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The search for supersolidlike phases has attracted great attention in the fields of condensed matter and ultracold
atom physics. Here, we experimentally demonstrate a route for realizing a superfluid stripe phase in a spin-orbit
coupled Bose-Einstein condensate by employing a weak optical lattice to induce momentum-space hopping
between two spin-orbit band minima. We characterize the striped ground state as a function of lattice coupling
strength and spin-orbit detuning and find good agreement with mean-field simulations. We observe coherent
Rabi oscillations in momentum space between two band minima and demonstrate a long lifetime of the ground
state. Our work offers an exciting and stable experimental platform for exploring superfluid stripe phases and
their exotic excitations, which may shed light on the properties of supersolidlike states.
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Introduction. Supersolidity is an exotic phase of matter
which simultaneously possesses the crystalline properties of a
solid and the unique flow properties of a superfluid [1]. Such
simultaneous breaking of continuous translational symmetry
and U (1) gauge symmetry was first predicted for solid helium
[2,3], but convincing evidence of a supersolid state in this
system has remained elusive [4]. In recent years, the experi-
mental realization of spin-orbit coupling in ultracold atomic
gases [5–17] has opened a new pathway for demonstrating
long-sought supersolidlike states [18–30].

The lowest-energy band in the dispersion of a spin-orbit
coupled (SOC) Bose-Einstein condensate (BEC) is charac-
terized by two local minima at distinct momenta [5]. For a
narrow range of system parameters, mean-field interactions
within a BEC favor a ground state which is composed of
a coherent superposition of two plane-wave states at the
dispersion minima [22]. This superposition leads to density
modulations in real space, or stripes, therefore breaking trans-
lational symmetry. Such a stripe phase was initially proposed
for SOC BECs where the pseudospins are defined by two
atomic hyperfine states [5], but its experimental realization
is challenging due to the sensitivity of the state to magnetic
field fluctuations and the weakness of the density modulation.
Recent works have attempted to sidestep these difficulties in
creative ways, leading to experimental observations of some
signatures of superfluid stripe phases in different systems
[31–34].

Despite these significant advances, there are experimental
challenges such as short lifetime and weak stripe density mod-
ulation [32] that may prevent further experimental investiga-
tions of supersolid properties of the stripe phase. Therefore
the quest for a robust and long-lived platform remains. In
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this Rapid Communication, we show that the superposition of
two local band minima to form a supersolidlike ground state
can be robustly achieved by means other than atomic inter-
actions. Specifically, we engineer momentum-space hopping
between two local band minima in a SOC BEC driven by a
weak optical lattice [35–37]. The coupling between different
momenta through static or moving optical lattices has been
widely used in ultracold atomic gases for engineering versatile
types of physics [38–41], but momentum states involved in
such coupling schemes are usually not local band minima and
thus have a short lifetime. Here, such a coupling is applied
between two local band minima, hence denoted as hopping,
in analogy to the hopping between real-space double wells.

When the decrease of the energy due to momentum-state
hopping exceeds the increase of the interaction energy due
to density modulation, a stripe phase is more favorable than
a plane-wave state at a single dispersion minimum [42]. In
a scheme where spin-orbit coupling is induced by Raman
coupling between two atomic hyperfine states, this condi-
tion can be easily satisfied even for large Raman coupling
strengths and detunings, yielding a large parameter region
with strong density modulation and spin mixture. While the
breaking of continuous translational symmetry is triggered
by a weak optical lattice, rather than being spontaneously
broken, the resulting stripe phase shares similar physics with
an authentic supersolid state [43]. In this sense, the addition of
momentum hopping to a SOC BEC offers a robustly tunable
and long-lived experimental platform for exploring exotic su-
perfluid stripe-phase excitations (e.g., breathing modes, roton
excitations, and collective dynamics [44]), which may shed
light on the properties of supersolidlike states that are largely
unexplored in experiments.

In our experiments, we first verify that the spin and mo-
mentum composition of our experimentally realized state is
consistent with the expected ground-state stripe phase. We
then probe the coherent momentum hopping between two
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FIG. 1. (a) Schematic of the experimental configuration. A BEC
is held in a crossed dipole trap (red) in the presence of a 10-G bias
field. A pair of Raman beams (green) collinear with a pair of lattice
beams (red) intersect at the BEC position. (b) The Raman coupling
scheme. (c) The Raman coupling (green arrows) and the lattice
coupling (red arrows) of the relevant momentum states in a rotated
spin basis at zero detuning. (d) An example of an experimental
measurement using absorption imaging after time of flight through
a Stern-Gerlach field. The bare states are enumerated to correspond
with the marking on the bare-state coupling scheme in (c).

dispersion minima in the SOC system by suddenly turning
on a weak optical lattice to induce Rabi oscillations. Finally,
we investigate the coherence and lifetime of the ground-state
stripe phase by quenching the spin-orbit detuning at different
times and observing the ensuing population dynamics. These
experimental observations of ground-state properties and dy-
namics are in good agreement with our numerical simulations
of the Gross-Pitaevskii equation (GPE) and therefore pro-
vide evidence for the successful production of a stripe-phase
ground state.

Spin-orbit coupling with lattice-assisted hopping. We
consider the experimental geometry shown in Fig. 1(a).
A BEC containing ≈2 × 105 atoms is prepared in a
crossed dipole trap with trapping frequencies {ωx, ωy, ωz} =
2π{33.6, 172, 139} Hz. Two 789-nm Raman beams are inci-
dent on the BEC at 45◦ angles relative to the x axis, induc-
ing spin-orbit coupling along the x direction. These Raman
beams couple two atomic spin states |1,−1〉 and |1, 0〉 within
the F = 1 hyperfine manifold, which we will refer to as
pseudospin |↑〉 and |↓〉, respectively, as shown in Fig. 1(b).
This two-photon Raman transition is detuned by δ, while the
third spin state (|1, 1〉) is shifted far out of resonance by
the quadratic Zeeman shift in a 10-G bias field, leaving it
effectively decoupled from the other two states.

The coupled spin states are separated in momentum space
by 2h̄kR, where the Raman recoil momentum h̄kR is the wave
vector of the Raman beams projected onto the x axis. In
a rotated basis, the states are described by a quasimomen-
tum given by q = p ± h̄kR for the two spin states, where p
is the free-particle momentum. The spin-orbit coupling can

then be visualized as vertical transitions (green) in Fig. 1(c).
Diagonalization of the SOC Hamiltonian results in a two-
band structure where, for suitable parameters, the lower spin-
orbit band features two minima that are located at qmin =
±h̄kR

√
1 − ( h̄�R

4ER
)
2

in single-particle regimes [22]. Here, h̄�R

represents the Raman coupling strength, the recoil energy is
ER = h̄2k2

R/2m, and m is the atomic mass of 87Rb.
In addition to the Raman beams, two 1064-nm lattice

beams copropagating with the Raman beams create an optical
lattice potential VL = 2h̄�L sin2(kLx) along the x direction.
This static spin-independent lattice can provide a 2h̄kL mo-
mentum kick while conserving the spin [42]. This is illustrated
by the diagonal couplings (red) marked in Fig. 1(c). The key
feature of this configuration is that the wavelength of the
lattice beams and the Raman coupling strength are chosen
such that the lattice couples the two minima of the lower
spin-orbit band, i.e., h̄kL = |qmin|.

The dynamics of this system can be described by a one-
dimensional GPE under the mean-field approximation,

ih̄
∂

∂t
ψ =

(
HSOC + VL + 1

2
mω2

x x2 + g

2
|ψ |2

)
ψ, (1)

where ωx is the trapping frequency along x and ψ =
(ψ↑, ψ↓)T is the two-component spinor wave function nor-
malized by the total particle number N = ∫

dxψ†ψ . The spin-
orbit coupling term is

HSOC =
(

1
2m (qx − h̄kR)2 − hδ

2
1
2 h̄�R

1
2 h̄�R

1
2m (qx + h̄kR)2 + hδ

2

)
. (2)

Although it is not obvious in the bare momentum basis, the
two spin-orbit band minima are directly coupled in the SOC
dressed basis by the weak optical lattice [42], which we call
momentum-space hopping.

Ground-state phase diagram. The momentum-space hop-
ping gives rise to strong density modulations in real space
(a typical real-space density profile is provided in the Sup-
plemental Material [42]) resulting from a coherent population
of both band minima at quasimomenta ±h̄kL. In the absence
of spin-orbit coupling, such high-density modulation would
usually be achieved in deep optical lattices with lattice depths
h̄�L � 10ER, while here h̄�L ≈ ER and the strong modula-
tion mainly originates from large Raman coupling [42]. Given
the separation of the momentum minima 2qmin, the real-space
distance between the modulation peaks is π/qmin = 0.76 μm,
which is confirmed in the GPE simulations. Experimentally,
we cannot directly observe density modulations at this length
scale due to the optical resolution limit of our imaging
configuration. Instead, we reconstruct the ground-state wave
function from observable parameters, such as the momentum-
space distribution and spin polarization of the ground state,
and ensure coherence and superfluidity by demonstrating
coherent Rabi oscillations.

We begin by exploring the momentum-space distribution
and spin polarization of the ground state as a function of
lattice coupling strength h̄�L and spin-orbit detuning δ. After
adiabatically dressing the BEC with spin-orbit coupling at a
large detuning δ = 5 kHz, the lattice beams are ramped on
over 50 ms and then the Raman detuning is adiabatically
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FIG. 2. (a) Fractional bare-state populations of the dressed
ground state as a function of �L for δ = 250 Hz. (b) Numerical
simulation of the ground-state spin-polarization phase diagram as
a function of δ and �L . The circles indicate the locations exper-
imentally probed in the following subfigures. (c)–(f) Experimen-
tal data (dots) and numerical prediction (lines) of spin polariza-
tion as a function of Raman detuning for �L = 0.1 (c), 0.5 (d),
1.0 (e), and 1.5ER (f), respectively. All numerics and experiments are
done with spin-orbit coupling strength h̄�R = 2.7ER. In all figures,
experimental data points are averages over four measurements with
error bars given by statistical error.

lowered to a final value. The momentum distribution of each
spin in the resulting ground state is measured through Stern-
Gerlach imaging after expansion such that the momentum
states separate horizontally, while the spin states separate
vertically, as shown in Fig. 1(d). The total spin polarization
of the system is given by σz = ∑

i siNi/
∑

i |si|Ni, where Ni

is the number of atoms in the undressed state i, as marked
in Fig. 1, with pseudospin si, which we take to be 1/2 and
−1/2 for atoms in hyperfine levels |1,−1〉 (i = 1, 2, 3) and
|1, 0〉 (i = 4, 5, 6), respectively. The experimental data are
presented along with the results from numerical simulations
in Fig. 2.

In Fig. 2(a), we plot the fractional populations, ρi = Ni/N ,
of atoms which contribute to the two local band minima
±qmin for each spin state as a function of h̄�L for δ =
250 Hz. The simultaneous occupation of ±qmin for spin up
(down) indicates the existence of a stripe density modulation

∝|ρ1/2
2(4)e

iqminx + ρ
1/2
3(5)e

−iqminx|2 [42] with the modulation am-

plitude ∝|ρ2(4)ρ3(5)|1/2. The numerically determined ground-
state phase diagram as a function of spin-orbit detuning
and lattice strength, shown in Fig. 2(b), reveals that for
small ratios of |h̄�L/δ|, nearly all atoms occupy one spin
state. As the ratio increases, the two band minima become
more evenly populated and the spin polarization approaches
zero. Intuitively, we see a finite spin-orbit detuning ener-
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FIG. 3. (a) The Rabi oscillation of the total spin polarization
after suddenly jumping on the lattice. Experimental measurements
are given by blue circles and red triangles, for an average of 2.4 ×
105 and 0.9 × 105 atoms, respectively. Blue solid and red dashed
lines represent numerical simulations with and without interactions,
respectively. (b) The Rabi oscillations between individual spin-
momentum channels corresponding to the bare-state basis as marked
in Fig. 1(d). The data shown here correspond to h̄�R = 2.7ER, δ =
250 Hz, and h̄�L = 1.0ER.

getically favors one spin state while the lattice coupling
mixes the spin-momentum states. A closer observation reveals
that the spin polarization changes smoothly (a crossover)
with respect to detuning when the lattice coupling is strong
[Figs. 2(d)–2(f)], but shows an abrupt change (a first-order
phase transition) when the coupling is weak [Fig. 2(c)]. This
result is due to the competition between interatomic inter-
action and lattice coupling [37]. A further discussion of the
ground-state phase diagram can be found in the Supplemen-
tal Material. The experimentally determined spin polariza-
tions are in excellent, quantitative agreement with numerical
values [Figs. 2(c)–2(f)], indicating that the physically real-
ized system is consistent with the spin-momentum mixtures
which result in the superfluid stripe phase observed in the
numerics.

Coherent Rabi oscillation. The coherent nature of the
lattice-induced hopping between the two band minima can be
experimentally demonstrated by observing Rabi oscillations
induced by a sudden quench of system parameters. After
adiabatically dressing the BEC with spin-orbit coupling, the
lattice beams are suddenly turned on, which initiates an os-
cillation between the two spin-orbit dispersion minima. After
a chosen evolution time, all beams are turned off and the
individual spin-momentum states are imaged. The resulting
spin polarization oscillates in time as shown in Fig. 3(a).
The observed oscillation frequency is in good agreement
with the GPE simulation, demonstrating the coherent dy-
namics of the system. Additionally, Fig. 3(b) shows the
same oscillation for particular spin-momentum state pairs as
marked in Fig. 1(d), where σi j = (Ni − Nj )/(Ni + Nj ). We
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see good agreement between the experimental values for each
of the dominant spin-momentum coupling channels and the
corresponding GPE simulation. While the vast majority of
the atoms populate the bare states marked 2 and 5, Fig. 3(b)
indicates that we are able to observe and resolve the coherent
oscillations in the coupled spin-momentum space beyond sim-
ple spin-orbit coupling, in agreement with GPE simulation.

To explore the role of particle interactions, Fig. 3(a)
shows the results of GPE simulations with and without in-
teractions. A two-level single-particle Rabi oscillation has a
frequency given by h̄ω =

√
(hδkL/2kR)2 + Ṽ 2, where Ṽ =

h̄�L

√
1 − (kL/kR)2/2 is the effective coupling strength [42].

With the experimental parameters described in Fig. 3, the
single-particle Rabi oscillation period is evaluated to be
0.8 ms, which is consistent with GPE simulation without
interaction. The role played by nonlinear effects from inter-
atomic interactions is treated on the mean-field level through a
variational method [42]. Intuitively, the density-density inter-
action, which dominates over spin interactions in 87Rb, costs
energy and thus makes it less favorable for the condensate to
simultaneously occupy both momentum states. As a result, we
expect the interactions to reduce the frequency of oscillation
and introduce damping effects, which are confirmed by our
GPE simulations. We observe strong agreement between nu-
merical simulations with interactions and experimental obser-
vations, though the experimental data exhibit stronger damp-
ing which is not captured by the mean-field analysis. Some
higher-frequency, lower-amplitude oscillations apparent in
both single-particle and interacting cases in Fig. 3 are sig-
natures of highly detuned couplings within the SOC dressed
states. Those high-energy states are coupled with different
coupling strengths and are less populated, leading to the small
ripples on the overall Rabi oscillation. The Rabi oscillations
shown here are driven by a weak lattice which is slightly
stronger than the mean-field interaction strength. This charac-
ter is indicative of the dynamics underlying momentum-space
Josephson effects [37], which is beyond the scope of these
experimental observations.

Stripe-phase ground-state stability. While the arguments
given above have indicated that we reliably prepare the ap-
propriate spin-momentum mixtures to achieve a high-contrast
stripe phase, those mixtures must be coherent over a long
period of time to produce the expected density modulation
for further investigation of the dynamical properties and ex-
citations of superfluid stripe phases. To study the coherent
lifetime of the ground stripe state, we prepare the ground
state and then initiate quenches after various wait times.
The reproducibility of the ground-state quench dynamics pro-
vides evidence for the long-time phase stability of the spin-
momentum mixtures which produces the stripe phase. When
a ground-state system is quenched, the behavior following
the quench is consistent regardless of when the quench takes
place. However, if a system is not in a ground state, that
system is dynamic and the behavior following the quench
depends on when the quench occurs.

An example of such a quench is a sudden jump of the
spin-orbit detuning δ, which induces coherent oscillations of
the spin polarization and corresponding momentum states. We
begin by preparing the superfluid stripe phase as described
earlier and quench δ from 500 to −500 Hz. We perform the
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FIG. 4. (a) A composite of four time-of-flight images after
10 ms holding in the ground state (before quench). (b) Plot of
the spin polarization (triangles) and atom numbers (circles) after
different holding times. (c) Detuning quench-induced oscillations. A
least-squares fit to a damped harmonic oscillation is shown as a guide
to the eye. h̄�R = 2.7ER and h̄�L = 1.0ER.

quench 10, 30, or 90 ms after the preparation of the ground
state and in all cases observe subsequent oscillations of similar
amplitude and frequency. Figure 4(a) shows the time-of-flight
image after 10 ms of holding the ground state, which clearly
shows the scarcity of thermal atoms and the correspondingly
high condensate fraction. In Fig. 4(b), we plot the spin
polarizations and condensate atom numbers versus different
holding times before the quench. The spin polarization does
not change with time and the decay of the atom number is
attributed to the heating from the Raman lasers. Figure 4(c)
shows the evolution of the spin polarization after each of the
wait times along with a best-fit curve as a guide to the eye.
While the condensate loses atoms as it is held in the striped
ground state at a similar rate to a SOC BEC, the consistency of
the quench dynamics indicates that the ground state supported
by the lattice-coupled SOC system is stable in phase for times
on the order of at least 100 ms. This opens up the possi-
bility to investigate the long-time dynamics of supersolidlike
phases.

Conclusions. In this Rapid Communication, we have
demonstrated a robust framework for the production of a high-
contrast, long-lived, and tunable ground-state stripe phase
in a SOC BEC. By showing quantitative agreement with
numerical simulations of the GPE, we have demonstrated that
our experimental configuration is able to reliably produce the
expected stripe phase over a broad parameter space. We con-
firm that the experimental momentum and spin distributions
agree with those expected for both the static and dynamic
cases and are coherent over long times (∼100 ms).

The application of optical lattice driven momentum-space
hopping allows for the SOC stripe phase to exist over a
broad parameter space comparing to previous experiments.
Therefore, this configuration opens up possibilities for in-
vestigations of excitation dynamics such as roton modes and
breathing modes as well as studies of defects or barriers
passing through the superfluid stripe phase. These studies will
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shed light on the supersolid properties of superfluid stripes,
which are largely unexplored in experiments. Additionally, we
note that such a setup can also be used to realize momentum-
space Josephson effects when the lattice coupling strength is
weak compared to particle interactions [37].
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