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Abstract

In spintronics the active control and manipulation of spin currents is studied in solid-state systems.
Opposed to charge currents, spin currents are strongly damped due to collisions between different
spin carriers in addition to relaxation due to impurities and lattice vibrations. The phenomenon of
relaxation of spin currents is called spin drag. Here we study spin drag in ultra-cold bosonic atoms
deep in the hydrodynamic regime and show that spin drag is the dominant damping mechanism for
spin currents in this system. By increasing the phase space density we find that spin dragis enhanced in
the quantum regime by more than a factor of two due to Bose stimulation, which is in agreement with
recent theoretical predictions and, surprisingly, already occurs considerably above the phase
transition.

1. Introduction

The field of spintronics [ 1-5], where the spin of the electron is manipulated rather than its charge, has recently
led to interest in spin currents. Contrary to charge currents, these spin currents can be subject to strong
relaxation due to collisions between different spin species, a phenomenon known as spin drag [6]. This effect has
been observed for electrons in semi-conductors [7] and for cold fermionic atoms [8—10], where in both cases it is
reduced at low temperatures due to the fermionic nature of the particles. We here show that for bosons the
opposite behavior occurs and the spin drag is quantum enhanced. This enhancement is due to Bose statistics and
gives rise to an extra factor (1 + n;) for scattering of bosonic particles into states already containing n; particles.
Equivalently, it may be thought of as arising from matching the scattering wave function of two bosonic particles
in the gas to the properly symmetrized many-body wavefunction. For fermions one would have Pauli blocking
and an extra factor (1 — n;) thatimplements the Pauli exclusion principle and in that case forbids scattering into
astate that is already occupied.

Figure 1(a) shows an elastic collision between two particles with different spin projection. Due to
momentum conservation the mass current ]_"m in this process as shown by the horizontal arrow is conserved.
However, the spin current ]_; is pointing downwards before the collision due to the opposite spin of the two
particles as shown by the vertical arrow and this current is reversed by the collision. This is the microscopic
origin of spin drag. It is important to emphasize that in electronic systems spin-drag effects also exist, but are
usually obscured by the effects of impurities and phonons [6, 7], whereas for ultra-cold atoms they are the only
effect. Transport of ultra-cold atoms has been studied in optical lattices [ 11-16] and through mesoscopic
channels [17], but in our study we measure bulk properties irrespective of the external potential.

2. Experiment

In our experiment we produce atoms in two spin states and apply a force on one spin state. We measure the
relative displacement of the two clouds with different spin as a function of the time that the force is applied, from
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Figure 1. Schematic representation of the experimental method. (a) Velocities of two atoms with different spins in the collision plane
before (left side) and after the collision (right side) [7]. Due to the collision the spin current changes sign, which makes it a strong
damping mechanism for spin currents. (b) Schematic representation of the measurement: two spin species (blue, yellow) are prepared
and a force acts on only one spin species (yellow). Due to the spin drag the other spin species (blue) is dragged along.

which we determine the drag rate. Weload up to 4.6 x 10® **Na atoms into a cigar-shaped optical far-off-
resonant trap (FORT) with characteristic trap frequencies of w,,q/ 2 = 835 Hz in the radial and

Wayx/ 2= 3.5 Hzin the axial direction. The trap is tight in the radial direction to obtain a large density, thereby
producing a collisionally opaque and hydrodynamic sample in the axial direction. The temperature is between
2-8 pK and is always kept above the critical temperature for Bose—Einstein condensation. The atoms in the trap
are initially all in one spin state, namely the |F = 1, m = —1) state (pseudo-spin up). The atoms in the

|F = 1, m = 0) state (pseudo-spin down) are produced with a radio-frequency sweep from below the resonance
with the magnetic field: 2.6 MHz to 2.71 MHzin 30 to 50 ms. For stability and to maximize the interspecies
collisions 50% of the atoms are flipped to the other spin state, creating an equal incoherent mixture of the two
spin species. The fraction of atoms in the |F = 1, m = +1) state is estimated to be less than 10% and the same
for all measurements and does not influence the drag rate within one percent.

We set atoms in one spin state into motion with respect to atoms in the other spin state and observe how the
latter are dragged along with the former. The force on the atoms is applied using a magnetic field gradient, which
onlyacts on the spin up atoms with m = —1asshown in figure 1(b). The force for the spin down atoms with
m = 0iszero. After a short period a spin current ]z develops:

i=nav=1, 1)
pS

with n the density, A is the drift velocity difference, and p; the spin resistivity. This relation is identical to
Ohm’s law for charge currents, but applies here to spin currents. In absence of impurities and an ionic lattice the
spin resistivity p; = m-y/n is for ultra-cold atoms completely determined by the spin-drag rate . The ratio of the
applied force Fand A vis proportional to .

2.1.Drag method
In figure 2 the force is applied on one spin species such that this cloud is accelerated to the left and due to spin
drag the other spin species is dragged along and a relative displacement arises. After the force is switched off, the
clouds are cooled in the radial direction by ramping the FORT down in 2 ms and the two spin states are separated
by a Stern—Gerlach technique [18] in the radial direction with 5-10 ms time of flight and imaged with absorption
imaging. The cooling in the radial direction facilitates the separation of the two clouds in the image and has no
effect on the drag. In order to reduce noise and improve sensitivity singular-value decomposition is used to
construct an optimized background image, which is used to normalize the absorption image. The upper cloud is
in the spin up state, whereas the lower cloud is in the spin down state. The difference in width of the clouds
develops during the detection stage. We determine the center of mass of each cloud by fitting a skewed Gaussian
distribution as shown in figure 2(b). The skew in the two distributions is a direct result of the drag of the upper
cloud exerted on the lower cloud. Notice that the horizontal separation between the two clouds is small
compared to the width of the clouds.

To obtain the spin-drag rate this measurement is repeated for different magnitudes of the force and for
different durations during which the force is applied. The result for the relative displacement as a function of
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Figure 2. Measurement for the spin drag. A single measurement on a cloud with 1.5 x 10® atomsat4 1K. The spin species up is
accelerated with 1.01 m s~ > to the left. (a) Pseudo color image of the measured absorption along a line-of-sight through the two
clouds. (b) Absorption of the two clouds as a function of the axial position, where the lower curve is for the upper cloud and the upper
curve is for the lower cloud. The two curves are obtained by making a line profile through the 2D-image of figure 2(a) at the height of
the respective clouds, where the solid lines are fits using skewed Gaussian distributions. The vertical lines indicate the center of mass
for the different clouds along the axial direction.
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Figure 3. Experimental results for spin drag. Relative displacement A x between the position of the two clouds as a function of
duration ¢ that the force is applied. The data points are indicated by the red dots and the blue line is a fit to the data using the solution of
the coupled equations of motion of the two clouds [19]. The inset shows the drift velocity A v as a function of the strength of the force
F.Theslopeis (6.9 = 1.7)x10 > s~ ' and the offsetis (—1.0 + 2.7) mm s~ . All data points are corrected for an offset due to an
artifact in the Stern—Gerlach technique, which shifts the axial position of the two clouds with respect to each other by a constant
amount. Error bars indicate statistical uncertainties deduced from repeated measurements.

duration tis shown in figure 3. After a short time (¢ > 5 ms) the difference in position between the two clouds is
linear in time, indicating that there is a constant drift velocity A v between the two spin species. In the absence of
drag the difference in position will show a quadratic dependence on time due to the ballistic motion of the
atoms. The curvature of the fit for short times (t < 5 ms) in figure 3 is due to the fact that the two clouds are
initially not in a steady state. However, the clouds are collisionally opaque, i.e., they are in the hydrodynamic
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Figure 4. Experimental results for the oscillation method. The relative displacement A x in position between the two clouds as a
function of time ¢ after the release of the atoms. The relative oscillation is overdamped, in which case the decay rate 3 of the oscillation
isgivenby 5 = 2w,/ with w,, the oscillation frequency in the trap and -y the drag rate. The red points are the data points and the
blue curve is a fit to the data assuming exponential decay.

regime, and the two clouds reach quickly a steady state. In our analysis we allow for this by solving the coupled
equations of motion for the centers of the two clouds with only one free parameter [ 19] and the results are used
to extract -y from the data.

Equation (1) is only valid for small applied force F, such that the response of the clouds is still in the linear
regime. In [19] itis shown that for ultra-cold atoms to be in the linear-response regime A v should be well below
the thermal velocity vy, = +/8ks T /7m , where kg is the Boltzmann constant and T the temperature. In the
experiments vy, is about 6 cm s~ ', whereas typical values for A vare of the order of 1 cm s~ . Thus we expect that
our experiments are in the linear regime. In the inset of figure 3 we have tested this assumption by measuring A v
as a function of the acceleration F/m. The straight line is a linear fit to the data with an offset from the origin,
which is zero within its uncertainty. This indicates that the measurement is indeed in the linear-response regime
for the drag, where equation (1) holds. Since we conducted this measurement with the lowest number of
particles and thus lowest drag rate, it follows that all our measurements are in the linear-response regime.

2.2. Oscillation method
The drag method is well suited for large drag rates, but for weak drag a steady state may not be achieved before
the two clouds are spatially separated. Therefore for small drag rates we apply the oscillation method. In this
method the centers of mass of the two spin species are first separated from each other and then oscillate in the
trap. The decay time of the relative oscillation is proportional to the drag rate. In this case, only 3-7 x 10° atoms
areloaded into the FORT. Atoms in one spin state are spatially separated from atoms in the other spin state by
exerting a constant force on one spin species for a period, after which the force is switched off. The atoms in this
spin state start to oscillate in the trap and drag along the atoms in the other spin state, which are initially at rest.

In the oscillation method the separation between the clouds is induced using the same magnetic field as in
the drag method and the displacement is well within the range where the FORT is harmonic. Since the drag rate
is much larger than the axial trap frequency w,,, the relative oscillation is overdamped and the decay rate is given
by

2wy

B ; @
gl

which allows us to extract the spin-drag rate v from the measurements (see figure 4). Even for the lowest drag
rates the oscillation remains overdamped.

2.3. Analysis of the images

To determine the temperature and number of atoms of the cloud, the absorption images of non-perturbed
clouds, which are also not cooled in the radial direction, are analyzed by fitting the column density to the density
profile of the ultra-cold atoms. We use the Hartree—Fock theory, where the density profile is determined using
only two free parameters, namely the chemical potential ;s and the temperature T. In the analysis the trapping
frequencies of dipole trap are used, which are obtained by studying the dipole modes of the cloud in the trap in
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both the radial and axial direction. The trapping potential is fully determined by the shape of the Gaussian laser
beam, which has been measured using a beam profiler. The analysis is more complicated due to the
anharmonicity of the trap, but this has been accounted for by using the actual trapping potential in the analysis.
The use of the Hartree—Fock theory allows us to determine the fugacity including the effects of interactions on
the density profile and the uncertainties in the fugacity has been indicated in the graphs. The uncertainties are
mainly determined by the uncertainty in the magnification (1.7%) and the uncertainty in the absorption (10%).

Since the density profile depends only weakly on the fugacity z, we have used an iterative procedure, where
first the column density is fitted using a small fugacity (z=0.01) and 1 and T are extracted from the fit.
Subsequently zis calculated using these two parameters and the fit is repeated using the new value of z. We found
that within three iterations the value of 1 and T converge within 1%. One benchmark in the determination of zis
the appearance of a condensate in the cloud, once the fugacity becomes equal to one. Since the density in the
condensate is much larger than in the thermal cloud, it can easily be detected even just below T.. Furthermore,
the value of T depends strongly on the number of atoms in a given potential and since we observe T at the same
temperature in the experiment as expected, this indicates that our determination of the number of atoms, the
measured temperature and the shape of our potential is accurate. As a further check the absorption technique is
compared in our experiment with the results of the well-established phase-contrast imaging technique [20] and
this yields good agreement (within 10%) between the two techniques.

For the data points clouds of atoms are produced using a well-defined evaporative cooling ramp for a
selected temperature. We have chosen to analyze unperturbed clouds for 1« and T, since in a few cases (low
hydrodynamicity) the distributions have been weakly perturbed in the tails due to the drag. This is to be
expected, since in the tail the densities are lower and thus also the drag. During the drag measurements several
images are acquired of unperturbed clouds to verify that during one drag series the number of atoms or
temperature did not change appreciable.

Since the drag velocities (=1 cm s~ ') are smaller than the thermal velocities (6 cm s~ '), the temperature of
the perturbed clouds did not change significantly due to the drag. The systematic error in the temperature
measurement due to the trap anharmonicity has been analyzed using simulations and is caused by the fact that
the density distribution is not Gaussian. However, in the current setup this causes only a small systematic shift of
the temperature, which remains within the experimental uncertainty.

3. Results

Spin drag is caused by collisions between atoms in different spin states. It is therefore to be expected that the drag
rate yfor a classical gas, i.e. in the non-degenerate regime, should be proportional to the interspecies collision
rate Yo and Vichi and Stringari [21] find ¥ = (2/3)7co1. The factor2/3 < 1, independent of temperature and
the density distribution, reflects the fact that for the drag not all collisions contribute equally because only the
velocity component in the direction of the force is relevant. For larger phase-space densities the gas can no longer
be considered as classical and the effect of quantum statistics becomes important. For our Bose gas collisions are
enhanced at low temperatures due to Bose stimulation. This should be contrasted with fermionic systems, where
the drag rate is suppressed at low temperatures and goes to zeroat T = 0 due to Pauli blocking [9, 10]. The
scattering process is enhanced due to Bose stimulation to the final states and the enhancement has been
determined experimentally as a function of the degeneracy. In this regime we no longer expect to find a
temperature-independent proportionality factor between the drag rate and the interspecies collision rate.
Therefore, in figure 5 the drag rate is shown as a function of the fugacity z = exp(11/ks T), where j¢is the
chemical potential of the gas. For z < 1 the gas is in the classical limit, whereas forz = 1 the gas starts to Bose—
Einstein condense. Van Driel et al [22] showed that the drag rate scaled as v/ T* is a function of the fugacity
zonly.

In figure 5 we plot v/ T? as a function of the fugacity z, where zand T are determined from the experiment.
For a classical gas v/ T* depends linearly on zand the classical result is indicated in the figure with a straight line.
Note that this straight line is independent of the density distribution and thus includes the effects of interactions
on the density profile. For small z our measurements agree with this result confirming the factor (2/3) between -y
and 7.1 For larger values of z the drag rate increases above the classical rate. We evaluated the expression of van
Driel et al [22] for the drag rate of an inhomogeneous sample using the density distribution of the atoms in our
FORT. This requires the trapping potential of the FORT, which is known from the waist and power of the beam.
We find the Bose enhancement of the drag rate, as indicated in figure 5 by the blue line. As can be seen from the
figure, our results are in good agreement with theory. For large z (z > 0.5) the data deviates from the classical
model and is in agreement with the quantum model, although the experimental results are slightly larger in this
regime compared to the predicted values. These discrepancies can be ascribed to either systematic uncertainties
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Figure 5. Drag rate versus the fugacity in the degenerate regime. Scaled drag rate v/ T as a function of the fugacity z = exp(u/ks T).
The dots represent the data points, whereas the curves show the results for the spin-drag rate using the classical results of Stringari and
Pitaevskii [23] (red curve) and the quantum results of van Driel et al [22] (blue curve). Gray bars indicate systematic uncertainties due
to magnification and absorption, whereas black bars indicate total uncertainties. Uncertainties in the abscissa are due to uncertainties
in the atom number and temperature, whereas uncertainties in the ordinate are due to statistical uncertainties in the drag rate.

in the experiment or by the fact that some assumptions in the theoretical model are not totally fulfilled in the
experiment.

Asameasure of the accuracy of the theory we use the reduced chi-squared parameter 7 ", which becomes
unity for alarge number of observations if the data agrees with the theory. For the classical result we obtain
X’4 = 109, whereas the calculations including Bose enhancement yields x2,; = 0.45, showing that the data
strongly supports the quantum result over the classical result. We emphasize that here Xfe 4 is used to compare
our experimental results to a theory without any adjustable parameters. Note that the value of Xfe 4 significantly
below one indicates that our error estimates are probably conservative.

For a fully degenerate gas (z= 1) the enhancement due to the degeneracy of the gas is more than a factor of
two. This is the main result of this letter. The increase of the density due to the degeneracy is taken into account
in both the fugacity zand the drag rate yand thus does not affect the slope of the red curve. Thus the increase of
more than a factor of two in the drag rate is solely due to the bosonic stimulation of the scattering process. A
similar effect has been observed by Chikkatur etal [24]for impurity scattering in a Bose—Einstein condensate.
Interestingly this quantum enhancement already becomes detectable for fugacities larger than 0.5 and thus
serves as a precursor for the phase transition at z=1.

Itis important to realize that the experiments presented here can only be performed when the sample is in
the hydrodynamic regime and the relative motion between the two spin clouds is overdamped. In this case the
number of collisions during one trap oscillation is much larger than one. To quantify this we can define a
hydrodynamicity parameter [25] ¢ = 7ot/ Wax> With Y10 the total collision rate including inter- and intraspecies
collisions. For the current experiments we have reached v, = 1400 s~ 'atan axial trap frequency of w,,/

27 = 3.5 Hz, yielding a hydrodynamicity of ¢ > 60. This large hydrodynamicity implies that we are essentially
probing bulk properties of the atomic gas and it allows us to quickly reach a steady state. This can for instance be
seen in figure 3, where a steady state is reached after 5 ms corresponding to only a few collisions.

4. Conclusion and outlook

In conclusion, we have studied spin drag and determined the spin-drag rate for a gas of ultra-cold bosonic atoms
over the entire range of fugacity. We find that in the quantum regime spin drag is Bose enhanced and over a
factor of two larger than the classical value, which is in good agreement with a recent theoretical prediction [22].
This shows that the measurement of spin drag is a strong precursor of Bose—Einstein condensation, which,
surprisingly, already occurs relatively far above the transition. Our results demonstrate transport properties of

* For a non-linear fit with uncertainties in both x- and y-variables we define the reduced chi-squared as x>, = x2/(N — m)and
X2 = Zfil(yi — f(x)? / (Ay:2 + (' (xi) Ax;)?), where Nis the number of measurements and m the degrees of freedom.
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ultra-cold bosons in the hydrodynamic regime which are very different from fermionic systems and give a
complementary picture of hydrodynamic transport.
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