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We implement a microscopic spin filter for cold fermionic atoms in a quantum point contact (QPC) and
create fully spin-polarized currents while retaining conductance quantization. Key to our scheme is a near-
resonant optical tweezer inducing a large effective Zeeman shift inside the QPC while its local character
limits dissipation. We observe a renormalization of this shift due to interactions of only a few atoms in the
QPC. Our work represents the analog of an actual spintronic device and paves the way to studying the
interplay between spin splitting and interactions far from equilibrium.
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Coupling the spin of a particle to its motion can unveil
its quantum nature, as was demonstrated in the Stern-
Gerlach experiment [1]. In condensed-matter systems, this
can be achieved via the Zeeman effect or spin-orbit
coupling, and it gives rise to a variety of transport
phenomena. For instance, magnetic impurities coupled
to a metallic or superconducting bath strongly influence
resistivity [2,3], and spin-orbit coupling can induce spin-
polarized modes and Majorana fermions at the edge of
topological materials [4,5].

Cold atoms provide an alternative platform to investigate
spin transport with long coherence times and a fine-tuning
of interactions by encoding the spin into different hyperfine
states. There, spin degeneracy can be lifted with actual
magnetic fields or differential Stark shifts [6—8], and spin-
orbit coupling can be realized using Raman schemes
[9-11]. Experimental realizations have so far addressed
spin-dependent effects on a global scale. However, a local
manipulation of the spin would allow the study of inter-
faces, as encountered in magnetic heterojunctions and, in
general, represents a central ingredient for spintronics [12],
quantum computation [13], and quantum simulation [14].

In this work, we use a quantum gas experiment [15] to
probe spin transport through a microscopic one-dimen-
sional channel connected to two macroscopic reservoirs.
By focusing a near-resonant optical tweezer inside the
channel, we realize an effective Zeeman splitting that is
large compared to all other transport energy scales and
allows us to individually control spin currents. As the state
of the reservoirs is not affected, transport measurements are
carried out around a well-defined equilibrium, and we
observe spin-polarized quantized conductance. Owing to
the local character of the tweezer, we reduce losses caused
by photon scattering and increase our experimental time-
scales to several seconds. This method allows us to detect
minute mean-field effects caused by merely two atoms, on
average, in the tweezer region. Our results are captured by
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an extended Landauer-Biittiker model whose validity is
studied in a companion paper [16], where regimes with
stronger dissipation are explored as well.

We prepare a degenerate cloud of lithium-6 atoms in a
balanced mixture of the first- and third-lowest hyperfine
states, labeled as pseudospins || ) and |1), with about N =
1.1(1) x 10° atoms per state at a typical temperature of
T =66(12) nK [17]. A magnetic field is tuned close to
B = 568 G, where collisional s-wave interactions between
[}) and |1) vanish. We optically imprint a quantum point
contact (QPC) with transverse confinement frequencies of
v, = 14.0(6) kHz and v, = 9.03(5) kHz by intersecting
two far-detuned repulsive laser beams. The QPC separates
the cloud into two reservoirs that act as a source and drain
of atoms with typical mean chemical potential p,o; = (1 +
Ur)/2 = kg x 0.23 uK globally fixed by the total atom
number. For a noninteracting Fermi gas, the conductance
per spin and transverse QPC mode with unit transmission is
equal to the conductance quantum 1/4 [26]. The number of
available transport modes is set via a far-detuned attractive
gate beam with Gaussian waist w, = 31.8(3) um depicted
in Fig. 1(a). Its associated potential minimum -V, < 0 is
tunable and locally increases the chemical potential y. to a
value pes — (_Vg) = Vg T+ Hres-

The control over each individual spin current is achieved
using an additional ¢~ -polarized beam centered on the
QPC. Its Gaussian intensity profile is holographically
defined by a digital micromirror device and has a waist
of w, = 2.0(1) um, which is smaller than the QPC length
of 59(1) um and the typical Fermi wavelength of
Ap = +/h/mv, = 2.7 yum, where m is the mass of a °Li
atom. Its optical frequency v, is tuned between the
transition frequencies of |1) and || ) to the excited manifold
2P5 5, inducing a repulsive dipole potential for [1) and an
attractive potential for || ). For opposite detunings relative
to the two transitions, i.e., 5T = -0 1= 81.3 MHz, both
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FIG. 1. Creating spin-polarized currents through an atomic
QPC. (a) A near-resonant optical tweezer (red) with waist
wy = 2.0(1) um, which introduces an effective Zeeman shift
V inside an optically defined QPC (green). This tweezer allows
SLi atoms in the lowest hyperfine state (|| ), orange) to flow
between two reservoirs while blocking atoms in the third-lowest
state (|1), blue), thereby acting as a spin filter with losses
determined by the photon scattering rate I';. A far-detuned
attractive gate beam with negative potential -V, (dashed circle)
locally increases the chemical potential u,, imposed by the
reservoirs. (b) Time evolution of the relative atom number
difference between the left and right reservoirs AN/N =
(Ny —Ng)/(Np + Ng), obtained for a mean chemical potential
V4 pires = kp x 0.61(2) uK and a near-resonant beam power
P, =20(6) pW, and at a scattering length a = 0(7)ag. It is
constant for |1) and has a decay time of 25(1) s for || ). The
associated  currents [; = —19+£85 atoms/s and [ =
833 + 98 atoms/s indicate fully polarized transport within the
fit error. Error bars show the standard error of the mean of five
measurements here and in Fig. 2. Inset: Optical density (OD) after
6 s of left and right reservoirs over 970 x 320 um, averaged over
five absorption images.

dipole potentials have equal magnitudes =V . The magni-
tudes are linear in the light intensity /; for I, < I, where
I, = 25.4 W/m? is the saturation intensity of the tran-
sition. The induced light shifts can be viewed as an optical
analogue to the Zeeman shift V, = —uB, of a spin-1/2
particle with magnetic moment y in a fictitious magnetic
field B,. As opposed to magnetically induced shifts, here

atoms scatter photons at a rate I'y; this process imparts
kinetic energy and leads to losses. The ratio I';/V, is
independent of I, and equal to 9.4 x 10° s™!/ (kg uK) for
the detuning mentioned above [16].

Starting with equal chemical potential biases across the
QPC for both spins, we apply the spin-dependent optical
potential to create a spin-polarized current. Typically, we
prepare, for each spin state, atom number differences of
AN(0) = 45(3) x 10° between the two reservoirs and
measure their time evolution towards equilibrium.
During that time, the s-wave scattering length is set to
a = 0(7)ay, where ay = 52.9 pm is the Bohr radius, and
the optical power of the near-resonant tweezer is
P, =20(6) pW, corresponding to a peak intensity I, =
2P, /aw? = 3(1) W/m? = 0.13(4)1 . Over 6 s, the rela-
tive atom number difference AN(7)/N(r) remains constant
for spin |1) and is reduced by about one-quarter for spin
|{), with a fitted decay time of 7, = 25(1) s [Fig. 1(b)].
Assuming linear response, we infer currents for each spin
of I4 = —19 + 85 atoms/s and /| = 833 4= 98 atoms/s.

Our scheme thus represents the cold-atom equivalent of
a spin filter, a fundamental building block for spintronics
previously realized in spin-polarized tunnel junctions [27],
quantum point contacts under strong magnetic fields [28],
or double-stranded DNA illuminated by polarized light
[29]. The current polarization obtained here is comparable
within the fitting error to the best values obtained with
magnetic heterostructures [30].

Despite a maximal photon scattering rate Iy =
3(1) x 10° s7! at the center of the tweezer, the decrease
in total atom number N is limited [Fig. 2(a)]. Losses lead to
an overall decrease of the mean chemical potential y,., =
(ur + ug)/2 in the reservoirs by kg x 30 nK [Fig. 2(b)],
much smaller than the other typical energy scales.
Meanwhile, no significant increase of temperature 7 is
observed [Fig. 2(c)]. Since the atom-atom mean free path is
larger than the system’s size, the additional recoil energy
Eg = (h/2)?/2m = kg x 3.54 uK imparted to atoms scat-
tered by near-resonant photons with wavelength A =
671 nm is not deposited in the reservoirs through thermal-
ization. However, as currents and losses are small relative
to the global atom number, we expect the reservoirs to
remain effectively described by thermal states [16].

Since the macroscopic state of reservoirs is only weakly
affected by losses, transport occurs around a well-defined
equilibrium, and conductance is related to the single-
particle transmission through the QPC according to the
Landauer-Biittiker formula [31]. Probing the transmission
in a spin- and energy-dependent way allows us, in turn, to
estimate the Zeeman shift induced by the near-resonant
beam. This estimate can be found by tuning the local
chemical potential V, + p relative to the potentials
experienced by both spins. We perform several conduct-
ance measurements at a weak scattering length of
a = 91(7)ay for different values of the gate potential V.
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FIG. 2. Evolution of the reservoir thermodynamical quantities. (a) Losses in atom number N = N; + Np, leading to a small variation
of (b) mean reservoir chemical potential p = (4 + pig)/2. (¢) Mean temperature 7 = (T, + Tg)/2, which is constant over

experimental timescales.

The conductance is inferred from the decay of the relative
atom number difference AN /N after a fixed transport time
of 4 s [17]. We observe conductance plateaus characteristic
of single-mode transport, which overlap when both spins
are degenerate [Fig. 3(a)]. Their value of G = 0.84(1)/h,
slightly below the conductance quantum 1/#, results from a
reduction of the chemical potential bias between the
reservoirs due to residual temperature differences, caused
by our initial preparation and omitted in the estimation of
the conductance.

1@ Ve/ks = 4(7) nK * (d)
R
17 I,
0 -{etee + 1)+ 1)
E T T T T T T
z 2 . !
o (b) i Vy/kg = 0.25(1) pK '# +
[0 H ) 0 {
' »
% 17 E 'U.# "'
°
>
©
c
[ T — T T T T
O 2
(c) Vo/kg = 0.44(2) UK ++f.* 4
*ﬂ*
14 o i wﬁ.
pdv Byt
0 ] d
T T T T T T T T T
0.25 050 0.75 1.00 125 150 -4 0 4
Local chemical potential Vg + Pres (kg - UK) Y (um)
FIG. 3. Lifting the spin degeneracy of the QPC ground state.

(a) Conductance G of each spin state at scattering length
a = 91(7)a, versus local chemical potential V, + p,., without
a near-resonant beam; (b) with peak intensity 7, = 0.13(4)1, (as
in Figs. 1 and 2), where [, is the D,-line saturation intensity;
(c) with I, = 0.17(5)I . Here and in the following, error bars
correspond to the standard error of the mean of three measure-
ments. Fits by a Landauer model are shown as solid curves and
indicate an increase of the spin-dependent potential up to
V, = kg x 0.44(2) uK. (d)—(f) Quasi-1D potentials along the
transport direction y. The chemical potential of Figs. 1 and 2 is
indicated by dashed lines in (b) and (e).

Upon increasing the near-resonant beam intensity /,, the
conductance plateau for the repelled spin [1) is shifted
towards larger chemical potentials [Figs. 3(b) and 3(c)].
This shift corresponds to the classical barrier +V added
to the QPC zero-point energy [Fig. 3(d)] by the spin-
dependent potential [Figs. 3(e) and 3(f), blue]. An opposite
shift is observed for the attracted spin || ), indicating a weak
decrease of the potential barrier due to the near-resonant
beam being smaller than the QPC length [Figs. 3(e)
and 3(f), orange]. Current polarization is maximal
for chemical potentials located between the potential
barriers of both spins as in Fig. 1; the value of V, + e =
kg x 0.61(2) uK chosen there is shown by a dashed line in
Figs. 3(b) and 3(e). We observe that plateaus persist when
the intensity /; is increased to 0.17(5)/,, while their value
decreases down to G = 0.55(2)/h.

We expect transport observables such as conductance to
be fundamentally robust against losses since they are
only sensitive to scattering at energies close to the Fermi
level, which concerns a small fraction of all atoms subject
to near-resonant light. In a Landauer picture valid for
weak interactions, these losses contribute to decreasing the
conductance by the scattering probability. This probability
is equal to about 25% at I, = 0.13(4)l, for a typical
Fermi velocity vp = \/hv,/m = 2.4 cm/s in the single-
mode regime, and it is compatible with the decrease of
the conductance plateau from G = 0.84(1)/h in Fig. 3(a)
to G = 0.72(2)/h in Fig. 3(b). In contrast, losses of atoms
below the Fermi level do not generate a net current since
their average velocity is zero. In the actual setup, these
losses represent the majority of the losses shown in
Fig. 2(a) (see also Ref. [16]) and only affect transport
indirectly through the weak reduction of the chemical
potential [Fig. 2(b)].

To extract the spin-dependent potential V, we fit the
conductances of both states with a Landauer model [solid
curves in Figs. 3(a)-3(c)]. The model describes the QPC
and spin-dependent gate by two independent quasi-1D
potentials shown in Figs. 3(d)-3(f), and it includes a
position-dependent photon scattering rate I'(y) as an
imaginary part iAl'(y)/2 [16]. A linear regression on five
different values of I, yields a conversion ratio V /I, =
103(17)kgnK/(W/m?) compatible with the theoretical
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FIG. 4. Effect of 1D interactions on transport. (a) Conductance
G at scattering lengths a = —800.0(7)ag and a = +800(16)ay,
near-resonant beam intensity I, = 0.13(4)I,, and equal detuning
from both states, 5 = 0. Solid curves indicate fits with a logistic
function to extract the energy separation V. (b) Fitted sep-
aration V. versus I; normalized by the D,-line saturation
intensity /. The vertical dotted line indicates the intensity used
in (a). (c) Scattering length a versus magnetic field, tuned to the
left of a broad Feshbach resonance (dash-dotted line). The
magnetic field is calibrated with a relative uncertainty of
0.1%. (d) Ratio V o+ /(1/ 1) versus scattering length a, obtained
by linear regression displayed as solid lines in (b). A Hartree
mean-field model including a finite temperature of 66 nK is
indicated as dashed lines in (b) and (d).

value of 98(3)kgnK/(W/m?). We find a maximal potential
of Vi = kg x0.44(2) uK, about twice the typical Fermi
energy Ep = hv,/2 = kp x0.22 yK in the single-mode
regime.

Using the broad Feshbach resonance of °Li, we now
investigate how interactions between itinerant atoms pass-
ing through the QPC compete with the Zeeman splitting
created by the near-resonant tweezer. Interactions renorm-
alize the effective potential felt by each spin, which can be
sensitively probed by measuring the energy shifts in the
conductance curves. We explore both attractive and repul-
sive interactions from a = —800.0(7)a, to 800(16)q, in
the nonsuperfluid regime, which are values of the scattering
length where interactions are described by mean-field theory
(as opposed to previous results obtained in the strongly
correlated regime [32]). Figure 4(a) shows conductances for
each spin obtained at a = +800q, and fixed intensity /, =
0.13(4)I, as a function of the local chemical potential
V, + pres. We observe a change in the energy separation

V otr between the conductance curves by about kg x 0.1 K,
a shift smaller than the width of the conductance step of
4kgT = kp x 0.26(5) uK. The conductance values are
reduced compared to Fig. 3(b) as well, which we attribute
to slightly increased losses. This visible separation is
reduced for attractive interactions and increased for repul-
sive interactions. We quantify it with a fit by a logistic
function motivated by noninteracting Landauer theory for
different values of I, [Fig. 4(b)]. The different slopes
Vett/ (I5/ 1), obtained by linear regression, confirm the
effect of interactions.

We repeat this measurement for intermediate scattering
lengths a [Fig. 4(c)] and extract the ratio V o/ (1/Iy) for
each interaction strength [Fig. 4(d)]. The data are described
by a self-consistent Hartree mean-field model [17], where
|}) atoms provide an extra potential proportional to the
interaction parameter U = 2h, /v, a that eases or hinders
the passage of |1) atoms depending on its sign. We find
good agreement even though the model does not include
dissipation and density fluctuations, which may be non-
negligible in the 1D region. Crucially, our conductance
signal is obtained by probing the QPC with typically a few
thousand atoms over 4 s. The mean-field approximation
formally relies on replacing operators for atomic densities
by their thermodynamical averages, which are about 1 atom
per micron and per spin here [17]. Despite the absence
of thermodynamical equilibrium in the microscopic QPC,
such a thermodynamical average is experimentally mim-
icked by the effective time average associated with our
measurement. Dissipation is likely to play a substantial
role for larger interactions [33,34], where both fluctuations
and coherence are expected to be stronger within the 1D
region [35].

Our work demonstrates how transport measurements are
sensitive to minute interaction effects occurring on the scale
of the Fermi wavelength from the integration of a weak
transport signal. Our capability to spin-engineer potentials
can be readily extended to more complex structures [32]
and opens avenues for exploring the transport dynamics of
strongly correlated systems, where novel nonequilibrium
spin and heat transport [36,37] and exotic phases of matter
[5] could be observed.
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