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We observe and model spin currents arising from chirality and effective spin-exchange interactions in a

weakly interacting °Li Fermi gas. Chirality is introduced by a static displacement between the center of the
trapped atoms and the center of an applied magnetic bowl, which produces left- or right-handed spatially
varying spin rotation. Spin current is directly observed via oscillations in the centers of mass of the spin-up
and spin-down components, which appear to bounce off of or pass through one another, depending on the
degree of handedness and s-wave scattering length. We show that this behavior obeys a driven oscillator
equation with an effective spin-dependent driving force. Our measurements demonstrate chirality-induced
spin selectivity via the direction of the current flow, extending CISS phenomena to Fermi gases.
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Chiral (twisted) materials are of great interest for
generating and controlling spin-polarized electron currents
[1] to enable “spintronics” technologies. In such technol-
ogies, information is transmitted via spin currents instead
of electron currents, greatly reducing Joule heating, which
limits the scalability of computers. Chiral molecules [2]
can act as passive spin filters, efficiently transporting
electrons for one polarization while impeding the trans-
mission of the other. Large chiral-induced spin selectivity
(CISS) has been observed in the asymmetric transmission
of polarized electrons through thin films of chiral mole-
cules, including DNA [3,4]. While spin-orbit coupling is
known to play arole in this effect, no unifying theory of the
role of chirality has been able to quantitatively reproduce
measurements. Spin transport in chiral materials is now
widely studied [5-8] for manipulating spin-selective cur-
rents. Ultracold Fermi gases provide experimental simu-
lators for spintronics concepts [9], which may offer new
insights into chiral control methods.

We directly observe chirality-induced spin currents in a
trapped, weakly interacting Fermi gas of °Li atoms confined
in the combined potential of a cigar-shaped CO, laser trap
and a magnetic bowl (Fig. 1). In contrast to chiral materials,
where twist is structural, a chiral spin texture (i.e., a spin
spiral or twist) is created in the cloud by simply displacing
the center of the laser trap from the center of the magnetic
bowl, which causes the coherently prepared spin medium to
evolve into a twisted state. We show that the spin centers
of mass obey a 1D driven oscillator equation, where an
effective spin-dependent driving force arises from s-wave
scattering in the twisted medium and is tunable from
aperiodic to impulsive.

The SLi atoms are initially prepared in a z-polarized
spin state |1). A 0.5 ms z/2 1f pulse then creates a
pseudospin state [10], which we define to be x-polarized,
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hyperfine states, in order of increasing energy. A bias
magnetic field B, (orthogonal to the trap axis x) both
defines the quantization axis and controls spin-spin inter-
actions by tuning the [1) — || ) s-wave scattering length a;.
Key to the experiments is the curvature of B.(x), which
creates a spin-dependent harmonic potential (i.e., a mag-
netic bowl) that confines the cloud along the x-axis, with
negligible effect in the narrow transverse directions y, z. The
CO, laser potential provides radial confinement and has a
relatively short Rayleigh length, ~0.75 mm, producing a
spin-independent axial force that is comparable to that of
the magnetic bowl. The center of the magnetic bowl is
determined by fixed electromagnets, while the CO, laser
focal point is easily translated to shift the center of the
trapped atoms relative to that of the magnetic bowl.
The net optical and magnetic axial potential is
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FIG. 1. Controlling spin twist in an atomic Fermi gas. A cigar-
shaped cloud of °Li (light blue), prepared in a superposition of
spin-up and spin-down states, is confined by a focused CO, laser
beam (orange) and a magnetic bowl (red). The x-dependent spin
twist about the chiral z-axis is controlled by the offset x,
between the centers of the spin-dependent magnetic bowl
potential and the trapped cloud (blue) at x = 0.
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where wy = 2zv, ~ 27 x 25 Hz is the average harmonic
oscillation frequency, and dwy ~2z x 14 mHz is the
difference in the harmonic oscillation frequencies for the
two states [11]. Note that the small value of 6w, | /@, is due
to the fact that the two states differ only in nuclear spin
projection. The average potential is spin independent and
centered at x = 0. Chirality is controlled by x,,, the offset
between the measured centers of the magnetic bowl and the
trapped cloud.

In equilibrium, F; | =-0,V; (x) =0, the displace-
ment between the centers of the density profiles ny and n,
to first order in dw; | /wy, is

Xp— X = Xy (2)

@

For our experiments, where x,; ~ o, ~ 200 pm, we find
xp —x, ~0.2 pm, which is negligible compared to the
cloud widths. We observe no difference in the positions of
pure |1) or |]) states in the trap. Hence, the difference
between the mechanical forces does not play a role in the
evolution of the system. However, the spatially varying
frequency shift (V4 — V| )/h produces a spatially varying
rotation rate of the pseudospins about the chiral z-axis

_ 2
Q= 30, =) (3)

in a frame rotating at the hyperfine resonance frequency,
creating a twisted spin state as the system evolves [13].
Here, Q)= mwydw; 02/h=52.6s" at 511 G for
o, =198 pm [14]. Q, is determined by the known
magnetic field tuning rate for each state and the measured
oscillation frequency of atoms in the magnetic bowl
Opgg [11].

Just after the z/2 pulse, all of the spins are parallel
[10], and hence, noninteracting in a Fermi gas restricted to
s-wave scattering. The initial evolution of the pseudospins
is then governed by the x-dependent rotation rate €,
causing the spin vectors to point in different directions
at a later time, enabling scattering interactions between the
atoms. In the weakly interacting regime, the atoms remain
in simple harmonic motion. However, forward s-wave
scattering between atoms with nonparallel spins causes
each spin vector to rotate about the total spin vector
[19-22], analogous to a spin-exchange interaction, which
produces a measurable spin z component.

We investigate the interplay between the interaction
strength, controlled by the s-wave scattering length ag,
and the chirality, controlled by the offset x,;. Asymmetric
spatial profiles are observed for nonzero static displace-
ments x,,, as shown in Fig. 2. The experiments are
performed in the nondegenerate regime, where the reduced
temperature 0.5 < T/Ty < 0.7. The profiles of both spin
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FIG. 2. Spatial profiles for spin-up and spin-down states.
Spin-up (blue), spin-down (red). The total density n4 +n;
(orange) is conserved. Chirality is controlled by the offset
parameter x,; see Fig. 1. (a) x,, = 1.00, at t =21 ms with
an s-wave scattering length a;, = —53.1¢( G; (b) x,;, = —0.90, at
t =37 ms for a; = —213.1a,. Predictions (solid curves).

states are identical immediately after the rf pulse and
nominally Gaussian, centered at x = 0 with a 1/e width
0, ~200 pm [14].

Figure 2(a) shows density profiles for x,, = 1.00,
at B =511 G, where the s-wave scattering length a, =
—53.1ay, the peak total density /i, = 0.90/pm? (see below),
and the trap frequency v, = 25.9 Hz. Att = 21 ms after the
/2 tf pulse (about half of the trap period), the spin-up
profile (blue) is shifted to the right, while the spin-down
profile (red) is shifted left [23]. Figure 2(b) shows the results
obtained for negative x,, = —0.90, with at B =437 G,
where a, = —213.1ay, iy = 0.52/pm?, and v, = 24.3 Hz.
At t = 37 ms, the profile of the spin-up (blue) is shifted to
the left, while that of the spin-down component (red) is
distorted on the left and shifted right. In both cases, the total
spin density n(x) = ny(x, ) + n(x, t) is time independent
and remains a Gaussian centered at x =0 (orange),
demonstrating spin current without total density (charge)
current. Solid curves show the predictions of the model,
discussed below.

We quantify the effect of chirality on the motion by
plotting the center of mass (x), | = [dxxn; | (x.1)/Ny
for each state versus time for different offsets x,,,. Figure 3
shows data for x,, of 0.85,,0,—0.80,, and =305, at 511 G,
where a, = —53.1qa,. Figure 3(b) locates the center of the
magnetic bowl, x,, = 0, where there is no separation in the
centers of mass. For x,; # 0, the centers of mass exhibit
180° out-of-phase spin-dipole modes. The directions of
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FIG. 3. Oscillating spin current versus chirality. (x),, denotes the center of mass of each spin state (blue and red) [24]. The s-wave
scattering length is fixed at a;, = —53.1a,. Chirality is controlled by the offset x,,; see Fig. 1. (a) x,;, = 0.86,; (b) x,, = 0.0;
(¢) x,; = —0.80,; (d) x,, = —3.00,, where o, ~ 200 pm. Time is measured from the end of the z/2 RF pulse. The peak total density
(a)—(c) is fig = 0.9/pm?, v, = 25.9 Hz; (d) i, = 0.42/pm?, v, = 21.8 Hz. The spin components reverse roles with the sign of x,,.

Solid curves show predictions.

motion of the spins are interchanged when the sign of x,
is reversed [Figs. 3(a) and 3(c)]. With x,, = +0.80,, the
spin-up and spin-down profiles separate, return to the center,
and appear to bounce off of one another. In contrast, for
X,y = —30,, Fig. 3(d), the centers of mass oscillate com-
pletely through one another.

For x,;, = 0, symmetrical spin segregation has been
observed in the spin density profiles [12,22,25,26], where
spin-up (-down) atoms appear to move to the center
(edges) of the trap, reversing roles with the sign of the
scattering length a,. For the very small a; < 10qa, used in
previous experiments [12,22,25,26], the evolution time of
the spin density is long compared to the trap period. Then,
the system can be modeled as an energy-space lattice
[12,22] with effective long range interactions that arise
from time-averaged s-wave scattering between atoms
oscillating in the trap [27]. With x,; = 0, where (Q)
(x*) « E from Eq. (3), the spin vectors are correlated with
the energy, yielding spatially symmetric spin density
profiles [12,22,26,28-31].

In the present Letter, we observe tunable spin center of
mass motion for x,, #0 on timescales that are fast
compared to the trap period, the opposite limit, by employ-
ing larger scattering lengths a; > 50a, and spin rotation
rates that can exceed the trap frequency. Here, the effective

long range interaction picture is not valid, and the spin
density profiles are spatially asymmetric.

We employ a 1D mean field treatment [14] of the
weakly interacting cloud, where momentum-changing col-
lisions can be neglected for the measurement timescale. The
Heisenberg equations of motion are used to determine the
evolution of the spin density components (s,,s,,s.) =s
and the corresponding spin current densities (J/,, J,,J.) = J
in a one-dimensional approximation, where the direction of
J denotes the direction of the spin carried by the current
flowing along the x-axis. For our experimental parameters,
forces arising from spatial derivatives of the mean field
potential are negligible, as is the difference of the magnetic
forces. In this case, the evolution equation for the total
density shows that n(x, 1) = ny(x, 1) + ny(x,1) = ny(x) is
time independent, as observed in the experiments. With
these approximations, and assuming a local Maxwell-
Boltzmann momentum distribution at temperature 7, the
spin density s(x, ¢) and current J(x, 7) obey

$+0J=Qxs, (4)

8rhay

. kT
T+ 0s +wdxs =QxJ -
m
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FIG. 4. Oscillating spin current [24] for an s-wave scattering
length a; = —84.6a, (B = 500 G). The chirality parameter (see
Fig. 1) is x,, = 1.156, with 6, = 197 pm, and 7, = 0.99/pm?
with v, =224 Hz.

Here, Q [Eq. (3)] models the twist, and a,s x J governs the
spin-selective mean field rotation rate of J about s.

Just after the z/2 radio-frequency pulse, the only
nonvanishing initial condition is s,(x,0) = ny(x), where
no(x) = igexp(—x?/02) and kT /m = w}o2/2. The
s-wave scattering lengths at each magnetic field are
calculated from the online data of Ref. [32]. The one-
dimensional approximation implies that the strength of the
s x J interaction term, which is proportional to the square
of the density, should be averaged over the transverse
dimensions. To fit the data, we find that the average peak
3D density 7, lies between ny/2, as expected for a
Gaussian distribution, and n,, the peak 3D density,
calculated from the measured total atom number and
cloud profile [14]. Numerical solution determines the
spin density profiles, ny | (x, 1) = $ng(x) £ s, (x, 7), which
requires that (x); = —(x),, as predicted previously [27]
and observed in our experiments.

The z-components of Eqs. (4) and (5) show that the
centers of mass obey driven oscillator equations [14],

8rha

07 (x)y + wf(x)y =

/dx(s xJ)., (6)

where the effective driving force on the right side has
an opposite sign for the | spin component. In Eq. (6),
Ny, = 7igo\/m/2 for a Gaussian spatial profile.

Figure 3(d) shows the fit of the model for the smallest
scattering length a;, = —53.1ay (511 G), lowest density,
and largest offset x,; = —30,. In this case, the spatially
varying rotation rate € is nearly linear in x and dominates
the mean field rotation rate « a, in Eq. (5). After the z/2
pulse, atoms scatter from a transient spin spiral; see
Fig. S2 [14]. The x and y components of s and J form
and vanish quickly compared to the trap period 1/v,, due
to the rapidly increasing spread in rotation angles for
atoms at different positions. As spin exchange scattering
vanishes for the resulting z-polarized spin density and

T
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FIG. 5. Oscillating spin current [24] for an s-wave scattering
length a;, = —213.1ay (B = 437 G). The chirality parameter (see
Fig. 1) is x,; = —0.86, with 6, = 195 pm, and 7, = 0.52/pm’
with v, =24.3 Hz.

current, the effective force on the right-hand side of Eq. (6)
takes the form of a pulse near ¢ = 0; see Fig. S1 [14]. This
produces an impulsive oscillator response with a period
near 1/v, = 45.8 ms.

Figures 3(a), 3(c), 4, and 5 show the spin current obtained
when the mean field rotation rate is larger than v, and
comparable to or larger than the spread in € across the
trapped cloud. For these data, the model shows that the
time-dependent effective force continuously modulates
the oscillation amplitude and has a component that shifts
the centers of oscillation, see Fig. S1 [14], causing the
apparent bouncing. With increased s-wave scattering
lengths, where J and s are more strongly coupled, the
oscillation is distorted from pure sinusoidal.

In summary, our measurements demonstrate a general
mechanism for manipulating the flow of spin current via
asymmetric scattering in a chiral medium. The vanishing of
s-wave scattering for parallel spins, according to the Pauli
principle, makes the twisted Fermi gas cloud spin orienting.
In chiral molecules, the CISS effect remains puzzling
because the electron velocity through the crystal electric
fields can be spin dependent even without atomic spin-orbit
coupling. For the Fermi gas, there is no spin-orbit coupling,
and the atom motion is unaffected, as the difference
between the spin-dependent mechanical forces is negli-
gible. Nevertheless, spatially asymmetric (chiral) spin
waves appear as oscillations in the centers of mass of
the spin components, driven by an effective force, which
includes the back reaction of the spin current on the spin
density. Our Letter motivates new Fermi gas quantum
simulators with tailored chirality, which could include
synthetic spin-orbit coupling [33].
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