the ring potential minimum, and 1.4(1) x 10% s~!
away from the ring beam. The plot vertical range is from Uy,, =

0 at the ring minimum to the “trap-off” potential in the midplane
of the ring (1.32 uK).

The next critical requirement is to achieve and maintain
low enough temperatures to study supercurrents over a
wide range of interaction strengths. We loaded the atoms
into the ring trap with the sheet beam initially at high power
(4 W), and performed final evaporative cooling with the
magnetic field near resonance (82.0 mT) by decreasing the
sheet beam power to 40 mW while holding the ring beam
power at 0.85 mW. Evaporation occurred as molecules fell
out of the bottom of the ring region where the potential
barrier was lowest; the gravitational gradient reduced the
final evaporation depth to an estimated kz0.80(5) uK as
shown in Fig. 1(b).

After evaporation there were 1.0(1) x 10* atoms in each
spin state, paired into weakly bound molecules with strong
repulsive interactions. The chemical potential (x) was high
enough that most of the molecules were not localized to the
ring and formed a wide, thin disk in the radially weak,
vertically strong harmonic potential of the sheet beam
v, = 37(5) s7!, v. = 1.4(1) x 10° s7!]. The fraction of
the population in this “halo” increased if we subsequently
tuned interactions to the weakly attractive (BCS) limit
where y ~ E (Fermi energy). From a model of our trap we
calculated that in this limit Ep = h16(1) x 10° s7! =
kz0.77(6) uK (see Supplemental Material [42]). The radial
trap frequency for atoms (and molecules) near the ring
potential minimum was v, = 4.0(2) x 103 s7!.

The low-density halo was hardly visible in absorption
images, but easily observed in radial plots of the column
density after azimuthal averaging. Figure 2 shows averaged
results from 10 runs where the field was ramped from 82.0
to 107.4 mT before imaging the atoms in the ring. Figure 2
(a) has been cropped to show ring density variations (10%

r (um)

FIG. 2. (a) Absorption image (10 averaged) of an equal spin
mixture of °Li atoms in the trap potential of Fig. 1, with 1 x 10*
atoms in each spin state. A magnetic field of 107.4 mT has been
used to tune the scattering length to —179 nm. The density peak
isatr = 12.0(2) pm. Thisis a 50 x 50 gm region cropped from a
215 x 215 ym image. (b) Radial column density obtained by
azimuthal averaging over the full field of view. The plot is shown
vertically rescaled x10 for r > 20 ym to emphasize the broad
halo extending to r = 100 um. The black dotted line is the
expected density profile (x 10) for an ideal Fermi gas in our trap at
T = 25 nK. In region I the system is 3D degenerate, II is quasi-
2D degenerate, and III is quasi-2D thermal. Gray band: 2¢
variation of n,p(r) when calculated separately for each image in
the set.

peak to peak) in more detail. Figure 2(b) shows the column
density, n,p(r), obtained from the full-frame image by
averaging data in radial bins 1 pgm wide. Fitting the density
profile for r > 20 ym with a model of an ideal Fermi gas in
our trap potential indicated that 7 = 25(5) nK. Because
T < hv,/kg = 72 nK, we accounted for the crossover from
3D to quasi-2D in the outer regions of the halo (see
Supplemental Material [42]). The best fit of this model
to the data for » > 20 um is shown in Fig. 2(b) as a dotted
black line.

When we ramped from 82.0 to 68.0 mT (BEC regime)
we found that n,p for » > 20 um had the Gaussian profile
expected for a thermal gas of molecules at 90(3) nK.
Temperature changes are expected for isentropic interaction
ramps because the temperature dependence of the entropy
is different in the BEC and BCS limits [43]. The minimum
temperature we observed in the BCS regime was likely
limited by heating due to hole creation by collisions with
background gas molecules [44]. Fermionic systems are
especially sensitive to heating at low temperatures.
Retaining a large part of the population in a low-density
halo increases the average heat capacity per particle and
reduces the heating rate, which was important for the
experiments described below.

Our general procedure for creating persistent currents
and studying their stability in the BCS regime was the
following: We prepared a strongly interacting molecular
BEC at B = 82.0 mT as described above, then initialized
the current state by stirring with a blue-detuned laser beam
that created a localized repulsive potential. We then
changed the interaction strength adiabatically by ramping
the magnetic field up to the BCS regime, then ramped back
to 82.0 mT. Finally, we ramped to the BEC regime and used
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FIG. 3. Evolution of a molecular BEC during the last part of the
procedure for measuring the current state of the ring. (a) Absorp-
tion image showing the vertical column density after relaxing the
ring confinement and sweeping the magnetic field from 82.0 to
68.3 mT to lower the interaction energy. (b)—(d) Evolution of the
density profile after the optical trap is shut off, for 1.5, 3.5, and
5.5 ms time of flight. Radial magnetic lensing improves the
signal-to-noise ratio in detecting the vortex core associated with
the persistent current. Each image is from a separate realization of
the experiment.

a self-interference technique to determine the final current
state of the ring.

It was challenging to adapt the supercurrent detection
procedures developed with ring BECs [19,22,23,45-47] to
rings of strongly interacting light fermionic atoms. Lower
condensate fraction in fermionic systems, rapid expansion
due to the high chemical potential, and pair breaking in the
BCS limit all reduce coherence and the signal to noise ratio
in images. These procedures were most effective in the
BEC limit after lowering the interaction energy as much as
possible. While the field was still at 82.0 mT, we relaxed
the radial confinement by lowering the ring beam power to
5% of its initial value over 100 ms, changing the profile of
the cloud to that of Fig. 3(a). This transformed a current
with winding number ¢ into ¢ singly charged vortices in
the central region that were too small to detect optically. We
then swept the magnetic field from 82.0 to 68.3 mT in
20 ms, reducing the scattering length by 96%. (Ramping to
even lower field caused the three-body loss rate to become
too high during the detection procedure.) Next, we turned
off the trap and allowed the atoms to evolve for 5.5 ms in a
magnetic field with a weak radial curvature. This caused
radial focusing, which increased the signal-to-noise ratio in
the absorption image taken at the end, using the |m; =
—1/2,m;=1) - |my==3/2,m; =1) transition.
Figure 3 shows typical evolution of the density profile
for a system prepared in an || = 1 current state. The single
hole indicates the presence of a single vortex [48].

In this Letter we initialized the current state by stirring
[18,49], but note that phase imprinting is also possible
[11,19,50,51] and was demonstrated with fermions by
another group recently [52]. In our system spontaneous
currents often appeared during initial formation of the
molecular BEC, and stirring allowed deterministic prepa-
ration of a selected current state even when the initial
current state was uncertain, which is not possible with
phase imprinting. We created a repulsive stirring potential
with a steerable blue-detuned beam [A = 635 nm, radius
6(1) um]. To initialize the system in a zero-current state,

we kept the beam stationary at one point on the ring,
increased the laser power linearly over 100 ms until the
peak of the repulsive potential was around 1.5 u, held for
100 ms, then ramped the beam off in 100 ms. After this
procedure the probability of detecting a nonzero current
was 0.00f8.'8§ (uncertainties are lo Bayesian binomial
confidence intervals [53]).

To create a current we accelerated the stirring beam
around the ring at 100 rad/s® up to a maximum angular
velocity that we held constant for 300 ms, then ramped the
beam power off linearly in the final 100 ms. The angular
frequency of a quantized current of pairs with wind-
ing number ¢ in our ring was £Qy = £h/(m,;R*) =
272¢5.83(2) rad - s7!. The probability of creating an # =
1 current (P,_,) became significant for stirring frequencies
near 0.5 , increasing to =~1 above 0.7 Q,. We have
created higher current states by stirring at higher angular
velocities, but focus here on creation and decay of the
£ =1 state.

In our system T7/T,. < 0.5 over a significant range of
interaction strengths near resonance, and under these
conditions persistent currents survived for up to 10 sec,
limited by losses from background gas collisions (1/e
lifetime 12 sec) or three-body collisions. (When losses
reduced the total atom number below 10* we could no
longer distinguish vortices from thermal density fluctua-
tions using the detection procedure described above.) When
ramping into the BCS regime 7', falls exponentially, and
thermally activated phase slips to lower energy states
should occur as T/T,. — 1 at the weakest point of the ring
[54-56]. We estimated the local Fermi temperature at that
point to be 7% = 0.69(1) uK and the inverse Fermi wave
number was 1/k}. = 0.24(1) ym. Neglecting small correc-
tions due to trap confinement [57], the expected critical
temperature for the superfluid transition is 7.~
0.277T e~"/*krlal [58]. Given our measurement that 7 =
25(5) nK in the BCS limit, the superfluid density should
vanish at the weak point of the ring when B =
106(3) mT [—1/kpa = 1.3(1)].

To characterize the decay of the current around this
interaction strength, we prepared the system in the £ = 1
current state at B; = 82.0 mT, swept the magnetic field in
100 ms to a value B, in the BCS regime, then swept back
to B; in 100 ms before measuring the final current state.
This sweep rate is slow enough to be adiabatic, causing no
detectable excitation of collective modes. We found that the
current did not decay for B, < 98.0 mT (—1/kfa < 1).
The data in Fig. 4 show the decreasing probability of
detecting an £ = 1 current (P,_,) for B, from 98.0 up to
107.8 mT (our technical limit). The decrease of P,_; over
the range from 98.0 to 105 mT is consistent with expect-
ations that the rate of decay via thermally activated phase
slips increases as T/T. — 1 [54-56,59]. In the [ =1
current state, the kinetic energy of the pairs is small enough
(mv?/kgT < 0.01) that its contribution to pair-breaking
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FIG. 4. Probability of detecting an # = 1 current after preparing
the superfluid ring in that state near resonance (82 mT) then
ramping the interactions into the BCS regime and back. The
horizontal axis is the maximum magnetic field (B,,,,) used in the
ramp (lower scale) and the interaction parameter —1/ka (upper
scale) where a is the scattering length and 27/k}, = 1.49 ym is
the local Fermi wavelength at the “weak point” of the ring. Black
squares represent 16 runs averaged, where B was ramped up and
down in 0.2 ms with no hold time at B,,,. Triangles are data (10
runs each point) obtained when holding at B, for 0.1 s (upright,
blue online) and 0.2 s (inverted, red online), and are horizontally
offset (from squares) for clarity. Uncertainties are 1o Bayesian
binomial confidence intervals [53].

and current decay via phase slips should be negligible
as T/T, — 1.

Because our detection procedure requires ramping back
to the BEC limit, interpretation of the data when any part of
the ring is quenched to the normal phase requires consid-
eration of spontaneous current formation, the damping of
the normal current, and the effect of thermal phase
fluctuations. Spontaneous currents can appear during
sufficiently rapid merging of independent superfluid
regions [24,60]. This can occur if there is significant
azimuthal variation in the ring potential minimum [26],
or via the Kibble-Zurek mechanism during a fast quench to
the superfluid phase [25,61]. To determine whether sponta-
neous current formation was significant for our experi-
mental conditions we prepared the atoms in the # = 0 state
and measured the final current state after similar ramps to
the BCS regime. The probability of observing £ # 0 was
0.04f8'8f, indicating that the nonzero probabilities in Fig. 4
can be attributed to initializing the system in the £ =1
current state.

When a normal fluid circulating around a ring is driven
into a superfluid phase, it will most likely form in the
quantized current state that minimizes the free energy
[62,63]. When phase fluctuations are small the distribution
of final current states is sharply peaked, with the probability
of one state near unity. Large phase fluctuations broaden
the distribution and make the result nondeterministic.
When B, is high enough that the ring is broken by a
region in the normal phase, damping of the current (and
excitations in the remaining superfluid) should cause P,_,

to fall to zero eventually. For linear ramps up to B, and
immediately back down, P,_; did not fall to zero and was
nearly the same for the highest three values of B,,,, with an
average value of 0.35’:8:867 (see Fig. 4).

To obtain more information about the timescale for
damping we repeated the procedure, adding a hold time
of either 0.1 or 0.2 s at the highest values of B, (see offset
data in Fig. 4). Again, P,_; did not fall to zero, and the
dependence on B,, was weak (0.04 +0.1 /mT for the
three highest values of B,,,,, similar for 0.1 and 0.2 s hold).
For a 0.1 s hold, the average value of P,_; for the three
highest values of B, was P,_; = 0.201“8_'82 . For 0.2 s it
was 0.241’8‘82 . Fitting to these average values for each hold
time, the estimated decay time was 0.5 s, with a 1o lower
bound of 0.25 s. This is longer than our ramp times, and
much longer than the few-millisecond timescale for sound
to propagate around the ring. We did not systematically
investigate longer hold times because heating was non-
negligible and we could no longer treat the temperature as
nearly constant. The most plausible explanation for the data
at the right of Fig. 4 is that the average total current
remained significantly greater than zero even when part of
the ring was driven normal, and thermal phase fluctuations
and/or long-wavelength excitations in the superfluid broad-
ened the distribution of final current states after the
superfluid ring reconnected. It should be possible to study
these current decay and reconnection dynamics in detail in
future experiments using interferometric techniques in a
“target” or double-ring trap configuration [22].

In conclusion, we have studied persistent currents in a
fermionic matter-wave circuit across a range of interaction
strengths. We initialized the system in a selected current
state and detected single-quantum changes in the current
state. We maintained low enough temperatures for super-
currents to survive well into the BCS regime and found that
the potential was smooth enough for normal currents to be
relatively long-lived. These results also provide a frame-
work enabling future studies of transport and nonequili-
brium phenomena in rings of ultracold fermionic atoms.
We observed spontaneous currents for faster interaction
ramps, indicating an opportunity to study the Kibble-Zurek
mechanism with fermions [64] in the annular geometry
originally proposed by Zurek [65]. In a spin-imbalanced
ring of fermionic atoms it may be possible to create 7-
Josephson junctions [66] and search for evidence of
unconventional spin-polarized superfluid phases [36,67].
Finally, the tight transverse confinement achieved in these
experiments could be increased to realize quasi-2D and 1D
rings of fermions with tunable interactions, where non-
Fermi-liquid behavior is expected and parity effects can be
significant [3].
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