
PHYSICAL REVIEW A 90, 063624 (2014)

Measurement of collective excitations in a spin-orbit-coupled Bose-Einstein condensate
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We measure the collective excitation spectrum of a spin-orbit-coupled Bose-Einstein condensate using Bragg
spectroscopy. The spin-orbit coupling is generated by Raman dressing of atomic hyperfine states. When the
Raman detuning is reduced, mode softening at a finite momentum is revealed, which provides insight into a
supersolid-like phase transition. We find that for the parameters of our system, this softening stops at a finite
excitation gap and is symmetric under a sign change of the Raman detuning. Finally, using a moving barrier that
is swept through the BEC, we also show the effect of the collective excitation on the fluid dynamics.
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Since the achievement of Bose-Einstein condensation
(BEC) in dilute atomic gases, the investigation of collective
excitations has been a key tool to gaining insight into this un-
usual state of matter [1]. For most atomic species used in BEC
experiments the interactions between the ultracold atoms can
be described by isotropic, short-range s-wave scattering, which
leads to the well-known linear phonon excitation spectrum
at low momentum. However, if long-range interactions, such
as dipolar interactions, are present, the collective excitation
spectrum of a BEC can exhibit a more complex structure:
in addition to the typical low-energy phonon spectrum, a
roton-like structure can appear. It is characterized by a shoulder
in the spectrum, which for certain parameters can turn into a
parabolic minimum at a finite momentum [2–5].

Interestingly, a similar parabolic minimum at a finite mo-
mentum can also exist in spin-orbit-coupled (SOC) systems. In
cold atomic gases, spin-orbit coupling can be implemented by
Raman dressing of two or more atomic hyperfine states, which
play the role of different (pseudo)spins. The Raman lasers are
arranged in such a way that a Raman transition between the
states is accompanied by a change of momentum [6–11]. Since
the Raman coupling strength and the detuning from the Raman
resonance can be independently adjusted in an experiment, this
provides a very flexible platform for engineering interesting
dispersion relations and testing spin-orbit-coupled physics (for
a review, see, e.g., [12–15]). In the single-particle picture, the
effect of the Raman dressing is to displace two copies of the
parabolic dispersion originating from the kinetic energy of
the particle in opposite directions in momentum space. The
Raman coupling opens a gap at the crossing of these two
parabolas so that the resulting single-particle dispersion has
the form of a double well in momentum space. The double well
can be biased toward either minimum by changing the Raman
detuning. When the Raman detuning or the Raman coupling
exceeds a critical value, one of the minima disappears and a
single well dispersion results.

In the presence of nonlinear effects stemming from the
s-wave scattering between the atoms in a Raman dressed
BEC, the double-well structure continues to exist. In a biased
double well such as the one shown in Fig. 1 a BEC in
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the ground state occupies only one of the two double-well
minima [16]. Compared to the single-particle spectrum, the
second minimum is modified due to the interaction energy,
and for small excitation momenta the collective excitation
spectrum becomes linear (phonon modes). The resulting
dispersion is reminiscent of the phonon-maxon-roton-like
structure [16–18] that appears in the excitation spectrum of
many interesting systems, such as liquid 4He [19], BECs with
dipolar interactions [2,3], fractional quantum Hall insulators
[20], and antiferromagnets [21].

Moreover, the presence of the nonlinearity leads to several
phenomena within the collective excitation spectrum which
are absent in the single-particle dispersion. One of the
most fundamental of these is the softening of the roton-like
modes when the spin-orbit-coupling parameters are changed
appropriately. This can trigger a first-order liquid-solid-like
phase transition when the gap below the roton minimum
closes. Before reaching this phase transition point, a BEC in
the ground state occupies only one of the two double-well
minima, whereas after the phase transition it exists in a
superposition of components located at both minima. This
results in a crystalline structure in the spatial domain, which is a
novel phase known as a one-dimensional supersolid possessing
crystalline and superfluid properties at the same time [22].
In superfluids with long-range or finite-range interactions,
roton softening provides a potential route to the formation
of supersolids [23,24]. Very recently, the roton minimum
softening and a possible supersolid phase were observed
experimentally for the first time in a BEC with cavity-mediated
long-range interactions [25].

Here we report on the experimental measurement of
collective excitations in a spin-orbit-coupled BEC by per-
forming Bragg spectroscopy. Previous theoretical studies have
described roton-like excitations of SOC BECs for the case
of vanishing Raman detuning [17,18]. In our experiment,
we measure mode softening when, starting from a finite
value, the Raman detuning is decreased. In the case of 87Rb,
which is used in our experiment, the specific set of scattering
lengths would require a very low Raman coupling strength
to reach the supersolid phase transition, which currently
makes it unfeasible to collect measurable signals. For the
experimentally used Raman coupling strength, the mode
softening stops at a finite gap which protects the ground state
against the phase transition. This experimental observation
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FIG. 1. (Color online) (a) BdG spectrum (blue solid line) and
single-particle dispersion (red dotted line) of a spin-orbit-coupled
BEC for a nonlinear coefficient of g = 0.186, a Raman detuning of
0.28ERaman (δ = 2π × 500 Hz) and a Raman coupling strength of
2.5ERaman. (b) Schematic of mode softening with decreasing Raman
detuning. The lines correspond to a Raman detuning of 1ERaman,
0.5ERaman, and 0 from top to bottom.

is corroborated by our theoretical analysis. Furthermore, we
find a symmetry in the data for the mode softening which
can be explained by a time-reversal-like symmetry in the
Gross-Pitaevskii Hamiltonian governing the system. Finally,
we report on an experiment which might allow to study
the influence of the roton-like mode on the hydrodynamic
properties of the BEC.

The Raman dressing scheme in our experiment is based
on coupling two hyperfine states along the x direction. The
two states play the role of (pseudo)spins so that the BEC
resembles an effective spin-1/2 system with the spin-orbit-
coupled Hamiltonian [6–11]

Hsoc = −1

2

∂2

∂x2
− i

∂

∂x
σz + δ

2
σz + �

2
σx, (1)

where we have used 2ERaman = (�kRaman)2/m as the unit of
energy, with 2�kRaman being the momentum imparted on the
atoms during a Raman transition, and m being the mass of
the atom. The spin-orbit coupling is characterized by the term
∂/∂xσz. The Raman detuning is denoted by δ and the Raman
coupling strength by �.

For the experiments described below, the Raman dressing
is adiabatically increased starting at large detuning and ending
at a final detuning close to resonance. In this way the BEC
is loaded near the minimum of the lowest spin-orbit band.
Theoretically the BEC is described by the ground state of the
mean-field Gross-Pitaevskii (GP) equation

Hsoc� + g(|�1|2 + |�2|2)� = μ�, (2)

where � = (�1,�2)T is the spinor describing the two-
components, μ is the chemical potential, and g = 4πakRamanN

with a being the s-wave scattering length and N being the atom
number. We assume that all scattering lengths are equal, which
is a very good approximation for our experimental system [26].
While the theoretical analysis neglects the trapping potential
present in the experiment, we will show below how this can be
compensated for. It is worth noting that the GP equations and
the Hamiltonian Hsoc possess a time-reversal-like symmetry
described by RδKσx , where Rδ flips the sign of the detuning,

RδδR†
δ = −δ, and K is the operator for complex conjugation.

This guarantees the symmetry of ground states of the GP
equations when the sign of the detuning is changed. It is also
interesting to notice that a similar ground state of the spin-
orbit-coupled GP equations has been employed in Ref. [27]
to produce higher-order partial waves in atomic collisions due
to the long-range characteristic of the ground state.

Bragg spectroscopy is a powerful tool for investigating
collective excitations in a BEC [28,29]. The linear response
to a sudden perturbation through the Bragg pulse can be
theoretically analyzed by the Bogoliubov-de Gennes (BdG)
equations. The general wave-function spinor including the
ground state, �1,2, and the perturbations, δ�1,2, can be
written as �1,2(x,t) = e−iμt+ikx[�1,2(x) + δ�1,2(x,t)], where
μ and k are the chemical potential and quasimomentum
of the ground state, respectively. The perturbations can
be parametrized as δ�1,2(x,t) = U1,2(x) exp(iqx − iωt) +
V ∗

1,2(x) exp(−iqx + iω∗t), where U , V , q, and ω are the
two amplitudes, the quasimomentum, and the frequency of
the perturbations, respectively. After substituting the general
wave-functions into the time-dependent GP equations and
retaining only terms linear in the perturbations, we arrive at
the BdG equations
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where H1(k) = −μ + (q+k)2

2 + 2g|�1|2 + g|�2|2 + δ
2 and

H2(k) = −μ + (q+k)2

2 + g|�1|2 + 2g|�2|2 − δ
2 .

The resulting BdG spectrum and, for comparison, the
single-particle dispersion of Hsoc for realistic parameters are
shown in Fig. 1(a). The difference between the BdG and single-
particle spectrum can clearly be seen. The BdG spectrum
is characterized by a phonon-maxon-roton-like feature with
a local minimum near 1.62�kRaman which is reminiscent of

a roton minimum. Reducing the Raman detuning allows us
to soften the roton-like mode, i.e., to decrease the excitation
energy at the position of the minimum, without significantly
affecting the long-wavelength phonon modes [Fig. 1(b)].
However, for practical parameters using 87Rb, the energy
of the minimum possesses a finite value even when the
detuning vanishes. This is in contrast to the behavior of the
single-particle spectrum, where the corresponding minimum
goes to zero so that the two minima of the double well become
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FIG. 2. (Color online) Roton-like minimum softening and ener-
getic instability for decreasing Raman detuning δ in a miscible
regime (g11 = g22 = 0.186,g12 = 0.08) with � = 2.5ERaman. The
lines correspond to the Raman detuning of 0.6ERaman, 0.4ERaman,
0.2ERaman and 0, from top to bottom.

degenerate. The finite gap in the BdG spectrum stabilizes the
ground state and prevents a phase transition. We have checked
numerically that in the phase miscible regime of scattering
lengths, which allows a supersolid as a ground state [30,31],
the softening of the roton-like minimum leads to a closure
of the gap when a critical value of the Raman detuning is
reached. The results are shown in Fig. 2 for a case of miscible
parameters g11 = g22 = 0.186,g12 = 0.08. Below the critical
value the roton-like modes possess negative energy, which
indicates that a state occupying one of the two double-well
minima is energetically unstable. The supersolid phase, which
is a superposition of components at both minima, is then
energetically preferred.

To experimentally observe mode softening we perform
Bragg spectroscopy on a 87Rb BEC. Our experiments start
with a BEC confined in a crossed dipole trap with harmonic
trap frequencies given by (ωx,ωy,ωz) = 2π × (39,153,189)
Hz. Spin-orbit coupling in the x direction is induced by two
Raman laser beams with λRaman ≈ 789 nm, which intersect
at the position of the BEC and are arranged with an angle
of 90◦ between each other. The Raman lasers couple the
|1,0〉 = |1〉 and |1, − 1〉 = |2〉 hyperfine states in the F = 1
manifold, which are split by a 10 G magnetic bias field. The
accompanying quadratic Zeeman shift places the |1, + 1〉 state
7.8ERaman away from resonance. For the Bragg spectroscopy,
two Bragg laser beams with a wavelength of λ ≈ 1540 nm and
small frequency difference, �νBragg, are pulsed on for 1 ms.
The Bragg beams are collinear with the Raman beams [see
Fig. 3(a)] so that kBragg = 2π/(

√
2 × 1540 nm).

The BdG analysis presented above describes a homoge-
neous BEC, whereas the experimental system is confined in
a harmonic trap. To remedy this discrepancy and account for
the spatial variation of the density in the experiment, one can
introduce an effective scattering length, aeff. To determine the
value of aeff for our experiment, we first measure the Bragg
spectrum for a BEC with 105 atoms without spin-orbit coupling
[red dots in Fig. 3(c)] and find a peak located at �νBragg =
2.7 kHz. This peak position can be reproduced by the formula
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FIG. 3. (Color online) Bragg spectroscopy for BECs without
spin-orbit coupling. (a) Schematic of the Bragg beam geometry. (b)
Experimental image belonging to the blue data set (squared symbols)
of (c), taken near the peak of the resonance. The fainter cloud on the
left shows the Bragg scattered atoms. (c) Red dots: measured Bragg
spectrum for a trapped BEC. Blue squares: spectrum obtained when
the Bragg pulse is applied to a BEC after a 3 ms expansion time. The
blue data are averages over four measurements; typical error bars are
shown near the peak. The red data are from single measurements.
The lines are Gaussian fits to the data.

for the BdG spectrum of a homogeneous BEC if the density
is taken to be equal to the central density of the trapped BEC
and all scattering lengths are set to aeff = 53.7a0 where a0

is the Bohr radius [26]. Due to the weakness of the trap in
our experiment, it is a reasonable assumption that the same
value of aeff is valid for the case of a BEC with spin-orbit
coupling and we will show below that this leads to excellent
agreement between theory and experiment. To demonstrate
the dependence of the BdG spectrum on the interatomic
interactions, we also show in Fig. 3(c) the spectrum for a
BEC without the spin-orbit coupling that has been released
from the trap and allowed to expand for 3 ms before the
application of the Bragg pulse (blue squares). In this case,
the interaction energy has predominantly been transformed
into kinetic energy and the measured peak position, 1998 (17)
Hz, is close to the value expected for a single particle, E/h =
(2�kBragg)2/2mh = 1934 Hz, where h is the Planck’s constant.
This corresponds to the kinetic energy of an atom after
receiving a momentum kick of 2�kBragg during the Bragg pulse.

Next we apply Bragg spectroscopy to a BEC with spin-orbit
coupling. In order to observe the most interesting roton-
like feature and its softening, the Bragg beam geometry,
wavelength, and the spin-orbit coupling parameters should be
chosen such that the momentum kick imparted by the Bragg
pulse, when directed toward the roton, can transfer atoms
to the roton minimum. For our geometry and Raman laser
wavelength this leads to the choice of �� = 3.5ERaman for
the data in Figs. 4 and 5, and the resulting roton feature is
slightly less pronounced than the one shown in Fig. 1. Spin-
and momentum-resolved time-of-flight imaging subsequently
allows us to detect the number of atoms scattered by the
Bragg pulse. We find that each Bragg spectrum contains
several distinct peaks. A typical spectrum for a BEC with
4 × 104 atoms, a Raman detuning of 500 Hz, and a Raman
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FIG. 4. (Color online) (a) Bragg spectrum for a spin-orbit-
coupled BEC, measured for �� = 3.5ERaman and δ = 2π × 500 Hz.
Each point is an average over four measurement. (b) Schematic of
the transitions corresponding to the three peaks in the spectrum.

coupling strength of 3.5ERaman is shown in Fig. 4(a). Each peak
corresponds to a different Bragg resonance within the BdG
band as indicated in Fig. 4(b). The peak β probes the region of
the roton-like mode. The reduced amplitude of the peaks with
positive �νBragg is due to the difference in spin composition
of the initial and final states of the Bragg transition: unlike the
Raman beams, the Bragg beams do not change the spin state
due to their large detuning from the Rb D1 and D2 lines.

To demonstrate the mode softening, we measure Bragg
spectra for a range of different Raman detunings, which
effectively determine the relative importance of the mean-field
interaction vs spin-orbit effects, and record the positions of the
Bragg peaks, see Fig. 5. The three data sets shown correspond
to the peaks α (lowest lying curve), β (middle curve), and
γ (highest lying curve) of Fig. 4. One can see that the
peak positions significantly shift as a function of the Raman
detuning, with the roton mode (β peak, middle curve) clearly
softening for a decreasing positive value. When the Raman
detuning becomes negative, the shape of the dispersion relation
of the SOC BEC changes in such a way that the ground state
of the BEC now has a quasimomentum opposite to the value
at positive detuning. The symmetry between the data points

FIG. 5. (Color online) Mode softening. (a) Position of Bragg
peaks as a function of Raman detuning. Each point is an average over
four data runs. These data were taken for �� = 3.5ERaman. Vertical
error bars in (a) are on the order of the symbol size. The data quality
in the uppermost branch is impacted by the smallness of the spin
overlap between the initial and final states. (b) Zoomed-in view of
the data for peak β. The lines in (a) and (b) represent the result of
theoretical calculations.

FIG. 6. (Color online) (a) Spin composition of a spin-orbit-
coupled BEC after a repulsive light sheet has been swept through it.
The shaded rectangle indicates the region where the roton minimum
starts to disappear. The roton does not exist to the right of this region.
The data were taken for �� = 2.5ERaman, leading to very obvious
roton-like structures for low Raman detunings as shown in Fig. 1. (b)
Sweep direction of the light sheet for the two data sets. Drawing is
not to scale.

for positive and negative detuning provides direct evidence for
the existence of the time-reversal-like symmetry RδKσx . The
fact that the energy of peak β never reaches zero corresponds
to the absence of a supersolid phase transition.

To demonstrate the excellent agreement between the data
and the model using the homogeneous BdG equations with
the effective interatomic scattering length of aeff = 53.7a0

determined in the context of Fig. 3, we overlay the data in
Fig. 5 with the theoretically obtained curves. The effective
scattering length leads to a nonlinear coefficient in the GP
Eq. (2) of g = 0.186. The calculated spectrum is in very good
agreement with the experimental data.

The existence of modes carrying roton-like structures can
have direct consequences for the hydrodynamic behavior of
the BEC. As a particular example we probe the response
of an SOC BEC to a repulsive light sheet that is swept
through the condensate along the x direction, see Fig. 6.
The light sheet is formed by a laser with a wavelength
of 660 nm and Gaussian waist sizes of wx = 12 μm and
wy = 70 μm. The central barrier height is approximately three
times larger than the chemical potential of the BEC and the
sweep velocity at 2.5 mm/s exceeds the central speed of sound
(≈1 mm/s). Note that a barrier sweep with these parameters
leads to significant heating of the BEC. After the sweep we
measure the spin composition N2−N1

N2+N1
of the cloud, where N2

(N1) is the number of atoms in the |2〉 (|1〉) state in the
low-momentum components after time-of-flight imaging. Two
different scenarios are shown in Fig. 6(b): a barrier moving
toward the roton direction (orange filled circles), and a barrier
moving in the opposite direction (blue open circles). When
the Raman detuning is chosen such that the BdG spectrum
supports a roton minimum [i.e., to the left of the shaded region
in Fig. 6(a)], a significant difference in spin composition for
the two cases is clearly visible. For spin-orbit parameters that
do not support a roton minimum (i.e., to the right of the
shaded region), the difference in spin composition is much
reduced. The fact that this change occurs around the region
where the roton minimum disappears possibly indicates the
excitation of roton quasiparticles by the moving light sheet.
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A more detailed investigation of these effects is the topic of
future work.

We hope that the presented experimental results and their
theoretical interpretation will stimulate further studies of the
fluid dynamics in SOC BECs. In superfluid helium, the roton
minimum limits the flow speed in the superfluid phase accord-
ing to the Landau criterion. In our system, the Raman dressing,
which is employed to generate the spin-orbit coupling, breaks
Galilean invariance, and it would be interesting to test the
Landau criterion in different moving frames. Furthermore,

our experiment can potentially be extended to the case of a
spin-orbit-coupled lattice [32] where rotons also exist but their
manifestation is complicated [33].

Note added. Recently, two other manuscripts appeared
reporting the observation of roton excitations in BECs [34,35].
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