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Spin-orbit coupling is an essential ingredient in topological materials, conventional and quantum-gas-
based alike. Engineered spin-orbit coupling in ultracold-atom systems—unique in their experimental
control and measurement opportunities—provides a major opportunity to investigate and understand
topological phenomena. Here we experimentally demonstrate and theoretically analyze a technique for
controlling spin-orbit coupling in a two-component Bose-Einstein condensate using amplitude-modulated

Raman coupling.
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The properties of electronic materials are deeply
entwined with their band structure—or, more generally,
their single-particle spectrum—which gives rise to con-
ductors, semiconductors, conventional insulators, and now
topological insulators [1]. Understanding and controlling
band structure in new ways, therefore, allows access to new
phenomena. Spin-orbit coupling (SOC) plays a fundamen-
tal role in most topological materials, linking the spin and
the momentum of quantum particles. The introduction of
time-periodic perturbations to topologically trivial systems
(quantum wells, solid-state materials, and ultracold atoms)
can drive phase transitions to new “Floquet topological
phases” [2,3]. For example, Floquet topological insulators
arise from topologically trivial materials with spin-orbit
coupling through time-periodic perturbations [2].

In such materials, topological properties are induced and
controlled by periodically modulating various terms in the
single-particle Hamiltonian. In ultracold-atom systems, we
precisely design, introduce, and manipulate SOC by cou-
pling the internal atomic degrees of freedom with laser fields
[4]. Here, we illuminated an ultracold-atom system with a
pair of “Raman” lasers, inducing SOC in an effective two-
level system [5—10] with SOC strength defined by the laser
geometry alone. In this Letter, we experimentally show that
strongly modulating the Raman coupling tunes the SOC,
independently of the geometry and in agreement with theory.

We engineered SOC in an effective two-level atom in a
uniform magnetic field Bé, that Zeeman split the energy
levels by hw; = grugB, where ug is Bohr’s magneton and
gr is the Landé g factor. These levels were coupled by a pair
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of orthogonally polarized Raman laser beams with angular
frequencies w; and w; + Aw and a relative phase, as
shown in Fig. 1. The lasers’ frequency difference Aw was
set near wy, naturally defining an experimentally tunable
detuning 6y = Aw — w.

In our experiment, we selected as our two-level system,
the |mp =0,—1) =1, ]) hyperfine states of the 55,
f = 1 manifold of 3Rb [5]. The Raman laser field coupled
spin states ||, ¢, = k, — kz) to |1, g, = k, + k) differing
in momentum by 2k;, where ¢, = k, = k; denotes the
quasimomentum. The recoil momentum k; =2zsin(6/2)/4
and energy E; = h?k? /2m set the relevant momentum and
energy scales for Raman lasers intersecting at an angle 6;
here, A is the laser wavelength, and m is the atomic mass.
In this experiment, @ = /2, as shown in Fig. 1 [12].

In the frame rotating at angular frequency Aw and after
making the rotating wave approximation, the Hamiltonian
combining both the kinetic and Raman coupling contribu-
tions is [5]
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where Q « E) Ep is the Raman coupling strength, 6, , . are
the Pauli matrices, and E, 5 are the complex-valued optical
electric field strengths [Fig. 1(a)]. The last term describes
SOC—an equal sum of Rashba and Dresselhaus SOC—
with strength ay = 2E; /k; « k;. The resulting energy
bands of the laser dressed atomic system E.(g,) are
obtained by diagonalizing  as a function of the quasimo-
mentum ¢,. We focused on the atoms in the lowest energy
band, where they experienced the energy-momentum
dispersion relation given by E_(q,).

The SOC strength a o sin(6/2) depends only on the
momentum difference between the Raman laser beams and
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FIG. 1 (color online). Setup and level diagram. (a) A uniform
bias field Be, Zeeman splits the hyperfine sublevels of an f = 1
87Rb BEC, and a pair of Raman beams illuminates the atoms. The
field B generates a large quadratic Zeeman shift ze¢/E; > 1,
which effectively decouples the third spin state. By adjusting the
detuning, we select the states | — 1) = |]) and |0) = |1) to form
an effective two-level system. (b) Schematic of electric field
and associated intensity ramps used in the experiment [11] to
modulate the Raman coupling strength Q(z). (c) Calculated
dispersion relations from the time-periodic single-particle
Hamiltonian. Black curves indicate 6 =0 and €, = 0, while
red curves indicate 6 = —0.3E; and Q, = 0.1E;.

reaches its maximum for counterpropagating beams, 6 = .
Here we demonstrate a method for tuning the SOC
strength o in real time: modulating the coupling strength
7Q by controlling the intensity and phase of the Raman
lasers [11,13-15]. For rapid drive of the form Q(7) =
Q) + Qg cos(wt) and hw > 4E;, the effective Floquet
Hamiltonian retains the form of Eq. (1) but with renor-
malized coefficients Q =Q,, §=Jy(Qr/®w)d, and
a=Jy(Qp/w)ag. Jy is the zeroth order Bessel function
of the first kind; i.e., a is an oscillatory function of €/ ®,
generally decreasing in amplitude as Q,/w increases [13].

Our experiments started with nearly pure 3’Rb BECs
in a crossed optical dipole trap, with frequencies
(fxr fy. f2) = (32,37,100) Hz. Prior to dressing the atoms
with the Raman lasers, we prepared these BECs either in
the spin state || ), |1) or an equal superposition thereof. The
B =2.142 mT bias field Zeeman split the |1) and ||)
states by w,/27m ~ 15 MHz, detuning the unwanted
|mp = +1) state by 36E; from resonance.

We optically dressed the atoms with a pair of
A=7790.1 nm Raman lasers propagating along e, + e,
(Fig. 1) and controlled §, by making small changes to B.
The Raman coupling strength A was experimentally
controlled by the intensity of the lasers, and we inverted
the sign of Q by shifting the beams’ relative phase by =
[11]. Each Raman beam (labeled A and B, respectively) was
ramped from zero to its final intensity in 100 ms following a
linear envelope; however, the intensity of Raman laser B
was additionally modulated sinusoidally [Fig. 1(b)]. The
atoms were then held for 50 ms, after which all potentials
were turned off. The atomic ensemble expanded for a
34.45 ms time of flight (TOF) before absorption imaging.
Using a magnetic field gradient during part of the TOF, we
separated the spin components along e,.

We determined the SOC strength from direct measure-
ments of atomic momentum distributions as shown in
Fig. 2. We first studied systems driven at /27 =
10kHz and 20 kHz and found momentum distributions
in excellent agreement with the expected behavior; i.e., the
atoms adiabatically followed degenerate ground states of
the driven Raman Hamiltonian located at ¢, = +(a/ag)k;
as we tuned Qp/w. Figure 3(a) constitutes the main result
of our work and demonstrates experimental control on the
SOC strength a(Qg/w) for systems driven at w/2z =
10 kHz. As Qg/w increased, we observed the Bessel-
function behavior of a.

We compared our data to the simulated dynamics of the
BEC governed by the time-dependent Gross-Pitaevskii
equation (TDGPE)

ih%—\f = [H(t) + V(r) + H;] ¥, (2)
where U = (¥, W,)" is a two-component wave function,
H(t) is the coupling Hamiltonian of Eq. (1), V(r) corre-
sponds to a harmonic confining potential, and H; describes
atomic density-density interactions. We numerically simu-
lated BECs with N = 10° atoms and obtained the ¢ = 0
initial state (before modulation) using imaginary time
evolution with either the BEC initially polarized as || )
at g, = —1 (héy) = —0.5E;) or as a balanced spin super-
position at g, = +1 (A5, = 0). We then explicitly time
evolved with the TDGPE [16] including the full time-
dependent Raman coupling Q(7) = Q, + Q cos(wr), where
nQy = 0.3E; is the small constant offset, and Q is slowly
ramped on as in the experimental procedure [17].

125301-2



PRL 114, 125301 (2015)

PHYSICAL REVIEW LETTERS

week ending
27 MARCH 2015

(@) (b)1
= QR/W =0 ",‘
.2 L 1\ J
.8 [
§ 0.5¢ [ T
[oN
= I (L
o ol
0 L J 4 L,
02— —

Spin projection

Spin projection

qu/kL 4z /kL

FIG. 2. Absorption imaged TOF density distributions for
/2 = 10 kHz. The top, middle, and bottom panels correspond
to Qp/@ = 0, 2, and 4, respectively. (a) (Top) When Qp/w = 0,
the spin states are maximally separated by Ak, = 2k;. (Middle)
When Qg /w = 2, the quasimomentum separation is practically
zero. (Bottom) When Qg /@ = 4, the spin states again separate in
quasimomentum. (b) The continuous (dashed) lines correspond
to the optical depth integrated along e, for |[{) (|1)).

Figure 3(b) displays the calculated density distributions

lw(g,)|> = //|1//(qx, qy-4q) 2dqydqz as a function of time
for both the balanced spin superposition and the spin
polarized initial states. We determined the final quasimo-
mentum by finding the center of small dipole oscillations
which occur around the band minimum. In both cases,
oscillations of the BEC’s quasimomentum around the local
band minimum (for ¢ > 100 ms) result from imperfect
adiabaticity during the ramp-up process of the Raman
lasers. In the experiment, we found that the system relaxed
very rapidly to the local band minimum giving the
measured quasimomentum shown in Fig. 3(a).

Furthermore, we experimentally observed that as
Jo(Qg/w) became negative, the individual spins did not
pass through g, =0 as might be expected but rather
“reflected” and continued following the Bessel envelope
without changing sign [Fig. 3(a)]; this was the case for both
the spin superposition and the single-spin data. Our
simulations show that this reflection is present when the
Raman coupling offset 7€), and detuning 76, are small but
nonzero, as described below.
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FIG. 3 (color online). Tunable SOC strength. (a) Quasimomen-
tum as a function of Qg /w. Closed (open and crossed) symbols
correspond to measurements (calculations) of systems driven at
w/27x = 10 kHz (20 kHz) for an initial balanced spin super-
position (for initial spin superposition and spin polarized states,
respectively). The blue (red) symbols correspond to |]) (|1))
atoms and the dashed curves correspond to J,(Qz/@) (b) Time
evolution of the density distributions in momentum space for
Qr/w =4 with relevant experimental initial states. In both
calculations, a reflection of the quasimomentum occurs at
q, =0 for constant 7Qy, = 0.3E; and w/2z =20 kHz [see
panel (a)]. For the single-spin case, we used a finite detuning
héy = —0.5E; [17]. (bi) Balanced spin superposition at ¢ = 0,
(bii) Single spin || ) at t = 0.

For the initial balanced spin superposition, the states
l},q, =—1) and |1,¢q, = 1) move close to each other
under fast modulation [Fig. 3(bi)]. As time evolves, each
state develops a dressed state partner: this additional state is
negligible for small Q(f)/@ (short time); however, it
becomes more relevant for large Q(7)/@ (long time). By
averaging over a short time period (longer than the spin flip
time), we see the main spin components cross g, = 0 and
flip their spin giving rise to the observation of a spin
reflection in the experiment [Fig. 3(a)].

For the initial spin polarized state || ), the calculated time
evolution with , = 0 shows that the ||) component will
cross g, =0 and be converted to |1); however, when
09 # 0, we observe a reflection in quasimomentum since
the global minimum of the band structure stays at the same
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side. Figure 3(bii) shows the time evolution of the single
spin with an additional small Raman coupling offset
nQy ~0.3E; [17].

Physically, when these terms are small, the atoms
undergo a Majorana spin flip as J,(Qg/®) changes sign
but are able to adiabatically follow when they are nonzero.
Because @, § «x Jo(Qp/®) change sign simultaneously, the
q,’s for the local minima in E_(g,) associated with each
spin state do not change sign, so the local minima reflect
from g, = 0. This argument can also be understood by
considering the red curves in Fig. 1(c) showing a pro-
gression of effective SOC dispersion relations with nonzero
Q, and ¢; it is evident that atoms which start in the lower
(left) minimum will stay in that minimum even after the
minima have merged and separated once more.

In the experiment, Q(r) was determined by the intensity
and relative phase of two Raman lasers as controlled by
acousto-optic modulators (AOMs); it is likely that a small
dc contribution to the AOM’s drive gave () a small
nonzero average at the 5% level. In the strong driving
region, hQp > hw ~ 10E;, this corresponds to a
nQq ~ 0.5E; offset. Furthermore, in our experiment, small
detunings #|5y| ~ 0.1E; were generally present.

In addition, Fig. 2 shows that the system is heated in the
presence of the drive. Figure 4(a) parametrizes this effect in
terms of the temperature of the driven system as a function
of driving frequency at fixed Qz/w = 2.9. The heating was
most pronounced in the range 2 kHz < w/2x < 7 kHz and
reached a plateau for w/2z > 10 kHz. Because our atoms
are continuously evaporating from the shallow optical
dipole trap, this heating drives rapid atom loss, as plotted
in Fig. 4(b) for Qz/w =4.5 and w/27z = 10 kHz. This
unwanted heating is present as dephasing in our zero-
temperature GPE model and described in terms of the
BEC’s stability under driving.

Stability depends on the modulation frequency: for very
large w, the time-dependent terms average out (rotating
wave approximation), and the dynamics of the BEC follow
a stable effective modulation; for very small @, the SOC
strength barely changes and the system is also stable. In the
intermediate regime, we use Floquet theory to describe the
strong instability of the modulated BEC [17]. Figure 4(c)
shows the Floquet band structure of a minimal model
spanned by the basis {||,n=0),|1,n=+1),[1,n=-1)},
where |o,n) denotes the state with spin ¢ and Floquet
sideband index n. We consider a BEC in the initial state
[}, q, = —1) green point in [Fig. 4(c)]. At a critical driving
frequency hw ~ 4E; ~ h x 7.36 kHz, a gap opens and the
BEC is suddenly split into two bands. The component in
the lower band is not stable because of its associated
negative effective mass and since strong nonlinear inter-
actions lead to complicated collective excitations. When
hw < 4E;, the majority of atoms populate the lower band
and may experience an unstable point after a short time of
dipole motion; therefore, the BEC is not stable and the
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FIG. 4 (color online). Heating in the optically driven SOC
system. (a) Temperature of the atomic sample measured from the
thermal fraction of the momentum distribution as a function of @
at Qr/w =2.9. (b) Number of atoms remaining in the driven
system for Qg /w = 4.5, an exponential fit gave a 1/e lifetime
7 = 72.3 ms. (c) Floquet band structure at fixed coupling Q for
driving frequencies w/2z =1, 7.36 kHz and 20 kHz.
(ci) ho < 4E;, (cii) hw ~4E;, and (ciii) hw > 4E; .

heating is strongest at iw ~ h x 5 kHz. For hw < 4E, the
BEC is stable as it follows the lower band which now
exhibits a local minimum. For #w > 4E;, the BEC
adiabatically follows the upper band minimum and is
stable.

The unstable range of drive frequencies is larger for
stronger interactions and vanishes for vanishing inter-
actions where the simple effective quasieigenstates become
exact. In the unstable region, the BEC is destroyed after a
modulation time of just 10 ms to 50 ms, at which point the
momentum space distribution is dominated by high
momentum excitations, which would be interpreted as
thermal excitations observed in the experiment. In general,
the exact size of the unstable region depends on both Qg /@
and interaction strength; thus, while the experimental data
fall into the unstable region, the exact location of the
boundary may be influenced by the constant atom number
(N = 10°) used in the numerical simulation. For this
experiment, we avoided the larger @’s required to enter
the stable regime because this also requires larger €Qp,
leading to unwanted spontaneous-emission-driven heating
(not included in our GPE calculation).

125301-4



PRL 114, 125301 (2015)

PHYSICAL REVIEW LETTERS

week ending
27 MARCH 2015

SOC is a critical ingredient in the generation and
understanding of important condensed matter phenomena,
and achieving real-time control of its coupling strength
represents a step forward in the quest for novel quantum
matter. Tunable SOC provides a powerful tool for inves-
tigating important open problems in quantum many-body
physics, such as the properties of topological phases of
matter. Here, we demonstrated a technique to control the
coupling strength in a light-induced SOC system. Our
technique relied on modulating the Raman laser field
illuminating an ultracold-atom system. The measured
SOC strength as a function of the dimensionless Raman
coupling strength Qg/w was in good agreement with
theory. This work showed that Raman modulation is a
powerful way to control SOC in quantum gases, in analogy
to modulated lattice experiments [15,18].
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