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An important component of the structure of the atom, the effects of spin-orbit coupling are
present in many sub-fields of physics. Most of these effects are present continuously. We present a
detailed study of the dynamics of changing the spin-orbit coupling in an ultra-cold Bose gas, coupling
the motion of the atoms to their spin. We find that the spin-orbit coupling greatly increases the
damping towards equilibrium. We interpret this damping as spin drag, which is enhanced by spin-
orbit coupling rate, scaled by a remarkable factor of 8.9(6) s. We also find that spin-orbit coupling
lowers the final temperature of the Bose gas after thermalization.

I. INTRODUCTION

The understanding of the transport, diffusion and
damping of spin, in contrast to those of charge, is im-
portant to the field of spintronics [1], where the spin of
particles, rather than the quantity of particles (charge)
carries information. Spin currents, in contrast to charge
currents, are damped due to collisions between particles
of opposite spin, as their relative momentum is not con-
served. This damping is known as Spin Drag [2, 3].

Analogous to the spin drag in bilayer electron systems,
systems of ultracold bosons can also demonstrate spin
drag, with the drag enhanced by the familiar bosonic
enhancement [4] prominent in ultracold boson systems.
There is a detailed collection of work over the years into
the presence of spin Coulomb drag in ultracold atomic
systems [5–7] with a small selection of the work featuring
the inclusion of spin-orbit coupling [8].

The other important effect in two dimensional elec-
tron systems is spin-orbit coupling (SOC) [9, 10]. How-
ever, solid state materials used to investigate the effects
of spin-orbit coupling are often challenging due to the
limited control of individual experimental parameters.
The body of work surrounding surrounding the topic of
spin-drag with added spin-orbit coupling is limited with
theoretical investigations looking at the impact of weak
coupling on the drag in a 2D electron system [11], or
the behaviour of impurities in a spinor condensate sys-
tem [12].

In depth understanding of this combination could lead
to better understanding of systems such as the topo-
logical insulators [13, 14] with their famed protected
edge states are dependent on the spin-momentum locking
caused by the SOC within the material and have been in-
vestigated as a potential platform for fault tolerant quan-
tum computation [15, 16].

Ultracold atoms provide an ideal environment for test-
ing the effects of SOC on the spin coulomb drag in quan-
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tum systems due to the ability to control many of the
crucial parameters accurately.

In this article we present our experiments on investi-
gating the thermodynamic behaviour of spin-orbit cou-
pled systems within a conservative potential. We inter-
pret the enhanced damping of the atomic oscillations in
the presence of SOC as Coulomb spin drag [4].

We create synthetic SOC using the ground state man-
ifold of a Rubidium-87 (87Rb) Bose-Einstein condensate
(BEC), following the Raman laser scheme first demon-
strated in the experiments of Spielman et. al [17].

A bias magnetic field induces a Zeeman shift, breaking
the degeneracy of the F=1 ground state of the atom sepa-
rating them in energy. A quadratic Zeeman shift ε shifts
the mF = +1 state further than the mF = −1, allow-
ing us to effectively decouple the latter from the system.
The atoms in the different Zeeman sublevels also differ
in momentum by δky = 2kR, where kR = 2π/λ is the
recoil momentum gained by the atom due to absorption
of a photon with wavelength λ. The Hamiltonian of the
coupled F = 1 state as a function of the atomic quasi-
momentum k̃y , is as follows,

Ĥy(k̃y) =


h̄2(k̃y+2kR)2

2m − h̄δ h̄ΩR

2 0
h̄ΩR

2

h̄2k̃2
y

2m − h̄ε h̄ΩR

2

0 h̄ΩR

2
h̄2(k̃y−2kR)2

2m + h̄δ


(1)

Diagonalizing the Hamiltonian gives the energies of the
spin-orbit coupled dressed states which for Raman cou-
pling strengths h̄ΩR < 4ER features a double minimum.
Here, ER = h̄2k2

R/2m, δ is the two photon detuning be-
tween the bare states, and ε indicates the quadratic shift.
Correctly choosing the detuning for a given coupling re-
sults in the ground state being an equal superposition of
the two pseudospin states | ↑〉, | ↓〉, corresponding to a
spin-orbit coupled state.

However, when h̄ΩR > 4ER, there is only a single min-
imum at quasimomentum k̃y = kR. In the experiments
reported here, we initially prepare a Bose-Einstein Con-
densate, trapped in a harmonic trap, in the latter state
with h̄ΩR = 5.5ER. The system is then quenched to a
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FIG. 1: Schematic of the experimental setup. (a)
Geometry of the laser orientation and polarization,
along with the bias magnetic field. (b) The level scheme
of the F = 1 ground state and the Raman transitions
induced by the coupling lasers. The Rabi frequencies of
the individual transitions are Ω1 and Ω2.

lower h̄ΩR < 2ER, which takes the system out of equi-
librium, and allowed to thermalise. We find the time
constant for this thermalisation, and find that the rate
scales with the coupling strength ΩR.

II. EXPERIMENTAL APPARATUS

Our experiments begin with an all-optical BEC com-
posed of approximately 104 87Rb atoms, optically
pumped into the |F = 1;mF = 0〉 before evaporation,
as described in our previous work [18]. The BEC is held
in a harmonic trap, with aspect ratios ωy : ωx : ωz =
1 : 1.2 : 2, formed by a crossed-beam optical dipole trap.
We use two values of ωy for our experiments. The lowest
trapping frequencies correspond to the the experiments
performed with the trap held at the final power 66 mW
achieved after evaporation, with ωy = 2π × 85 s−1. For
the larger trapping frequencies, we adiabatically increase
the power of the dipole trapping laser to 90 mW, cor-
responding to ωy = 2π × 112 s−1. Note that the larger
trap frequency corresponds to a larger trap depth, and
thus increases the number of atoms retained in the trap
during the thermalization process and increases the rate
of collisions between the atoms.

During the evaporation to BEC a magnetic bias field
By is ramped up in the last 2 seconds to 8.35 G providing
the a measured ωB/2π = 5.845 MHz Zeeman shift, and
a measured quadratic Zeeman shift of ε/2π = 5 kHz. A
schematic of the coupling scheme and geometry is shown
in Fig. 1. The two-photon coupling strength ΩR is ex-
perimentally determined by observing the Rabi oscilla-
tions between the populations of the states |−1〉, |0〉 and
|+ 1〉 zero detuning, and fitting the time evolution with
the three state optical Bloch equations.

To induce spin-orbit coupling we use two orthogonally
polarized laser beams with wavelength λ = 790.2 nm

counter-propagating along y that are focused to an
150 µm diameter beam onto the center of the dipole trap.
This wavelength of 790.2 nm was chosen to minimise the
scalar AC Stark shift in the atoms, which would have led
to undesirable extraneous forces induced by these beams.
The two beams are derived from the same laser, but differ
in frequency by ∆ω ≈ ωB +ε and couple two of the inter-
nal mF levels of the BEC atoms. For sufficient quadratic
Zeeman shift, that is hε > ER the mF = +1 internal
state is tuned out of resonance for the two photon Ra-
man coupling. The coupled system becomes an effective
two level system of spin-momentum states which we label
|mF = −1, k̃y + 2kR〉 = | ↑′〉 and |mF = 0, k̃y〉 = | ↓′〉.

III. EXPERIMENTAL PROCEDURE

The condensate is prepared in the lowest energy
dressed band of the Raman coupled system by adia-
batically increasing the Raman coupling to 5.5 ER over
50 ms, where there is a single minimum in the dispersion
curve as illustrated in Fig.2(a). The adiabatic increase of
the coupling prevents unwanted heating and oscillations
of the condensate in the trap caused by synthetic electric
fields [17]. We hold the Raman coupling on for a further
30 ms at a constant value in order to ensure the system
is in the lowest energy dressed band. We confirm the
adiabaticity of the ramp by measuring the total quasi-
momentum of the atoms during this 30 ms period and
confirming that it is zero at each point in time. If the
quasimomentum is non-zero during this phase, the ramp
must be adjusted to ensure the atoms follow the lowest
energy state.

To take the system out of equilibrium, a synthetic elec-
tric force is imparted on the dressed BEC by abruptly
reducing the Raman coupling strength from the initial
Ωi = 5.5ER/h̄ to a final value Ωf in 1 ms. The rapid
decrease of Raman coupling constitutes a quench of the
system. The condensate separates into the two pseu-
dospin states | ↑′〉 and | ↓′〉 through the synthetic electric
force, each accelerating towards one of the new minima
(see Fig. 2(b)) of the dispersion relation, where they then
oscillate in the harmonic trap with maximal momentum
|k↑,↓| = ±1h̄kR.

To compensate for the changing AC stark shift as the
laser intensity changes, we adjust the laser frequency dif-
ference to maintain equal populations of the two states.
This shift in the two photon resonance condition is ex-
tremely sensitive to small changes in experimental pa-
rameters, such as the magnetic fields. Although care is
taken to maintain equal populations of the spin compo-
nents, the final spin-orbit coupled state after the quench
will occasionally have non-equal populations in each com-
ponent. To group the data we calculate the population
imbalance

F↑↓ =
N↑ −N↓
N↑ +N↓

, (2)
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(a)

(b)

FIG. 2: Dispersion relations for the coupled BEC for
two coupling strengths. (a) h̄ΩR = 5.5ER, features a
single minima where both spins have equal populations
and the same quasimomentum. (b) h̄ΩR = 1ER features
two minima of the dispersion. Each pseudospin occupies
one of the minima with the corresponding
quasimomentum.

where N↑ is the population of the mF = −1 state and
N↓ is the population of the mF = 0 state. In this letter
we focus on the case with balanced populations, where
|F↑↓| < 0.1, by post-selecting the data.

We let the two pseudospin states oscillate in the dipole
trap for time t up to 20 ms before switching the trap and
Raman coupling off simultaneously, projecting the atoms
onto their bare spin-momentum states. The bare states
expand for 15 ms in a Stern-Gerlach gradient separat-
ing the spin components in the x dimension before being
imaged with a resonant absorption method.

We measure the rate of thermalization of the system by
evaluating the momentum distribution of both spin states
as a function of time. We numerically determine the
mean momentum of each of the spin ensembles as they
oscillate in the trap with a decaying amplitude. We fit
the decay of the oscillation of the momentum difference
kt = |k↑ − k↓| and measure the final temperature of the
thermalized ensembles.

IV. THERMALIZATION OF A SPIN-ORBIT
COUPLED BEC

It is important to note that the momentum imparted
on the pseudospins during the quench depends of the
final coupling strength, which arises from the quasimo-
mentum minima shifting as a function of the coupling

(a)

(b)

FIG. 3: Plots of the momentum difference between the
two components of the system for two coupling
strengths (a) h̄Ωf = 1.5ER and (b) h̄Ωf = 2ER fit with
a decaying cosine function. The insets show the
spin-momentum distribution after the system has
returned to equilibrium, and clearly demonstrate the
return of the system to a spin orbit coupled state with
the final momentum distribution reflecting the non-zero
quasimomentum before release from the trap.

strength. The shift in this work on the order of ±0.05h̄k
for each spin, accounting for a 5% difference in the total
momentum of the atoms of h̄Ωf = 0 and h̄Ωf = 2ER

Once the system has thermalized and the oscillations
have completely damped, a small fraction of the conden-
sate remains, with the atoms occupying the minima of
the new spin-orbit coupled band. For Raman coupling
above h̄ΩR = 1ER the time-of-flight images show clearly
the system has returned to equilibrium in a spin-orbit
coupled state with the pseudospin momentum clearly be-
ing non-zero. We confirm the non-zero momentum of the
atoms comes from the quasimomentum of the spin-orbit
coupled state, rather than residual oscillation energy, by
noting the momentum remains unchanged over 5 ms of
evolution.

Fig. 3 demonstrates two cases where the final pseu-
dospins are separated from zero momentum when reach-
ing equilibrium. A clear example is shown in the in-
set of Fig. 3(b) shows the pseudospins are positioned
k↑,↓ = ±0.25h̄kR , corresponding to quasimomentum be-

fore release k̃y = ∓0.75h̄kR, the locations of the disper-
sion minima obtained from exact diagonalization of the
Hamiltonian. Even though the trap frequencies are the
same for the two situations in the figure, the dispersion
relation is different for different coupling, giving rise to
the observed difference in oscillation frequency. It is also
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clear that the higher coupling strength (b) gives rise to
a stronger damping of the oscillation.

V. SPIN COULOMB DRAG

For a situation with no spin-orbit coupling, the damp-
ing coefficient can be determined theoretically for an ul-
tracold Bose gas. The spin drag between two compo-
nents can be calculated from two expressions for the non-
condensed and the condensed atoms respectively [4],

γ22 =
nΛa2

↑↓

h̄β

1

6π2

1

(nΛ3)
2

∫ ∞
0

dq dω q2

sinh2 (ω/2)

× ln

(
exp

[
q2/16π + βgn0 − ω/2 + πω2/q2

]
− exp [−ω]

exp [q2/16π + βgn0 − ω/2 + πω2/q2]− 1

)
,

(3)

and

γ12 =
nΛa2

↑↓

h̄β

64n0a

3(2π)3nΛ

∫ ∞
0

dp1 dp3 p1p
3
3

×
[
1 +

1

exp [(p2
1 + p2

3) /4π + 2βgn0]− 1

]
× 1

exp [p2
1/4π + βgn0]− 1

× 1

exp [p2
3/4π + βgn0]− 1

×Θ
(p1p3

2π
− βgn0

)
. (4)

Here, Θ is the Heaviside function, Λ =
√

2πh̄2/mkBT

is the thermal de Broglie wavelength, β = 1/kBT the
inverse thermal energy and g = 4πh̄2a/2m the interpar-
ticle interaction strength. Calculations were performed
using a script provided by Jogundas Armaitis [4] with our
experimental parameters, returning the total spin drag
relaxation rate for a given density of atoms. Due to the
fact the atoms are oscillating in the trap and only overlap
and only interact periodically, we multiply by a scaling
factor calculated based on the interaction time of the two
spin clouds overlapping in the trap.

At the time of writing we are unable to obtain theo-
retical calculations for the effects of the spin-orbit cou-
pling on the spin drag, so we compare the experiments for
the uncoupled case with the theory. For the y trapping
frequencies ωy = 2π × 85 s−1 and ωy = 2π × 112 s−1,
we calculate a spin drag damping rate of γs = γ12 +
γ22 =13.6 s−1. Comparing this to our experimentally
observed damping rate of γ = 72(9) s−1, we observe that
part of γe is caused by collisions of the condensate with
thermal atoms, and is dependent on the atomic density
and is also present regardless of spin drag.

Taking into account the elastic collision rate, it is clear
from Fig. 4 that the increase in the spin-orbit coupling
corresponds to a significantly increased damping rate,

0.0 0.5 1.0 1.5 2.0
Final Coupling Strength (ER)

0

50

100

150

200

250

Da
m

pi
ng

 ra
te

 (S
1 )

FIG. 4: The damping rate of the system as a function of
the Raman coupling strength, for low (green circles) and
high (red crosses) trapping frequencies. The damping
increases linearly over the range of coupling, with the
gradient being a combination of both collisional
damping and spin drag. The red and green dashed lines
indicates the theoretical spin drag damping rates.

with a linear dependence over the range measured. We
find that the damping rate also scales with the calculated
spin-drag damping rate and e summarize our results for
the damping coefficient γ by the expression

γ = γe + ξΩRγs (5)

where ξ is a constant. The fit parameters in Fig. 4, as
well as the spin drag constant without spin-orbit coupling
are summarised in table I.

ωy/2π (s−1) γe (s−1) ξγs γs (s−1)

85 18(6) 63(4) 6.4

112 67(14) 107(13) 13.6

TABLE I: Scaling of the fit parameters in figure 4

At the time of writing, we have not found a way to find
ξ from theoretical considerations for our experimental
configuration, but from table I we find that ξ = 8.9(6) s,
which is remarkably large as spin-orbit coupling affects
the condensate fraction much more strongly than the
thermal fraction. We envision that finding an accurate
theoretical value may take a truncated Wigner type simu-
lation [18, 19] to include both spin components, the spin-
orbit coupling along with their interactions with both the
opposing spin condensate atoms, but also the atoms be-
longing to the thermal cloud.

Finally, we measure the final temperature of the system
once it has reached equilibrium. We integrate the time-
of-flight region for each spin to obtain a 1D density profile
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FIG. 5: Fractional temperature T/Tc of the system as a
function of the final coupling strength. The blue line
shows the temperature before the quench averaged over
many shots, with the shaded region indicating the error.
The temperature of the equilibrium state is shown with
red circles, demonstrating a clear decrease in the
heating for larger coupling strengths. Inset: The
integrated 1D profile showing the bimodal fit to one of
the spin components

and fit them with a sum of a Bose enhanced Gaussian and
a Thomas-Fermi profile. Integrating the fits we obtain
the atom number for the BEC and thermal component,
which we use to obtain the fractional temperature T/Tc.
We plot the measured temperatures in Fig. 5 along with
the initial temperature and uncertainty. We fit a straight

line to the temperature, obtaining T/Tc = 1.08(0.01) −
0.11(0.02)ΩR.

It is interesting to note that the condensate is off cen-
ter with respect to the thermal cloud, consistent with
the quasimomentum of the final spin orbit coupled state
mentioned in an earlier section. The results surprisingly
show that for increasing Raman coupling, the damping
results in a reduced final temperature, possibly indicat-
ing the spin-orbit coupling plays a significant role in the
relaxation process. The means by which the temperature
decreases is not so obvious, however the condensate frac-
tion remaining at the end of the experiment is increased
for increasing coupling.

VI. CONCLUSION

We have presented experiments performed to investi-
gate the impact of spin-orbit coupling on the thermal-
ization processes present in an out of equilibrium system
of ultracold bosons. We measure the spin drag damping
rate of the atoms and compare the uncoupled case to the-
oretical calculations. We show that introducing the spin-
orbit coupling into the system strongly increases the rate
at which the system returns to equilibrium, while also
reducing the temperature increase caused by the excita-
tion. Finally, we have shown that the equilibrium state
of the system after rethermalization is a spin-orbit cou-
pled BEC, with the quasimomentum measurements af-
ter reaching equilibrium corresponding to the dispersion
relation calculated through exact diagonalization of the
Hamiltonian. We anticipate that this work will lead to
new understanding of thermalization in the presence of
spin-orbit coupling.
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A 93, 023625 (2016).
[13] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 146802

(2005).
[14] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science

314, 1757 (2006).
[15] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and

S. Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[16] R. Raussendorf, J. Harrington, and K. Goyal, New Jour-

nal of Physics 9, 199 (2007).
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