
Feshbach resonance, in the unitarity limit where the scattering length
diverges, a substantial part of this filling is due to so-called Andreev
bound states, localized fermionic states bound to the soliton, also
known to reside inside vortex cores2. Here, the gas density in the vici-
nity of the soliton is predicted to be suppressed by 80% of the bulk
density, as opposed to 100% for solitons in BECs.

In the BCS limit of weak attractive interactions, the BdG equations
reduce to the Andreev equation, a Dirac equation where the pairing
gap D(z) plays the role of a spatially varying mass coupling particles
and holes3 (see Supplementary Information). The same equation des-
cribes solitons in conducting polymers5. The solution for the pairing
gap is known5 to be D(z) 5 D0 tanh(z/jBCS), as in the BEC limit, that
is, it is again represented by Fig. 1a but with j 5 jBCS, the BCS cohe-
rence length. The density profile of the localized state in Fig. 1a here
represents the fermionic Andreev bound state, as opposed to the den-
sity of uncondensed bosons in the BEC regime. Solitons in the BCS
regime are expected to be essentially completely filled in. Indeed, in this
limit of long-range overlapping Cooper pairs, only a minute fraction
of particles near the Fermi surface takes part in pairing, and the reduc-
tion of the pairing gap at the soliton affects the density only very weakly.

Creating solitons in a fermionic superfluid
The creation of solitons in a strongly interacting fermionic superfluid
poses several challenges. First, a superfluid with a soliton is not in its

ground state, so the temperature of the gas has to be low enough for
the soliton not to decay rapidly into thermal excitations. Such dissipa-
tion can proceed through collisions of the soliton with sound waves,
leading to its acceleration. When the soliton reaches a critical velocity,
it is expected to decay into phonons or, in the case of fermionic super-
fluids, pair excitations27,28,30. Second, solitons can generally decay into
vortices via the so-called snake instability13,15,31,32. In the case of weakly
interacting BECs in elongated traps, stability requires the chemical
potential m of the condensate to be not much larger than the transverse
confinement energy31. For a Fermi gas, this would require a quasi-one-
dimensional geometry where the transverse cloud width is one inter-
particle spacing. As we show below, this is not necessary. Last, for strongly
interacting superfluids, it is a priori not obvious that solitons are stable
against quantum fluctuations10,21–25,33.

Here we create and observe long-lived solitons in a strongly inter-
acting fermionic superfluid of 6Li atoms near a Feshbach resonance.
Solitons are created via phase imprinting (see Fig. 1b), a technique
successfully employed for weakly interacting Bose condensates11,12,14.
The superfluid containing typically ,2 3 105 atom pairs is prepared
in an elongated trap with cylindrical symmetry (axial and radial trap-
ping period respectively Tz 5 45–210 ms and TH 5 14 ms) and tun-
able aspect ratio l 5 Tz/TH (ref. 7). A green laser beam far detuned
from the atomic resonance is masked to shine on one half of the
superfluid. In a time t, the applied potential U, as experienced by a
single fermion, advances the phase of the superfluid order parameter
in the exposed region by Dw 5 2Ut/B relative to the unexposed region.
The time t < 35 ms is experimentally adjusted in order to create one
high-contrast soliton.

In the strongly interacting regime, the soliton does not cause a den-
sity depletion within our resolution. However, it is tied to a phase twist
in the pair wavefunction. As in the case of vortices34, the pair wave-
function can be directly observed via a rapid ramp to the BEC side of
the Feshbach resonance. The ramp converts large fermion pairs into
tightly bound molecules, empties out the soliton cores and increases
the soliton width to the final healing length !1

! ffiffiffiffiffiffiffiffiffiffi
nMaf
p

, where af is
the scattering length at the final magnetic field and nM the density of
molecules. The rapid ramp followed by time-of-flight expansion thus
enhances the soliton contrast and acts as a magnifying glass (for details,
see Supplementary Information).

Figure 1c and d report the observation of solitons in a fermionic
superfluid prepared at 815 G (close to the 832 G Feshbach resonance)
for various hold times following the phase imprint. Here, the inter-
action parameter at the cloud centre is 1/kFa 5 0.30(2), where a is the
scattering length and kF 5 (3p2n)1/3 is the Fermi wavevector, related
to the total central fermion density n and the Fermi energy EF~
h!2k2

F

!
2m. Figure 1c shows the optical density in absorption images

taken after time of flight and the rapid ramp to ,580 G, while Fig. 1d
displays residuals obtained by subtracting a smoothed copy of the
same absorption image. The optical density contrast of solitons is
about 10% (see Supplementary Information). A sequence of radially
integrated residuals as a function of time is displayed in Fig. 1e, dem-
onstrating the soliton to be stable for more than 4 s or 100,000 times
the microscopic timescale B/EF, the Fermi time. This establishes that
solitons in fermionic superfluids can exist as stable and long-lived
excitations that do not decay despite strong quantum fluctuations.

Soliton oscillations
The solitons are observed to undergo oscillations in the harmonically
trapped superfluid, demonstrating their emergent particle nature. The
motion is to a high degree deterministic, as soliton positions for different
realizations of the experiment at varying wait times lie on the same
classical sinusoidal trajectory. The force on the soliton is provided by
the trapping force experienced by the atoms missing in the soliton,
Nsmv2

z z:Mv2
z z, where vz 5 2p/Tz, jNsj is the number of missing

atoms, and M 5 Nsm , 0 the bare mass of the soliton. M is negative
as the soliton is a density depletion. Introducing the effective, or
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Figure 1 | Creation and observation of solitons in a fermionic superfluid.
a, Superfluid pairing gap D(z) for a stationary soliton, normalized by the bulk
pairing gap D0, and density n(z) of the localized bosonic (fermionic) state versus
position z, in the BEC (BCS) regime of the crossover, in units of the BEC healing
length (BCS coherence length) j. b, Diagram of the experiment. A phase-
imprinting laser beam twists the phase of one-half of the trapped superfluid by
approximately p. The soliton generally moves at non-zero velocity vsoliton.
c, Optical density and d, residuals (optical density minus a smoothed copy of the
same image) of atom clouds at 815 G, imaged via the rapid ramp method34,
showing solitons at various hold times after creation. One period of soliton
oscillation is shown. The in-trap aspect ratio was l 5 6.5(1). e, Radially integrated
residuals as a function of time revealing long-lived soliton oscillations. The soliton
period is Ts 5 12(2)Tz, much longer than the trapping period of Tz 5 93.76(5) ms,
revealing an extreme enhancement of the soliton’s relative effective mass, M*/M.
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