7% UNIVERSITE
DE GENEVE

Archive ouverte UNIGE

https://archive-ouverte.unige.ch

Article scientifique 2023 Published version

This is the published version of the publication, made available in accordance with the publisher’s policy.

Huang, Meng-Zi; Mohan, Jeffrey; Visuri, Anne-Maria; Fabritius, Philipp; Talebi, Mohsen; Wili, Simon;
Uchino, Shun; Giamarchi, Thierry; Esslinger, Tilman

How to cite

HUANG, Meng-Zi et al. Superfluid Signatures in a Dissipative Quantum Point Contact. In: Physical
review letters, 2023, vol. 130, n° 20, p. 200404. doi: 10.1103/PhysRevLett.130.200404

This publication URL:  https://archive-ouverte.unige.ch/unige:174335
Publication DOI: 10.1103/PhysRevLett.130.200404

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:174335
https://doi.org/10.1103/PhysRevLett.130.200404

PHYSICAL REVIEW LETTERS 130, 200404 (2023)

Superfluid Signatures in a Dissipative Quantum Point Contact

Meng-Zi Huang S Jeffrey Mohan T Anne-Maria Visuri®,? Philipp Fabritius ,! Mohsen Talebi®,' Simon Wili®,'

Shun Uchino®,’ Thierry Giamarchi ,* and Tilman Esslinger
Unstitute for Quantum Electronics, ETH Ziirich, 8093 Ziirich, Switzerland
2Ph)m'kalisches Institut, University of Bonn, Nussallee 12, 53115 Bonn, Germany
*Advanced Science Research Center, Japan Atomic Energy Agency, Tokai 319-1195, Japan
4Departmem‘ of Quantum Matter Physics, University of Geneva, 24 quai Ernest-Ansermet, 1211 Geneva, Switzerland

® (Received 6 October 2022; revised 13 February 2023; accepted 13 April 2023; published 19 May 2023; corrected 25 August 2023)

We measure superfluid transport of strongly interacting fermionic lithium atoms through a quantum
point contact with local, spin-dependent particle loss. We observe that the characteristic non-Ohmic
superfluid transport enabled by high-order multiple Andreev reflections transitions into an excess Ohmic
current as the dissipation strength exceeds the superfluid gap. We develop a model with mean-field
reservoirs connected via tunneling to a dissipative site. Our calculations in the Keldysh formalism
reproduce the observed nonequilibrium particle current, yet do not fully explain the observed loss rate or

spin current.

DOI: 10.1103/PhysRevLett.130.200404

The interplay between coherent Hamiltonian dynamics
and incoherent, dissipative dynamics emerging from cou-
pling to the environment leads to rich phenomena in open
quantum systems [1-3], including the quantum Zeno effect
[4-9], emergent dynamics [10-15], and dissipative phase
transitions [16-21]. Moreover, an important question is
how many-body coherence competes with dissipation by
dephasing or particle loss. Directed transport between two
reservoirs offers an advantageous setup for studying this
competition since dissipation can be applied locally with-
out perturbing the many-body states in the reservoirs [22].
So far, studies on dissipation in solid-state systems have
focused on dephasing [23-25]. More recently, quantum
gases have become versatile platforms to study interacting
many-body physics and to engineer novel forms of dis-
sipation [2,4], though previous transport experiments on
dissipation have focused on weakly interacting systems
[26-28].

Engineered dissipation in strongly correlated fermionic
systems, while only starting to be explored theoretically
[20,29], opens interesting themes such as its competition
with superfluidity where pairing and many-body coherence
are key. While the Josephson effect is an archetype of
superfluid transport, irreversible currents between super-
fluids are highly nontrivial but less studied in cold-atom
systems. A prime example is the excess current between
two superconductors [30] or superfluids [31] through a
high-transmission quantum point contact (QPC) under a
chemical potential bias where the Josephson current is
suppressed. Because of the superfluid gap A, direct
quasiparticle transport is suppressed when the chemical
potential difference Ap between the reservoirs is smaller
than 2A [illustrated in Fig. 1(d)]. Instead, this energy
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barrier can be overcome by cotunneling of many Cooper
pairs np,; > A/Ap, each providing an energy 2Au [32,33].
This process is known as multiple Andreev reflections
(MAR) [34-37]. The robustness of MAR to dissipation is

iy

FIG. 1. (a) Two-terminal transport setup of a strongly interact-
ing Fermi gas with a dissipation beam resonant with |]) at the
center of a 1D channel. A gate beam (dashed circle) exerts an
attractive potential V, that determines the superfluid gap A and
the number of transport modes 7,,. (b) Theoretical model where
the channel is modeled by a single, lossy site tunnel coupled to
BCS reservoirs. (c) Dissipation scheme showing the relevant
atomic energy levels. ||) is optically excited by the dissipation
beam to |e), which decays predominantly to an auxiliary ground
state |5) that quickly leaves the system. (d) [llustration of MAR in
a superconducting QPC: transporting a quasiparticle requires
energy to overcome the gap 2A, which is enabled by cotunneling
of many pairs, each providing a small energy 2(u; — pg). The
quasiparticle and constituents of the pairs experience dissipation,
inhibiting this process.

© 2023 American Physical Society
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an interesting open question, especially for pair-breaking
particle loss acting on only one spin state, since the very
existence of MAR relies on many-body coherence between
the spins.

In this Letter, we address this question by experimentally
and theoretically studying the influence of spin-dependent
particle loss on superfluid transport. We use a strongly
correlated Fermi gas—a superfluid with many-body
pairing—in a transport setup with two reservoirs connected
by a QPC and apply controllable local particle loss at the
contact. We find that, surprisingly, the superfluid behavior
survives for dissipation strengths larger than A—the energy
scale responsible for the observed current. This result is
reproduced by a minimal model that includes both
superconductivity and dissipation written in the Keldysh
formalism.

Experiment.—We prepare a degenerate Fermi gas of °Li
in a harmonic trap in a balanced mixture of the first- and
third-lowest hyperfine ground states, labeled || ) and |1).
The atomic cloud has typical total atom numbers N =
N, + N; =195(14) x 10°, temperatures 7 = 100(2) nK,
and Fermi temperatures Ty = hiyyy(3N)'/3 /ky =
391(10) nK, where h is the Planck constant, kp the
Boltzmann constant, and 2y, = 98(2) Hz the geometrical
mean of the harmonic trap frequencies. Using a pair of
repulsive, TEMy;-like beams intersecting at the center of
the cloud, we optically define two half-harmonic reservoirs
connected by a quasi-1D channel with transverse confine-
ment frequencies v, = 10(2) kHz and v, = 9.9(2) kHz,
realizing a QPC illustrated in Fig. 1(a). We apply a
magnetic field of 689.7 G to address the spins’
Feshbach resonance, giving rise to a fermionic superfluid
in the densest parts of the cloud at the contacts to the 1D
channel. An attractive Gaussian beam propagating along
z acts as a “gate” potential V,, which increases the local
chemical potential at the contacts. It enhances the local
degeneracy T/Tp ~0.03 [38] well into the superfluid
phase and determines both the superfluid gap A and the
number n,, of occupied transverse transport modes in the
contact. Both A and n,, can be computed from the known
potential energy landscape and equation of state [38] and
are approximately A~ ky x 1.4 pK~ 7 x 184 ms~! and
n,, ~ 3 in this Letter.

We engineer spin-dependent particle loss with a tightly
focused beam at the center of the 1D channel [Fig. 1(a)] that
optically pumps ||) to an auxiliary ground state |5)
[Fig. 1(c)], which interacts weakly with the two spin states
and is lost due to photon recoil [38]. This leads to a
controllable particle dissipation rate of ||) atoms given by
the peak photon scattering rate I"j with no observable
heating in the reservoirs. While this loss beam is far oft-
resonant for |1), causing no dissipation in the absence of
interatomic interactions, we observe loss of [1) in the
strongly interacting regime studied here [38]. Even at the
strongest dissipation, the system lifetime is over a second,
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FIG. 2. (a) Time evolution of particle imbalance for various
dissipation strengths I'|. Solid curves are fits of the theoretical
model and the datasets are vertically offset by 0.1 for clarity.
Error bars represent lo statistical uncertainty of 4 to 5
repetitions. The fitted dissipation y, (y4 =0.72y) for each
curve is plotted versus I') in the inset, showing a linear relation
(solid lines are linear fits). (b) Numerically extracted current-
bias relation for the same datasets in units of the gap
A~ hx 184 ms~!. The dashed line indicates the maximum
normal conductance 2n,,/h. Error bars include uncertainties in
the conversion to reduced units. The uncertainties in the
calculated current, represented by the shaded bands, originate
mostly from the number of transmission modes n,,.

much longer than the timescale of a detectable transport of
10° atoms via MAR ~ 10% //A ~ 30 ms.

We induce particle transport from the left to the right
reservoir by preparing an atom number imbalance AN =
N; — Ny that generates a chemical potential bias Au =
Au(AN, N, T) given by the system’s equation of state [38].
Ay drives a current Iy = —AN/2 from left to right that
causes AN to decay over time f. The dynamics of
AN(t)/N(t) for various I'; are plotted in Fig. 2(a).
From each trace, we numerically extract the current-bias
relation 7, (Ap), shown in Fig. 2(b) in units of the super-
fluid gap A [38].

For weakly interacting spins, the decay of AN(z) at
arbitrary I'; is exponential since a QPC coupling two
Fermi liquids has a linear (Ohmic) current-bias relation
Iy = GAu. The conductance G is quantized in units of 2/h
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(2 comes from spin) but can be renormalized to a smaller
value by dissipation [27,58]. In contrast, we observe that
the decay of AN at I') =0 deviates strongly from an
exponential and the corresponding current-bias relation
Iy(Ap) is highly nonlinear, consistent with previous
observations in the strongly interacting regime [31]. In
fact, this nonlinearity is a signature of superfluidity.
Specifically, for ballistic superconducting QPCs [36], the
current is approximately /y & GAu + I where the nor-
mal current GAu ~ 2n,,Au/h is carried by quasiparticles.
The excess current I~ (16/3)n,A/h carried by the
Cooper pairs is given by the superfluid gap A—the natural
energy scale in this system. The dominance of the excess
current over the normal current can be seen in AN(7)/N
with I') = 0: It decays almost linearly in time, indicating
that the current is nearly independent of Au. We do not
expect Josephson oscillations (as in Ref. [50,52]) here since
the irreversible current (MAR) damps the reversible
Josephson current below our experimental resolution
[51,54].

We now turn to the question of the influence of
dissipation on the superfluid transport. At low I'|, super-
fluidity is still evident from the linear initial decay of AN,
which gives way to exponential behavior at low bias where
the MAR responsible for transport become higher order.
The effect of dissipation is clearer in the extracted current-
bias relations shown in Fig. 2(b). As dissipation strength
increases, the initial current (largest Au) reduces as does the
concavity of the curve. The current-bias relation eventually
approaches a straight line at high dissipation, yet the slope
is still significantly larger than the normal conductance
2n,,/h [dashed line in Fig. 2(b)]. We argue below, after
fitting our theoretical model to the data, that this excess
conductance, albeit linear, is a signature of the MAR
process. An increased temperature leading to a suppressed
gap can result in similar anomalous conductance
[31,73,76-78], though we can exclude this effect here
from the absence of temperature increase in the reservoirs.
Another possible contribution to the linear conductance in a
unitary Fermi gas arises from pair tunneling coupled to
collective modes in the superfluid [51,56]. However, it is
expected to be on the order of 2/h per mode, thus
negligible compared to the MAR contribution even at
strong dissipation. This is also consistent with the small
linear conductance (slope at large bias ~2n,,/h) in the
observed current-bias relation at I'j = 0.

Theoretical model and fit.—We have developed a mean-
field model based on previous work [31] by adding an atom
loss process within the Lindblad master equation frame-
work [38]. The two reservoirs are treated as BCS super-
fluids, and transport through the channel is modeled by
single-particle tunneling with amplitude 7 from either re-
servoir onto a dissipative site between them [Fig. 1(b)]. The
dissipation is modeled with a Lindblad operator L, =

1/7/,,51,, proportional to the site’s fermionic annihilation

operator d, with a rate y, for each spin ¢ = |, 1, i.e., as a
pure particle loss process that is uncorrelated between the
two spins. y | is directly related to I} as our results below
show, while y4 is included phenomenologically to match
the experimental observation that |1) is also lost due to the
strong interaction.

To compute nonequilibrium observables such as I, we
use the Keldysh formalism extended to dissipative systems
[20,41-45,79]. The time integral of the theoretical current
IN(Ap,7,7,.74) along with the equation of state
Ap(AN,N,T) yields the model’s prediction for the time
evolution of the particle imbalance ANX (1, 7,y 1-71)- Here,
N(t) is obtained from an exponential fit to the data [38]. For
simplicity, we model a single transport mode and obtain the
net current by multiplying by the number of modes

ANK = —2p,,I%. Although the formalism can treat non-
zero temperatures, we simplify the calculation by using
zero temperature since kz7 /A < 0.08.

Because of the spin-dependent loss, a spin imbalance
builds up, leading to a magnetization imbalance AM =
AN — AN, # 0 that can drive additional particle current.
Nevertheless, AM remains small (AM/N < 0.07) for all
our data and its effect on I is negligible [38]. Moreover,
the model predicts a spin current 1 order of magnitude
below the observed value, and therefore does not fully
describe the spin-dependent transport. In this Letter, we
focus on spin-averaged particle transport.

We perform a least-squares fit of ANX (¢, 7,y s VT) to the
measured AN(¢) to extract the model parameters z, y 1 and
7+. In our case of low bias and ballistic channel, I} is
sensitive only to the sum y = y4 +y,. Therefore, to avoid
overfitting, we fix the ratio y,/y, =r to the average
measured ratio of the atom loss rates of the two spin states
r= NT/NL = 0.72(4) [38]. As the gap A is the natural
unit of current and bias, the estimation of A in the
experimental system is crucial for quantitative comparison
to the model. However, the spatially varying gap in the
potential energy landscape of the experiment (crossover
from the 3D reservoirs to the 1D channel) is not explicitly
modeled. Motivated by this and an experimental uncer-
tainty of about 6% in the potential energy of the gate beam,
we fit a multiplicative correction factor 5, on the gate
potential V , which strongly affects both our estimate of A
in the most degenerate point in the system and n,, [38].
Since the system is identical in each dataset except for the
dissipation strength, we first fit the I') = 0 data with y| =
v+ = 0 to find 7 and 7, which determine the concavity of
I8 (Ap) and the timescale of ANX (1), respectively. We then
fit the single parameter y, with fixed r, 7, and 5, for
subsequent sets. The systematic error in 7, is the dominant
source of uncertainty in our theoretical calculations.

The fits for each dataset are plotted as solid lines in
Figs. 2(a) and 2(b). With this fitting procedure, we find
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n, = 0.98(6), A/kgy = 1.4(1) pK, and n,, = 2.6(5). The
fitted 7 determines the energy linewidth of the dissipative
sitte Ty < 7? [38], which in units of the gap is
'y =5.9(4)A. Independent measurements with different
values of v, and V, produce similar results for 5, and I';
within 20%. The large value of I'; reflects the near-perfect
transmission of the ballistic channel as the limit 'y — oo is
equivalent to perfect transparency a — 1 in a QPC model
with direct tunneling between the reservoirs [31,38,40]. In
principle, the energy e, of the dissipative site is another free
parameter. Because of the large linewidth, however, the
model is insensitive to changes of ¢, within the physically
meaningful range |e;| < A. There are thus no resonant
effects as in a weakly coupled quantum dot, and we fix
€, = 0. For the same reason, we do not consider any on-site
interaction.

The fitted y| and y4 versus I'|, plotted in the inset of
Fig. 2(a), show that the effective dissipation strength is
approximately proportional to the photon scattering rate as
expected. The fitted slope y, =3.6I') is of order 1,
corroborating the use of our single-site model where only
one || ) fermion fits into the dissipation beam at a time. In
accordance, the dissipation beam’s waist w, = 1.31(2) pm
is comparable to the Fermi wavelength in the channel
Ap &2 pm.

Robustness of superfluid transport to dissipation.—
Supported by the overall fit to the data, our calculations
provide insight into the observed flattening of the nonlinear
current-bias relation: a plausible scenario is that dissipation
suppresses higher-order MAR processes while allowing
lower-order MAR  (np,; < A/Au) to contribute [38].
Despite the nonlinearity disappearing as dissipation in-
creases, the current still originates from MAR. A bench-
mark for this superfluid signature is the excess current
above the possible normal current 2n,,Au/h. To see this
quantitatively, we replot the measured and calculated
current in Fig. 3(a) versus I'| at a few bias values including
the initial bias Au/A ~0.05 (n,y; ~ 20) down t0 Au/A ~
0.005 (npy ~200). The fitted model is shown in solid
curves using the fitted linear relationship between y| and
I') in the inset of Fig. 2(a). The observed current well
exceeds the upper bound of normal current (dashed lines in
corresponding colors) for all biases, indicating the per-
sistence of the MAR-enabled current. Moreover, the
excess current decays smoothly with dissipation and
gives no indication of a dissipative phase transition but
rather shows a dissipative superfluid-to-normal crossover
(cf. Ref. [6,25]).

Since the current Iy = —(N; — Ng)/2 could in principle
arise purely from an asymmetric particle loss, we verify that
the conserved current /°°"*—the atoms transported through
the QPC without being lost—exceeds the upper bound for
the normal current at dissipation strengths above the gap.
This is shown in Fig. 3(b) where we plot the data for the
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FIG. 3. (a) Measured current vs dissipation strength at different
biases. The theoretical calculations are shown as solid curves
with uncertainties in lighter colors. Dashed lines represent upper
bounds of normal-state currents 2n,,Au/h. (b) Same data at
Ap/A =~ 0.05 with bounds on the conserved current [°™ € [I;, —
N/2,Iy +N/2] indicated by the shaded area (lighter color
represents the uncertainty). The horizontal axis is the fitted y =
¥y + 74 in units of the gap to illustrate the effective strength of the
dissipation. The conserved current is above the normal current
(bounds represented by the horizontal bar), showing superfluid
character even for the strongest dissipation.

largest bias together with bounds for 7°°*. These bounds
are obtained by writing N, =F I°" — I}5%» where 17,
is the dissipation-induced current into the vacuum [45], and
thus [y = 10" + (1'955 — [195) /2. Assuming the worst-
case scenario—maximally asymmetric loss—Ileads to
[ € [Iy — N/2,1y + N/2]. The excess conserved cur-
rent shows that the system preserves its superfluid signature
up to fy 2 A.

Atom loss rate.—Finally, we compare the theoretical
model to the experiment in terms of the total atom loss rate
N=N L+ N r- In the Keldysh formalism, computing
steady-state observables involves an integration over
energy. Because our model assumes reservoirs with linear
dispersion, we introduce a high energy cutoff A. The
current only has contributions from energies constrained
by Au and A, and is therefore independent of the cutoff
when A > A, Au. The atom loss rate on the other hand
depends on the cutoff and converges to its maximum value
when A > I';. We find that a single A cannot reproduce the
observed atom loss rate at different dissipation [shown in
Fig. 4(a) for Au/A ~ 0.05]: The atom loss rate saturates as
dissipation increases, while the calculated loss rate
increases almost linearly with dissipation in the measured
range. In particular, A 2 20A is needed to reproduce the
data at weak dissipation, close to the converged value,
while A = 5A reproduces the data at strong dissipation.
This discrepancy is shown in Fig. 4(b), which plots the A
needed to reproduce N at each measured I’ 1~ Physically,
this means that additional mechanisms not included in the
model suppress the occupation of the dissipative site and
hence the loss rate. The calculations do predict a saturation
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FIG. 4. (a) Normalized atom loss rate vs dissipation strength at
the initial bias, which shows saturation at high dissipation. The
curves are calculations with different energy cutoff A. Uncer-
tainties due to A and n,, are represented by the shaded area (only
shown for the solid curve). (b) The energy cutoff needed to
reproduce each data point with nonzero dissipation, indicating the
underlying energy dependence neglected in our model. The error
bars account for uncertainties in A, n,,, and y.

of N at an order of magnitude higher dissipation strength
followed by a slow decrease of N versus I’ ,—asignature of
the quantum Zeno effect [4-6]. We do not observe this
nonmonotonicity, and expect it to be washed out due to the
lack of energy resolution in N [80] and the finite width of
the dissipative beam.

Conclusion.—We have shown a remarkable robustness
of the MAR processes responsible for the current through a
QPC between two superfluids of strongly interacting Fermi
gas under spin-dependent particle loss. We observed no
critical behavior, which contrasts with other types of
superfluid-suppressing perturbations such as moving
defects [81-83], magnetic fields in superconductors [84],
and photon absorption by superconducting nanowire sin-
gle-photon detectors [85]. While our most significant
observations are captured by our model, deviations from
the theory point to the importance of strong interactions in
the unitary regime and energy dependence of the channel
and dissipation. These effects can be probed in future
studies on thermoelectricity [57,86], spin conductance
[76,87], and correlated loss [88-91] in similar systems.
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