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We realize the dynamical 1D spin-orbit-coupling (SOC) of a Bose-Einstein condensate confined
within an optical cavity. The SOC emerges through spin-correlated momentum impulses delivered to
the atoms via Raman transitions. These are effected by classical pump fields acting in concert with
the quantum dynamical cavity field. Above a critical pump power, the Raman coupling emerges
as the atoms superradiantly populate the cavity mode with photons. Concomitantly, these photons
cause a back-action onto the atoms, forcing them to order their spin-spatial state. This SOC-
inducing superradiant Dicke phase transition results in a spinor-helix polariton condensate. We
observe emergent SOC through spin-resolved atomic momentum imaging and temporal heterodyne
measurement of the cavity field emission. Dynamical SOC in quantum gas cavity QED, and the
extension to dynamical gauge fields, may enable the creation of Meissner-like effects, topological
superfluids, and exotic quantum Hall states in coupled light-matter systems.

Quantum simulation in the ultracold atomic physics
setting has been enriched by techniques using laser-
induced atomic transitions to create synthetic gauge
fields [1–3], including spin-orbit-coupling (SOC) [4].
Quantum gases in synthetic gauge fields may allow the
creation of exotic quantum phases such as topological
superfluids in a pristine environment [3, 5, 6]. At the
same time, strong and tunable atom-atom interactions
mediated by cavity QED light-matter coupling has in-
troduced new capabilities into quantum simulation [7–
11]. As such, many-body cavity QED provides unique
opportunities for exploring quantum phases and transi-
tions away from equilibrium [8, 12–15].

Our work combines these two techniques—many-body
cavity QED and synthetic gauge fields—for the cre-
ation of a novel quantum system exhibiting dynamical
spin-orbit coupling. We experimentally demonstrate the
emergence of SOC in a Bose-Einstein condensate (BEC)
via the use of a cavity field possessing its own quantum
dynamics. Our experiment realizes key aspects of several
(previously unrealized) theoretical proposals for creating
exotic quantum many-body states via cavity-induced dy-
namical gauge fields, including SOC [16–28] [29]. By do-
ing so, this work opens avenues toward observing exotic
phenomena predicted in these works as well as the cre-
ation of dynamical gauge fields, complementing recent
progress demonstrating density-dependent gauge fields
using optical lattices [30, 31]. Specifically, one might be
able to explore unusual nonlinear dynamics [19], novel
cooling effects in cavity optomechanics [32], striped and
quantum Hall-like phases [16, 17, 21], artificial Meissner-
like effects [28, 33], exotic magnetism [18, 34], and topo-
logical superradiant states [35–37]. Adding intracavity
optical lattices could create states with directed trans-
port, chiral liquids, and chiral insulators [23–26, 28].

Static SOC has been realized in free-space Bose and
Fermi quantum gases using two-photon Raman transi-
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FIG. 1. (a) Schematic of the experiment. Two Raman pump
beams (red and blue arrows), polarized along the cavity axis,
counterpropagate through a BEC of Rb (purple) inside a
TEM00 cavity. The cavity emission (green arrow) is detected
by a single-photon counter, and the atoms are imaged in time-
of-flight by a CCD camera (not shown). (b) Level diagram
illustrating the cavity-assisted Raman coupling between two
hyperfine levels of 87Rb acting as the spin states. The coun-
terpropagating running-wave nature of the pumps is explicitly
notated by e±ikx. See text for definitions of all quantities.

tions between atomic spin states [4, 38–41], where the two
lasers forming the Raman transition are in classical co-
herent states with externally fixed intensity. The Raman
transition realizes SOC by transferring a recoil momen-
tum to each atom as the spin is flipped, with the recoil
direction being correlated with the spin state. The key to
our dynamical SOC realization is the replacement of one
of these classical fields with a cavity mode; see Fig. 1(a)
and (b). Vacuum fluctuations of the cavity mode stimu-
late Raman scattering of the pump into this mode. The
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scattering rate is slow while the atomic spins and posi-
tions are disordered. However, at sufficiently high ex-
ternal pump power, the scattering becomes superradiant
due to atomic ordering into a jointly organized spin and
motional state, reflecting the spin-orbit coupled nature
of the system. Because the cavity field feeds back onto
the atoms, the scattering process generating the SOC is
dynamical: the SOC depends on the spatial and spin
organization of the atoms and vice-versa.

In contrast to systems with standing-wave pump fields
in which no SOC arises [42], SOC emerges at the tran-
sition threshold when running-wave fields are used as
pumps. This is because the running-wave pumps, in con-
junction with the cavity mode, impart momentum kicks
to the atoms as they flip the atomic spins [43]. Momen-
tum is transferred only along the pump axis because the
the cavity field is a standing wave. Figure 2 depicts the
emergence of SOC, both in terms of occupation of mo-
mentum states and in the coupling between the bands.
The phase transition results in a spinor-helix-like state
where the spin state rotates along x̂ with a period com-
mensurate with the pump wavelength. While the total
density remains translationally invariant along x̂, both
spin and density are modulated along the cavity axis, as
described below.

This dynamical SOC may also be understood from
the perspective of cavity-field phase fluctuations. Be-
low threshold, the scattering into the cavity is due to the
pump light coupling to incoherent atomic spin and den-
sity wave fluctuations [44]. These spinor density-wave
fluctuations cause the resonating light to possess a phase
that is both uncorrelated and time-varying with respect
to that of the pump field. Therefore, coherent Raman
transitions—and thus, SOC—are suppressed due to the
random diffusion of the relative phase between the pump
and cavity fields.

Stable SOC emerges only once the phase of the cavity
field locks with respect to the pump fields. This locking
occurs when the pump power reaches a threshold for trig-
gering a nonequilibrium (Hepp-Lieb) Dicke superradiant
phase transition [8, 15]. At threshold, the atomic spinor
state condenses into helical patterns oriented along the
pump axis x̂. There is a helix at each antinode of the cav-
ity field along ŷ and the phase of neighboring helices differ
by π; the resultant state is |ψhelix〉 = |↓〉 ± eikx cos ky |↑〉,
see also Ref. [34]. The broken Z2 symmetry of the phase
transition is reflected in the spontaneous choice of the
± sign, which determines the helix phase (0 or π) with
respect to the phase of the pump fields. The helix pat-
tern serves as a grating for the Bragg-diffraction (i.e.,
superradiant scattering) of pump photons into the cavity
mode. Superradiance increases the coherent field of the
cavity by a factor proportional to the number of atoms.
Moreover, it locks the cavity phase to either 0 or π with
respect to the phase of the Raman lasers. This phase
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FIG. 2. (a,b) Momentum-space cartoon of the emergence of
SOC. (a) Initially atoms are in a spin-polarized state |↓〉. (b)
If the transverse pumping strength is sufficiently strong, SOC
emerges and the spin components are in different momentum
states. The ±-sign of the |↑〉 spin component indicates the Z2-
symmetry-broken phase freedom. (c,d) Energy-momentum
dispersion relation of each spin state, transitioning from free
(c) to coupled (d) dispersion bands. The coupling strength

Ω̂SOC is proportional to â and â† and therefore arises dynam-
ically as the atoms scatter pump photons into the cavity. The
zero of the momentum has been shifted with respect to the lab
frame by −kr/2 in the plot; cf. the unitary transformations
in Ref. [45].

choice is correlated with the ±-sign choice in |ψhelix〉.
The experiment employs two counterpropagating

pump beams with amplitudes Ω+ and Ω− to couple two
internal states |F,mF 〉 = |1,−1〉 ≡ |↓〉 and |F,mF 〉 =
|2,−2〉 ≡ |↑〉 of a 87Rb BEC. This is illustrated in
Figs. 1(a) and (b). The fields induce two cavity-assisted
Raman processes that together generate the Hamiltonian
Ĥ = −∆câ

†â+
∫
ψ̂(r)†ĤSOCψ̂(r)d3r. Here, ∆c is the cav-

ity detuning, â (â†) is the annihilation (creation) operator

for the intracavity field, and ψ̂(r) =
[
ψ̂↑(r), ψ̂↓(r)

]>
is a

spinor containing the atomic annihilation operators ψ̂↑↓.
The SOC Hamiltonian is

ĤSOC =

[
(p̂+kr/2 ex)2

2m +D+ − δ̃ Ω̂SOC cos kry

H.c. (p̂−kr/2 ex)2

2m +D−

]
(1)

where kr is the recoil momentum of the transverse
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FIG. 3. (a) Cavity emission detected by single-photon coun-
ters (solid blue line), and optical power in the Raman beams
(dashed black line), both as function of time. Steady-state
SOC persists up to a few ms; oscillations are due to system dy-
namics as described in Ref. [47]. (b,c) Spin-resolved momen-
tum distribution in time-of-flight, taken at the points labeled
in (a). All atoms are in |↓〉 just below threshold (b). Above
threshold (c), spin-up atoms have acquired a net momentum
in the x direction, as shown by the spin-colored Bragg peaks
at nonzero momentum. Also shown are second-order diffrac-
tion peaks along the cavity direction due to the reverse Raman
process.

pumps, ex is the unit vector in x̂, δ̃ is the effective two-
level spin splitting set by the Raman detuning δ minus

the (small) AC light shift, and D± = g2(x,z)
∆±

cos2(kry)â†â

is the dispersive shift [46]. The dynamical Raman cou-
pling strength is

Ω̂SOC =
g(x, z)Ω+

8
√

2∆+

â† +
g(x, z)Ω−

8
√

2∆−
â, (2)

where ∆+ = ∆− + ωHF and ∆− ≈ −112.2 GHz are the
atomic detunings for the pumps, ωHF ≈ 6.829 GHz the
total hyperfine and Zeeman splitting between the two
spin states, and g(x, z) the spatially dependent single-
atom atom-cavity coupling strength. See supplemen-
tal material for a derivation of this SOC Hamiltonian
model and its mapping to the Dicke model [45]. This
model is similar to that considered in the recent pro-
posal paper [28], where exotic Meissner-like effects were
predicted to exist, as also discussed in Ref. [33]. An-
other recent proposal paper considered a similar Raman
coupling scheme in the context of generating exotic spin
Hamiltonians [34].

The SOC arises in this model because each spin state

is addressed by only one of the two Raman processes.
For instance, an atom in |↓〉 can only scatter photons
into the cavity from Ω+, since Ω− is off-resonance by
≈ 2ωHF. Due to the running-wave nature of the trans-
verse pumps, each scattering event imparts a net momen-
tum along +ex onto the atom, because the accompanying
momentum change ±kr along the cavity direction aver-
ages to zero since either direction is equally probable.
Likewise, an atom originating in |↑〉 will receive a net
momentum kick along −ex, where the direction is op-
posite due to the counterpropagating orientation of the
running-wave pump beams. The result—opposite spin
states moving in opposite directions—thus realizes SOC.
Note however, that the Raman coupling term Ω̂SOC con-
tains the cavity field operators â and â†. Since the cavity
field is determined self-consistently by the dynamics of
the atom-spin-cavity system, and is initially in a vacuum
state, the SOC term emerges dynamically as the atoms
organize to scatter superradiantly.

We now present data demonstrating emergent SOC. A
BEC of 4.1(3) × 105 87Rb atoms, all prepared in |↓〉,
is placed at the center of a TEM00 cavity by an op-
tical dipole trap; see supplemental material for more
experimental details. The cavity and pump fields are
tuned such that ∆c = −10 MHz and δ = −6 kHz.
We record the light emitted from the cavity on a single-
photon counter. The power of the transverse pumps is
gradually increased, shown by the black dashed line in
Fig. 3(a). The recorded cavity emission is shown in blue,
and rapidly increases when the optical power reaches
threshold, indicating the emergence of superradiant scat-
tering and, consequently, the nonzero Raman coupling
needed for SOC [48]. Fast, ∼ 10 kHz, oscillations in the
cavity output can be seen. These are due to intrinsic dy-
namics of the cavity and spin-helix mode: The spin-helix
polariton mode becomes populated above threshold and
executes small oscillations before settling into the new su-
perradiant steady state, aided by the cavity dissipation.
The cavity field adapts to the change in the spin-helix
mode population, signifying the dynamic nature of the
spin-orbit coupling term. The superradiance lifetime is
presumably limited by the dephasing of the two pump-
ing beams, which we independently verified is also on the
few-millisecond timescale.

We can compare the observed and predicted thresholds
for the Dicke model. See supplemental material for a dis-
cussion of the threshold prediction. The pump strengths

at threshold ηD ≡
√
Ng(x,z)Ω+

8
√

2∆+
=
√
Ng(x,z)Ω−
8
√

2∆−
are mea-

sured through microwave spectroscopy on the |↑〉 ↔ |↓〉
transition. At the point when the SOC-threshold is
crossed, ηD = 128(4) kHz, whereas the prediction is
ηD = 129.9(3) kHz. These results are in good agreement
and comparable to experiments realizing Dicke models
in other contexts [49]. From this pump strength and the
detected cavity emission, we can estimate the strength
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of the SOC term, per Eq. (2). We reiterate that this is
a dynamical quantity; i.e., its magnitude depends on the
intracavity field. Averaging over a 0.5-ms interval about
the 2-ms mark in Fig. 3(a), the inferred intracavity field
occupation number is 〈â†â〉 = 1.7(1) × 102. As a re-
sult, the Raman coupling strength rises from zero before
threshold to 〈Ω̂SOC〉 = 2.2(1)Er at t = 2 ms.

We have observed that the SOC-induced Bragg peaks
emerge at the same pump power as the threshold for su-
perradiant cavity emission, as expected; see Fig. 2. This
is determined by correlating the cavity emission signal
in Fig. 3(a) with the spin-resolved, time-of-flight imag-
ing of the atomic gas in Figs. 3(b) and (c) [50]. These
images provide full information about each spin-species’
momentum distribution. Below threshold, the cavity
emission is low and all atoms are in the initial state, i.e.,
a zero-momentum spin-polarized state. This is shown in
Fig. 3(b). At a time shortly after reaching threshold,
when emission has jumped to a higher rate, a fraction
of the atoms have undergone a spin-flip and have scat-
tered into the two Bragg peaks at (kr,±kr), as shown in
Fig. 3(c). Additionally, the reverse process occurs, me-
diated by Ω−, transferring atoms from these two Bragg
peaks into (0,±2kr) as well as repopulating the zero-
momentum component [51]. Crucially, the spin-species
have now separated in momentum space, with a net dif-
ference in momentum component along ex.

To demonstrate the Z2 symmetry breaking of the
|ψhelix〉 state, we repeatedly ramp into and out of the
SOC-phase, akin to previous experiments [52, 53], while
observing the cavity emission with a phase-sensitive het-
erodyne detector. The local oscillator is set to the av-
erage frequency of the two Raman beams [44]. Fig-
ures 4(a), and (b) show the ramp profile and the ampli-
tude and phase of the cavity output, respectively. While
our setup is not phase stable from shot–to–shot due
to long-term mechanical drifts, phase stability is main-
tained during the short-term transverse pumping portion
of the sequence. This allows us to observe the relative
phase between subsequent superradiant pulses, which for
a spontaneously broken Z2 symmetry should be evenly
distributed between 0 and π. A histogram of phase dif-
ferences is shown in Fig. 4(c) for 310 experimental trials
and a clear bifurcation between 0 and π can be seen. The
number of phase differences around zero (pi) is 510 (513),
which implies that the a posteriori estimate for consec-
utive superradiant pulses possessing the same phase is
49.9(1.6)%; i.e., their phases are statistically indepen-
dent, demonstrating the breaking of a Z2 symmetry.

The observed momentum distribution taken together
with the measurement of symmetry-breaking, is evidence
that the spin state corresponds to the aforementioned
spinor-helix state |ψhelix〉. This state possesses similar-
ities to the persistent spin-helix state observed in semi-
conductors [54, 55] and could be extended to Abelian
or non-Abelian ‘Majorana’ spinor-helix states through
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FIG. 4. (a) Cavity emission amplitude (solid blue line) and
transverse pump power expressed as a multiple of the thresh-
old power (dashed black line), both as a function of time.
(b) Phase of the cavity emission, as observed with hetero-
dyne detection. Six superradiant pulses can be seen, each
with freely chosen 0 or π phase (up to an irrelevant global
phase). Shading is applied when the cavity amplitude is less
than 25% of the peak value, indicated by the grey horizontal
line in (a) and distinguishes between the phase locked (su-
perradiant) and unlocked (normal) phases. (c) Histogram of
phase differences between consecutive pulses, for a total of
310 experiments. The imbalance between 0 versus π is 0.3%.

the use of high-spin lanthanide atoms such as dyspro-
sium (on timescales less than that set by dipolar relax-
ation) [41, 56–58]. The limited superradiance lifetime
hampered our ability to measure both the excitation
spectrum of the spinor-helix mode and the position of
the SOC band minima in Fig. 2(d) versus the emergent
Raman coupling strength. Future improvements to the
Raman laser lock should improve this lifetime and enable
these measurements.

In conclusion, we have observed spin-orbit coupling
that emerges through a process of spin-spatial (spinor)
self-organization. This organization arises due to the
scattering of running-wave pump fields into the cavity
field. Quantum fluctuations of the cavity field stimu-
late this scattering process, generating a cavity field in-
coherent with the pump field. At higher pump power, a
runaway self-organization transition induces the superra-
diant scattering of a field whose phase is locked with the
pumps. The resulting coherent Raman coupling—arising
from the mutually coherent pump and cavity fields—
induces dynamical SOC. Moreover, the BEC-cavity QED
system is strongly coupled and therefore quantum fluc-
tuations can play a role in the SOC dynamics. This is
because the spin-spatial self-organization takes place at
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an SOC threshold corresponding to only a few cavity pho-
tons wherein quantum fluctuations are non-negligible.
Consequences of this will be explored in future work.

The addition of dynamical SOC to the toolbox of quan-
tum simulation in the nonequilibrium context opens new
avenues for the exploration of a wide range of phenom-
ena in quantum gases, e.g., topological superradiant su-
perfluids. Moreover, dynamical artificial gauge fields
can be created by a simple modification of the present
experiment. Specifically, by using a multimode cavity
(possible with our present apparatus [59]) and by choos-
ing the pump laser frequencies to enhance the effects of
their differential dispersive light shift on the spin states,
Meissner-like effects can be observed [33]. We specu-
late that with dynamical gauge fields, combined with
the strong, sign-changing, and tunable-range photon-
mediated interactions provided by multimode cavities [9–
11], quantum simulators will be able to create a wide
variety of exotic, nonequilibrium quantum matter.

We thank Jonathan Keeling and Sarang Gopalakrish-
nan for helpful discussions. We are grateful for funding
support from the Army Research Office.
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