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We report on the experimental realization and detection of dynamical currents in a spin-textured lattice in
momentum space. Collective tunneling is implemented via cavity-assisted Raman scattering of photons by
a spinor Bose-Einstein condensate into an optical cavity. The photon field inducing the tunneling processes
is subject to cavity dissipation, resulting in effective directional dynamics in a non-Hermitian setting. We
observe that the individual tunneling events are superradiant in nature and locally resolve them in the lattice
by performing real-time, frequency-resolved measurements of the leaking cavity field. The results can be
extended to a regime exhibiting a cascade of currents and simultaneous coherences between multiple lattice
sites, where numerical simulations provide further understanding of the dynamics. Our observations
showcase dynamical tunneling in momentum-space lattices and provide prospects to realize dynamical
gauge fields in driven-dissipative settings.
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Experiments with quantum degenerate atomic gases
have successfully realized a wide variety of many-body
lattice models, facilitating the exploration of complex out-
of-equilibrium phenomena in highly controlled settings
[1–3]. Engineering lattice bonds that dynamically depend
on the local particle configuration is essential for simulating
lattice gauge theories [4–6] and electron-phonon coupling
[7,8]. Specifically, systems exhibiting density-dependent
tunneling hold the potential to realize correlated many-
body phenomena, such as pair superfluidity [9–11] and
quantum scars [12,13]. So far, density-dependent tunneling
in optical lattices has been implemented via periodic
driving [14–19] or dipolar interactions [20], yet solely
inferred from spectroscopic measurements or by compari-
son to theory. Here, we realize a complementary exper-
imental scheme that allows us to engineer dynamical
tunneling events in a momentum-space lattice and directly
measure them in real-time.
Our implementation employs a spinor Bose-Einstein

condensate (BEC) coupled to the fundamental mode of a
high-finesse optical cavity by two transverse laser beams, see
Fig. 1(a). Cavity-assisted Raman scattering transfers atoms
between two spin levels (j0i,j1i), while imparting momen-
tum to the BEC in multiples of the photon recoil [Figs. 1(b)
and 1(c)]. This engenders spin and particle dynamics in a
two-dimensional momentum grid, which we interpret as
photon-assisted tunneling events in a synthetic lattice [21].
These events are mediated by an emergent cavity field,
which self-consistently evolves with the atomic spin and
density configuration. Hence, the tunneling rate dynamically
depends on the buildup of coherences between neighboring
sites, in contrast to experiments employing Bragg scattering

from classical drives to control single-particle hopping rates
in momentum lattices [22–24]. The underlying process is
superradiant Raman scattering in an optical cavity [25,26],
which is collectively enhanced by the number of participat-
ing emitters [27–32]. Since the resonator linewidth signifi-
cantly exceeds site-to-site energy offsets, the cavity mode
can accept different spectral components and mediate
tunneling in a large momentum grid. The inherent dissipa-
tion due to cavity losses stimulates the superradiant transfers
and renders the dynamics non-Hermitian. Making use of the
cavity leakage, we gain nondestructive, real-time access to
the atomic currents, which is often challenging in analog
quantum simulations [33–35]. By performing frequency-
resolved heterodyne measurements of the cavity field, we
locally resolve the tunneling events in the momentum grid. A
key feature of this implementation is that tunneling processes
in opposite directions occur via different quantum paths and
are independently controlled by the two drives. Our system
constitutes a flexible platform to explore nonequilibrium
lattice physics, thanks to the possibility to optically engineer
dynamical currents and resolve them via the cavity field.
In our experiments, we prepare a BEC formed byN ≈ 105

87Rb atoms in the mF ¼ −1 magnetic sublevel of the
F ¼ 1 hyperfine manifold. A magnetic field along the z
direction generates a Zeeman splitting of ωz ¼ 2π ×
48 MHz between the sublevels mF ¼ −1 and mF ¼ 0,
which we label as j0i and j1i, respectively. The atomic
cloud is prepared inside an ultrahigh-finesse optical cavity
with decay rate κ ¼ 2π × 1.25 MHz, and illuminated by
two retroreflected laser fields far red-detuned from the
atomic resonance. Their wavelength λ ¼ 784.7 nm is asso-
ciated with a recoil frequency of ωrec ¼ 2π × 3.73 kHz.
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The frequencies of the drives ωr;b lie on opposite sides of the
dispersively shifted cavity resonance ωc, with ωb − ωc ≈ ωz
and ωr − ωc ≈ −ωz. As shown in Fig. 1(a), their standing-
wave modulations are shifted by λ=4 at the position of the
atoms, such that the combined static lattice potential is fully
erased for balanced laser powers [36].
This scheme realizes cavity-assisted Raman transitions

between the spin states j0i and j1i with two-photon
coupling rates ηr;b, cf. Fig. 1(b). We map the system to
a tight-binding model in a rotating frame defined by the
intermediate frequency of the two drives ω̄ ¼ ðωb þ ωrÞ=2
[36], where the cavity detuning is defined as Δc ¼ ω̄ − ωc.
For balanced two-photon couplings η ¼ ηr ¼ ηb, the many-
body Hamiltonian in momentum space Ĥ ¼ Ĥ0 þ ĤtSR
contains a diagonal contribution

Ĥ0 ¼ −ℏΔcâ†â

þ
X

fj;kg∈Z
σ∈f0;1g

ℏ½σω0 þ ωkin
ð2jþσ;2kþσÞ�ĉσ†ð2jþσ;2kþσÞĉ

σ
ð2jþσ;2kþσÞ;

ð1Þ

and a light-assisted tunneling term

ĤtSR ¼ −
ℏηffiffiffi
8

p â†
X

fj;kg∈Z
s1;2¼�1

½ĉ1†ð2jþs1;2kþs2Þĉ
0
ð2j;2kÞ

− is2ĉ
0†
ð2j;2kÞĉ

1
ð2jþs1;2kþs2Þ� þ H:c: ð2Þ

The bosonic operators â† and ĉσ†ðl;mÞ create photons in the
fundamental mode of the cavity field and atoms in jσi with
ðl; mÞ units of recoil momentum krec along ðx; zÞ directions.
We indicate the corresponding atomic modes in the momen-
tum grid as jl; miσ , with l,m being an even (odd) number for
σ ¼ 0ð1Þ. The site-to-site energy offset results from a kinetic
contribution ωkin

ðl;mÞ ¼ ðl2 þm2Þωrec and a global splitting

between the spin manifolds ω0 ¼ ðωb − ωrÞ=2 − ωz. This
key feature allows us to resolve the emerging currents in the
lattice by measuring the frequency of the corresponding
cavity field. The Hamiltonian in Eq. (2) describes photon-
mediated tunneling between next neighbors in the momen-
tum grid with self-consistent rates tSRðtÞ ¼ −ηhâ†ðtÞi= ffiffiffi

8
p

.
The components of the atomic state tunneling in the �z
direction acquire a phase of ∓ i when scattering from the
drive atωb, as depicted in Fig. 1(c). This is due to the relative
spatial phase between the two standing-wave drives, which
is also crucial for suppressing Bragg scattering within a
spin sector along the z direction [21], e.g., between j0; 0i0
and j0;�2i0.
The system described by Eq. (2) is also a multilevel

Tavis-Cummings model with collective coupling η
ffiffiffiffiffiffiffiffiffi
N=8

p
.

Since the experiment operates in an overdamped regime
(κ ≫ η

ffiffiffiffiffiffiffiffiffi
N=8

p
), the system is strongly dissipative and

decays through superradiant scattering when initialized
in j0; 0i0 [36,57,58]. In an illustrative picture, the evolution
is primarily determined by Raman processes creating cavity
photons (∝ â†), as the opposite process of absorbing
photons (∝ â) is hindered by cavity losses. As a conse-
quence, the non-Hermitian dynamics in the momentum
lattice are directional, with preferred tunneling directions
illustrated by the arrows in Fig. 1(c). The arising super-
radiant transfers are collectively enhanced, which results in
tunneling rates evolving self-consistently with the coher-
ences between the sites involved in each hopping process.
This behavior is fundamentally different from the one
observed in related experiments employing standing-wave
Raman drives with equal spatial phase at the position of the
BEC, where a low-momentum stable superradiant phase is
created above a critical driving strength [59–61]. The large
cavity linewidth ðκ ≫ ω0;ωrecÞ facilitates tunneling in a
large momentum grid, in contrast to potential implementa-
tions involving solely classical drives [21] or subrecoil
cavities [62], where multiple lasers would be required.
In a first set of experiments, we prepare N atoms in the

central lattice site j0; 0i0 and characterize the first tunnel-
ing event, which populates a symmetric superposition of

(a)

(b)

(c)

FIG. 1. Realization of dynamical currents in a momentum
lattice. (a) Experimental setup. A BEC inside an optical cavity
with decay rate κ is illuminated by two x-polarized, retroreflected
Raman drives (red and blue) with frequencies ωr;b and coupling
strengths ηr;b. Their standing-wave modulations are shifted by
λ=4. (b) Coupling scheme in a rotating frame at frequency ω̄.
Raman scattering, involving absorption from the drives (solid
arrows) and net emission of photons in the cavity mode (wiggly
arrows and creation operator â†), induces population transfer
between specific momentum states of two different spin mani-
folds j0i (purple) and j1i (orange lines). These states are offset by
the two-photon detuning ω0 and by multiples of the recoil
frequency ωrec, with ωrec ≤ ω0 ≪ κ. (c) Tunneling dynamics in
a momentum grid. Raman scattering couples discrete momentum
states of j0i (purple) and j1i (orange circles) differing by �krec in
the x and z directions, giving rise to dynamical tunneling (red and
blue arrows) with rate tSR ∝ hâ†i.
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nearest-neighboring sites j�1;�1i1¼1=2
P

l;m¼�1 jl;mi1.
The strength of the drives is increased to η ¼ 2π ×
0.35ð1Þ kHz within 10 ms and population transfer is sig-
naled by a single pulse of the cavity field, cf. Fig. 2(a). We
verify the superradiant nature of the scattered field by
increasing the initial atom number N [63–65]. As a result,
the light pulse occurs at shorter times and its amplitude
increases superlinearly, cf. Fig. 2(b) [28,66]. We infer peak
tunneling strengths ranging between maxðjtSRj=2πÞ ¼
0.2ð1Þ–0.4ð1Þ kHz for different atom numbers. Tunneling
occurs only above a finite atom number, which we attribute
to the combined influence of residual spin dephasing and
self-trapping due to finite contact interactions [23,36].
Accordingly, we reach transfer efficiencies of up to 0.8
[Fig. 2(c)], which are well captured by few-mode mean-field
simulations [36]. The conservation of total angular momen-
tum in the light-matter system leads to a one-to-one
correspondence between the number of transferred atoms
N1 and the photon pulse area A ¼ 2κ

R
∞
0 nphdt. We

experimentally verify the relation N1 ¼ A [36] in Fig. 2(d).
Next, we further leverage on the real-time readout of the

cavity field and demonstrate how frequency-resolved mea-
surements allow us to localize the currents in the momentum
grid. Around its peak value, the frequency of the cavity field

ω01 (ω10) associated with transitions from j0i to j1i (j1i to
j0i) follows from energy conservation

ω01
10
− ω̄ ¼∓ ω0 − ½ωkinðlf; mfÞ − ωkinðli; miÞ�; ð3Þ

where the indices li, mi (lf, mf) label the initial (final) state
of a given tunneling process [36]. In the rotating frame at ω̄,
this corresponds to phase-modulated tunneling rates
tSR ∝

ffiffiffiffiffiffiffiffiffiffiffiffi
nphðtÞ

p
expðiωtÞ which remove (ω ¼ ω10 − ω̄) or

provide (ω ¼ ω01 − ω̄) energy to reach different atomic
configurations [67].
To assess this frequency dependence, we expose the

system to stronger drives, which results in several super-
radiant tunneling events connecting multiple lattice sites.
In Fig. 3(a), we present a representative spectrogram of the
cavity field displaying three superradiant pulses, which we
attribute to specific tunneling events in the momentum lattice.
These are j0; 0i0 → j�1;�1i1 → j0;∓ 2i0 → j�1;∓ 1i1,
with j0;∓ 2i0 ¼ i=

ffiffiffi
2

p ðj0;−2i0 − j0; 2i0) and j�1;∓ 1i1
¼ −i=2

P
l;m¼�1mjl; mi1, with the corresponding creation

operators defined as ψ̂†
j (j ¼ f0; 1; 3; 2g) [36]. The observed

frequencies of emission agree with Eq. (3) and with the
results obtained from few-mode numerical simulations, see
Fig. 3(e). We verify the involvement of the aforementioned
states by performing spin-resolved measurements of the
momentum distribution at different stages of the evolution
[Figs. 3(b)–3(d)]. The observed population imbalance
between states with kz > 0 and kz < 0 is attributed to
spurious optical losses in the retroreflected path of the
standing-wave drives (-z direction). We further benchmark
the dynamics with ab initio Gross-Pitaevskii simulations
(GPS) including the effects of the harmonic confinement and
contact interactions [36]. The presence of tunneling terms
with opposite signs (�itSR) can give rise to destructive path
interference when hopping towards inner sites in z direction.
In particular, this effect is reflected in the suppressed hopping
j�1;�1i1↛j0; 0i0 [see Fig. 3(d)]. The emerging cavity field
and the overall tunneling strength depend, in principle, on the
sum of two-site coherences in Eq. (2) [36]. However, each
tunneling event is associated with a well-defined spectral
component of the cavity field fulfilling energy conservation.
For sufficiently small tunneling rates (jtSRj ≪ ωrec), this field
solely induces coherences between the corresponding adja-
cent lattice sites and the system exhibits local dynamical
tunneling. This is reflected by the simulations of the
coherences [Fig. 3(g)], which are compatible with the
experimentally determined tunneling amplitudes jtSRj asso-
ciated with each of the superradiant pulses [see Fig. 3(f)].
The number of tunneling events can be extended by

further increasing the coupling strength. As shown in
Figs. 3(h) and 3(i), we observe up to seven superradiant
transfers involving outer lattice sites, such as j2; 2i0, which
we identify by reading out the frequency of the cavity field
and employing Eq. (3). The tunneling events are not

(a) (b)

(c) (d)

FIG. 2. Superradiant tunneling in the momentum lattice. (a) Rep-
resentative photon pulses for different atom numbers N ¼
ð8.1; 6.6; 4.9; 2.9Þ × 104 (darker to lighter green curves), together
with a typical fit (red) [36] and coupling ramp η (black line).
(b) Pulse amplitude versus N, with a power-law fit (black line)
yielding an exponent of 1.8(3). (c) Transfer efficiency as a function
ofN. Dashed line: mean-field simulations [36]. Inset: sketch of the
observed j0; 0i0 → j�1;�1i1 hopping. (d) One-to-one relation
between the number of atoms N1 in j�1;�1i1 and the photon
pulse area A, obtained by fitting the photon traces. A linear fit
(solid) yields a slope of 1.09(2), compatible to the expectation of 1
(dashed line) within the combined systematic uncertainty due to
photon (0.07) and atom number calibrations (0.04). Here, Δc ¼
−2π × 1.4ð1Þ MHz and ω0 ¼ 2π × 26ð1Þ kHz. Throughout this
Letter, the error bars represent the standard error of the mean.
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restricted to the shown processes as they arise from multiple
competing quantum paths. A quantitative prediction in this
regime goes beyond the scope of this Letter. We identify the
following fundamental limitations to the number of tunnel-
ing events. First, in the absence of confining lattice poten-
tials, the momentum states move out of the grid nodes due to
oscillatory motion in the trap [22,68]. While for noninter-
acting systems this rate is solely determined by the trap
frequencies (∼2π × 200 Hz), our GPS indicate that repul-
sive contact interactions effectively increase the lifetime of
the momentum lattice [36]. Second, heating of the BEC from
off-resonant spontaneous emission progressively melts the
momentum lattice when approaching the recoil temperature.
However, this effect is negligible within the duration of our
experiments.
The observations discussed so far involve independent

tunneling events occurring sequentially in time. Our
scheme can be extended to generate cascaded dynamics,
where the tunneling events between different sites stimu-
late each other. We reduce the offset between the two spin
manifolds to values comparable to the recoil frequency,
shifting multiple states in the momentum lattice close to
degeneracy [Fig. 4(a)]. In Fig. 4(b), we observe a single
strong emission in the cavity field that is accompanied by
several tunneling events within the pulse duration.
Different from the results in Fig. 2(d), we observe an
excess of detected photons in comparison to the popula-
tion in j�1;�1i1, see Fig. 4(c). This effect is amplified as
the emission frequency ωp approaches the two-photon
resonance (ωp − ω̄ → 0). Concurrently, we observe states
with up to 10ℏωrec kinetic energy in the time-of-flight

(a)

(f) (g)

(e)
(h)

(i)(b)

(c)

(d)

FIG. 3. Readout of lattice dynamics from the spectrum of the cavity field. (a) Representative photon number spectrogram ñðt;ωÞ
displaying time and frequency-resolved superradiant pulses. (b)–(d) Spin-resolved time-of-flight (TOF) images of the momentum
distribution at different stages of the evolution [see square labels in (a)]. (e) Spectrogram obtained from mean-field simulations.
(f) Experimental tunneling amplitudes jtSRj, integrated in a δω ¼ 2π × 5 kHz window around the first (solid red), second (solid blue), and
third photon peak (dashed red line) of the spectrogram in (a), respectively. (g) Corresponding simulated two-mode coherences jhψ̂†

1ψ̂0ij,
jhψ̂†

3ψ̂1ij, and jhψ̂†
2ψ̂3ij. (h) Spectrogram displaying multiple tunneling events, and (i) schematics of the inferred currents (1–7). The

horizontal lines in the spectrograms indicate the pulse frequencies expected from Eq. (3). We prepare N ¼ 1.06ð2Þ × 105 atoms in j0i. For
(a)–(d), the couplings are increased to η ¼ 2π × 0.62ð2Þ kHz within tramp ¼ 1.5 ms, while Δc ¼ −2π × 0.7ð2Þ MHz and
ω0 ¼ 2π × 72.5ð5Þ kHz. For (h), η ¼ 2π × 1.2ð1Þ kHz, tramp ¼ 5 ms, Δc ¼ −2π × 1.2ð2Þ MHz, and ω0 ¼ 2π × 139ð4Þ kHz.

(a)

(c)
(d) (e)

(b)

FIG. 4. Cascaded lattice dynamics. (a) Coupling scheme. The
global splitting ω0 is reduced below ωrec, shifting several lattice
sites close to degeneracy in the rotating frame. (b) Representa-
tive photon pulse (green). The couplings ηr;b (red, blue curves)
are increased with a small imbalance ηr=ðηr þ ηbÞ ¼ 0.034ð3Þ.
(c) Photon excess measurement. Pulse area A (circles) and final
number of atoms N1 in j�1;�1i1 (diamonds) as functions of
ωp. (d)–(e) Representative TOF images, with the white (orange)
cross denoting the position of j0; 0i0 (j0; 0i1), which are
separated by a Stern-Gerlach gradient along z. The purple
(orange) color map indicates regions solely populated by atoms
in j0i (j1i). The small distance between the cavity mirrors
L ≈ 175 μm limits the both field of view along the x direction to
kx ≲ krec. The square labels in (c) indicate the data points
corresponding to panels (b),(d), and (e). For these measure-
ments, Δc ¼ −2π × 3.4ð2Þ MHz and N ¼ 9.1ð1Þ × 104.
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images [see Figs. 4(d) and 4(e)]. The GPS reproduce these
results, helping to discern a cascade of hopping events
towards outer lattice sites, in which the next tunneling
starts before the previous one finishes [36]. These findings
indicate that, within the duration of the cavity pulse, finite
coherences between multiple lattice sites are simultane-
ously established, in contrast to the subsequent tunneling
events at larger ω0.
We experimentally demonstrated a scheme giving rise to

self-consistent tunneling in a non-Hermitian momentum
grid, engineered by superradiant Raman scattering of a
spinor BEC coupled to an optical cavity. In particular, the
tunneling rates evolve together with the coherences between
the sites participating in each hopping event, which we
locally resolve via frequency-selective measurements of the
leaking cavity field. As an extension, the combination of
real-time probing and continuous feedback acting on the
phase of the drives [69] could facilitate the realization of
nontrivial tunneling phases and pave the way to observe
synthetic magnetic fields and topologically protected states
in non-Hermitian settings [24,70,71]. In particular, an
extension to running-wave Raman drives can result in
emergent spin-orbit coupling [72–74]. Finally, exploring
the interplay between cavity-assisted tunneling and Bose-
Hubbard physics [75] holds the potential to realize uncon-
ventional strongly-correlated phases and dynamics [76–78].
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