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Optical Raman lattices in ultra-cold alkali-metal and alkaline-earth atoms provide a powerful method to synthesize
spin–orbit (SO) coupling. While the ground-state energy splittings (divided by Planck’s constant) can reach the range of
tens of megahertz in alkali-metal atoms, the typical ground-state energy splittings are on the order of tens of kilohertz or
smaller in alkaline-earth atoms (AEAs) such as 87Sr. For AEAs, because such limited ground-state energy splittings are
rather close to the kilohertz-scale recoil energy that is relevant for optical lattice physics, a standard implementation of a
two-dimensional (2D) optical Raman lattice can lead to parasitic periodic moving potentials that heat up the atoms and
severely limit the atomic lifetime. Recently, an improved optical Raman lattice scheme was proposed and experimentally
realized in ultra-cold strontium fermions, which significantly enhanced the lifetime of 2D-SO-coupled fermions. However,
a concrete electro-optical setup has yet to be demonstrated, and its control precision needs to be quantified. Here we
demonstrate the electro-optical setup of an improved optical Raman lattice scheme that suppresses the effect of moving
lattice potentials for alkaline-earth fermions by introducing a sufficiently large frequency separation between two sets of
laser polarization components, where each set yields an independent Raman coupling. To quantify the precision of this
setup, we feedback-control the relative phase between the two sets of Raman couplings, which is an important parameter
characterizing the 1D–2D crossover of SO couplings, and measure the stability of this phase over hour-long periods. We
also investigate the optimum range for the applied frequency separation. Our approach provides a useful tool that helps
achieve long-lived SO-coupled systems using AEAs.

Keywords: spin–orbit coupling, optical Raman lattice, alkaline-earth atoms, ultracold fermions, moving po-
tential
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1. Introduction
Since the realization of spin–orbit (SO) coupling in ultra-

cold atoms,[1–4] much progress has been made in emulat-
ing two- and higher-dimensional SO couplings,[5–11] open-
ing paths for exploring non-Abelian gauge potentials[12,13]

and exotic topological physics such as topological super-
fluid phases.[14,15] Due to the magnetic insensitivity of their
ground states, alkaline-earth atoms (AEAs) have emerged as a
promising platform for realizing a rich variety of SO-coupled
few-level systems, including a 3D SO-coupled nodal-line
semimetal,[16] the Qi–Wu–Zhang model for quantum anoma-
lous Hall physics,[17] as well as a spin-momentum lattice.[18]

However, in these works,[16–18] the lifetime of SO-coupled
AEAs is on the level of 10 ms, signaling some underlying
mechanism for heating up the atoms associated with the sub-
stantially smaller two-level energy splitting in SO-coupled
AEAs than in alkali-metal atoms.

In a recent work that realized SO-coupled topological
fermions beyond the rotating wave approximation (RWA),[19]

the lifetime of the system was successfully enhanced by an
order of magnitude to the 100-ms level. There are two key
ingredients of the improved experimental setup. The first is
the implementation of a highly isolated few-level system us-
ing a highly nonlinear spin-discriminating method based on
optical a.c. Stark shifts.[20] The second is the suppression of
moving lattice potentials associated with the relatively small
ground-state level splitting in AEAs, as schematically illus-
trated in Fig. 1. This issue arises because the frequency dif-
ference δ f between the Raman beams needs to be tuned to be
close to the relatively small ground-state level splitting δ f0 for
exploring near-resonant SO physics. In a standard optical Ra-
man lattice configuration[8,17] (referred to as the “single-tone”
scheme) shown in Figs. 1(c) and 1(d), two laser beams (“Ra-
man 1” and “Raman 2”) intersect at the atoms with a relatively
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small frequency difference δ f (tens of kilohertz or smaller for
AEAs under the single-tone scheme), where the combination
of the vertical polarization component of one beam and the
horizontal polarization component of the other beam gives rise
to a set of two-photon Raman transitions. However, the opti-
cal interference due to other combinations, such as the two
vertical polarization components, can lead to moving lattice
potentials with a speed of v = π |δ f/kmov|, where kmov is the
component of the wavevector along the direction of the mov-
ing potential. Unless the characteristic speed v is sufficiently
large that the atoms cannot follow the moving potential, which
is the case for SO-coupled alkali-metal atoms,[7,8] atoms will
in general experience heating due to the moving lattice poten-
tials. In Ref. [19], the heating rate for SO-coupled strontium
(Sr) Fermi gases due to moving lattice potentials has been re-
duced by a factor of 500 based on increasing v to a sufficiently
large value, which is very beneficial for enhancing the atomic
lifetime. However, a concrete electro-optical setup and the
precision of the method have yet to be demonstrated for their
further applications in other SO-coupled AEA systems.

In this article, we report on the electro-optical setup and
performance of the improved optical Raman lattice scheme
(referred to as the dual-tone scheme), which has been success-
fully applied in Ref. [19] but has not yet been described in
detail. This scheme is implemented using two-spin strontium
(87Sr) Fermi gases with 2D SO couplings induced by optical
Raman lattices. While the two Raman lasers are far-detuned
from the 1S0→3P1 single-photon intercombination transitions
with narrow, kilohertz-level linewidths, two-photon Raman
transitions can be induced between a pair of spin ground states.
In the dual-tone scheme, a sufficiently large frequency separa-
tion is introduced between two groups of polarization com-
ponents of the Raman beams. While each group gives rise
to an independent two-photon Raman coupling, two polariza-
tion components from different groups have distinct frequen-
cies, and the corresponding interference effect is suppressed,
which flattens the moving lattice potential over characteristic
time scales for AEAs in optical lattices. Furthermore, the rela-
tive phase between these two sets of Raman couplings is mea-
sured and controlled to an instability below 10−4 radians. Fi-
nally, the optimum regime for the frequency separation is stud-
ied based on simultaneously minimizing the perturbation to a
cold Fermi gas and keeping the lattice imperfection within an
acceptable level. The dual-tone scheme significantly improves
the stability of 2D-SO-coupled AEAs and holds promise for
promoting the exploration of long-lived SO-coupled systems
and interaction-induced correlation physics.

2. The dual-tone optical Raman lattice scheme
This improved scheme introduces a tunable, large fre-

quency separation between pairs of polarization components

that can lead to spin-conserving moving lattice potentials with-
out altering the relatively small two-photon detuning for the
spin-flipping Raman couplings for 87Sr Fermi gases. Here,
the scheme utilizes a pair of adjacent spin ground states sep-
arated by δ f0 ≈ 50 kHz: |↑〉 ≡ 1S0|F = 9

2 ,mF = − 9
2 〉 and

|↓〉 ≡ | 92 ,−
7
2 〉, where the quantization axis is defined by an

externally applied magnetic field 𝐵 along the Z (vertical) di-
rection; see Figs. 1(a) and 1(b). The frequencies of the two
Raman lasers are chosen to be close to 689.452 nm, which
correspond to detunings of about −0.9 GHz relative to the
1S0|F = 9

2 〉 →
3P1|F ′ = 11

2 〉 single-photon transition under
zero magnetic field. Each combination of a spin-conserving
π-polarization component and a spin-changing σ -polarization
component of the laser electric fields gives rise to an inde-
pendent two-photon Raman coupling between | ↑〉 and | ↓〉.
As shown in Fig. 1(b), a 2D optical Raman lattice is formed
by intersecting two laser beams (Raman 1 and Raman 2) that
propagate along the X-direction (E1) and Y -direction (E2), re-
spectively, intersect at the atoms, and are then phase-shifted
and retro-reflected. On one hand, the retro-reflection leads to
the interference of the same polarization components with op-
posite wavevectors, which gives rise to spin-conserving, spa-
tially periodic static potentials (namely, optical lattices) and
corresponds to the diagonal elements of the Hamiltonian of
the two-spin 87Sr Fermi gases. The depths of optical lattices
are determined by both the laser intensities and the atomic po-
larizabilities that in turn depend on the single-photon laser de-
tunings, laser polarizations, the associated atomic states, and
the corresponding Clebsch–Gordan coefficients. On the other
hand, each combination of a vertical electric field (provid-
ing the π-polarization component) and a horizontal electric
field (containing the needed σ -polarization component) leads
to an independent set of Raman couplings, which correspond
to the spin-flipping off-diagonal elements of the Hamiltonian.
The Raman coupling strengths are determined by the electric
field amplitudes, the single-photon detunings, the associated
atomic states, and the corresponding Clebsch–Gordan coeffi-
cients. Because the 0.9-GHz detuning is comparable to the
87Sr 3P1 hyperfine splittings, a summation of the contributions
from all three excited-state hyperfine manifolds needs to be
performed over F ′ = 7

2 , 9
2 , and 11

2 in order to obtain an accu-
rate evaluation of experimental parameters.

We refer to the two groups of orthogonal polarization
components, (E1Y , E2Z) and (E1Z , E2X ) as the “0” manifold
and the “∆” manifold, respectively. Each manifold of polariza-
tion components gives rise to a two-photon Raman transition
with characteristic coupling strengths of Ω01 and Ω02, which
are indicated by the purple and green colors in Figs. 1(a) and
1(b). While in each manifold, the two polarization compo-
nents have the same small frequency difference δ f (tuned to
be close to the ground-state level splitting δ f0 for exploring
near-resonant SO physics), the two manifolds are separated
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by a frequency difference ∆ , which under large ∆ values
will significantly suppress the effect of the time-varying a.c.
Stark potentials due to the polarization pairs (E1Z , E2Z) and
(E1Y , E2X ).[19] By contrast, under ∆ = 0, the experimental
scheme reduces to a “standard” experimental configuration,
which we refer to as the single-tone optical Raman lattice
scheme (Figs. 1(c) and 1(d)). With ∆ = 0, the polarization
pairs (E1Z , E2Z) and (E1Y , E2X ) give rise to pernicious moving
lattice potentials with a speed of v = π |δ f/kmov|, which can
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Fig. 1. Schematic of the setups for the dual-tone and standard single-tone
optical Raman lattice schemes based on 87Sr fermions. (a) Energy dia-
gram of the dual-tone scheme for implementing the optical Raman lattices,
which suppresses the moving-potential effect by introducing a frequency dif-
ference ∆ between the orthogonal polarizations of the laser along each spa-
tial direction. Here, |↑〉 and |↓〉 correspond to a pair of spin ground states,
1S0|F = 9

2 ,mF =− 9
2 〉 and | 92 ,−

7
2 〉, which are separated by an energy splitting

of about δ f0 ≈ 50 kHz. The 3P1 manifold allows for F ′ = 7
2 , 9

2 , and 11
2 . The

polarization components E2Z and E1Y (E1Z and E2X ) in the “0” (“∆”) manifold
induce Raman coupling Ω01 (Ω02), without forming harmful interference be-
tween inter-manifold components. (b) Optical setup of the dual-tone scheme.
The 2D Raman lattices are formed by two laser beams with wavelengths of
about 689.452 nm, corresponding to large, gigahertz-level single-photon red
detunings with respect to the 1S0 → 3P1 transitions of kilohertz linewidths.
These beams propagate along the X direction (E1) and Y direction (E2), in-
tersect at the atoms (blue sphere), and are then retro-reflected. The frequency
difference δ f between the Raman beams is chosen to be close to δ f0 for ex-
ploring near-resonant SO physics. The components with purple (green) color
correspond to the “0” (“∆”) manifold of E2Z and E1Y (E1Z and E2X ). B denotes
the magnetic field. (c) Energy diagram of a standard single-tone scheme for
implementing optical Raman lattice,[8,17,21] corresponding to a special case of
∆ = 0 in (a). (d) Optical setup of the single-tone scheme. (e) The moving lat-
tice potential averaged over t0 = h/E0 ≈ 0.21 ms. Here, h denotes the Planck’s
constant and the recoil energy E0 is used as the typical energy scale for 2D
optical Raman lattice. The time-averaged potential becomes flatter when ∆ in-
creases from near zero to 4 MHz, which is quantified by its peak-to-peak value
Upp (normalized by the value at ∆ = 0). (f) Variation of Upp as a function of ∆ .
The oscillatory behavior (gray solid line) arises from the averaging process,
where the time-averaged potential vanishes at particular detunings. The blue
dashed line indicates an upper envelope with an asymptotic ∆−1 behavior.

severely heat up a cold Fermi gas.[17] Figure 1(e) illustrates
the moving lattice potential averaged over a characteristic time
scale of h/E0 ≈ 0.21 ms under several different ∆ values,
where h is the Planck’s constant and E0 is the recoil energy
for the wavelength of λ0 = 689.452 nm and 87Sr atoms. For a
moving lattice potential due to the interference betweeen E1Z

and E2Z , the overall reduction of the moving-potential effect
with the increase of ∆ is shown by the peak-to-peak modula-
tion depth, Upp, of the averaged moving lattice potentials; see
Fig. 1(f). The solid gray line represents the exact computa-
tion, exhibiting a nodal structure due to the finite averaging
time. The blue dashed line indicates an upper envelope with
an asymptotic ∆−1 behavior. At ∆ = 4 MHz, Upp is reduced
by two orders of magnitude compared to that in the single-
tone scheme. The significantly reduced Upp corresponds to a
physical picture that under typical time scales in optical lat-
tices, cold atoms cannot follow the fast-moving lattice poten-
tials and therefore become largely immune to the correspond-
ing heating effect. Here, without loss of generality, we have
assumed a typical condition of δ f = 50 kHz based on ex-
perimental parameters. In the following sections, we utilize
a value of ∆ = 4 MHz.

We implement a relatively large frequency difference ∆ in
the dual-tone scheme based on acousto-optic frequency shift-
ing. Figure 2(a) shows the optical setup, which resembles the
form of a Mach–Zehnder interferometer. A laser beam is first
split into two paths using a polarizing beam splitter (PBS1).
The transmitted beam (purple line) remains at the original fre-
quency, whereas the reflected beam (green line) passes through
two acousto-optic modulators (AOM1, AOM2) with opposite
frequency shifts that differ by ∆ . The two beams are then re-
combined by a second beam splitter (PBS2), yielding two out-
put beams that correspond to the Raman 1 and Raman 2 beams
also shown in Fig. 1. In the Raman 1 and Raman 2 paths, addi-
tional modulators AOM3 and AOM4 introduce slightly differ-
ent frequency shifts with the same sign and a small frequency
difference of δ f . Each Raman beam goes through a short
single-mode polarization-maintaining optical fiber to ensure
high spatial-mode quality and stable beam pointing before in-
teracting with the atoms.

3. Phase detection and stabilization
With the increased number of optics in the dual-tone

scheme, it is important to precisely control the relative phase
between two sets of Raman couplings, which characterizes
the 1D–2D crossover of SO physics.[17] Figures 2(b) and 2(c)
illustrate the optical and electronic setups for the phase de-
tection and phase stabilization respectively. As shown in
Figs. 1(a) and 2(a), the four laser polarization components
E1Z,1Y,2Z,2X can be described by

E1Z = E1Z,0 e i[k0x+2π(ν0−∆)t+α], (1)
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E1Y = E1Y,0 e i(k0x+2πν0t+α ′), (2)

E2Z = E2Z,0 e i[k0y+2π(ν0+δ f )t+β ], (3)

E2X = E2X ,0 e i[k0y+2π(ν0−∆+δ f )t+β ′], (4)

where ν0 ≈ 434.827 THz is the laser frequency, k0 = 2π/λ0

is the angular wave-number, E1Z/1Y/2Z/2X ,0 are amplitudes of
E1Z,1Y,2Z,2X , α and α ′ (β and β ′) are the initial phases for the
Raman 1 (Raman 2) polarization components. The relative
phase δϕ between the two sets of Raman couplings depends
on the initial phases and can be written as[8,17,21]

δϕ = α−α
′+β −β

′. (5)

As shown in Fig. 2(b), the phase difference between two po-
larization components in each Raman beam is determined by
directing the sampled beam through a polarizer oriented at an
oblique angle and then onto a photo-detector (PD, Thorlabs
PDA100A2) to measure an optical beat. Detectors PD1 and
PD2 record the intensity oscillations that reveal the phase dif-
ferences α ′−α for Raman 1 and β −β ′ for Raman 2, respec-
tively:

I1 = |E1Z |2 + |E1Y |2 +2 |E1Z | |E1Y |cos(2π∆ t +α
′−α),

I2 = |E2Z |2 + |E2X |2 +2 |E2Z | |E2X |cos(2π∆ t +β −β
′).

These phase differences contain the contributions from air
flow, thermal drift, polarization-dependent fiber phase fluctu-
ation, and phase shifts induced by reflective and transmissive
optical elements.

The aforementioned photo-detector outputs are further
processed and utilized for precise feedback control of the
relative phase δϕ . As shown in Fig. 2(c), we remove the
d.c. components of the detector outputs via bias tees (Mini–
Circuits ZFBT-4R2GW+), amplify the a.c. components by
radio-frequency (RF) amplifiers (Mini–Circuits ZFL-1000+),
and then compare their phases using a low-noise RF mixer
(Mini–Circuits ZFM-2-S+). After being low-pass filtered, the
mixer output signal Vm is proportional to a sinusoidal function
of δϕ:

Vm ∝ cos(α−α
′+β −β

′) = cos(δϕ). (6)

This signal serves as the error signal for feedback control and
is fed into a servo controller (Nakai technology, PID-001) with
a PI corner frequency of 3.2 kHz. Here, we use a high-voltage
amplifier (Thorlabs HVA200) to provide the driving d.c. volt-
age for an electro-optic modulator (Thorlabs EO–PM-NR-C1)
that serves as a phase actuator and tunes δϕ by changing the
phase difference between two orthogonal polarization compo-
nents of the Raman 1 beam. Similarly, we generate a second
mixed signal (using mixer 2 in Fig. 2(b)) to provide an out-of-
loop monitoring signal for δϕ .

PD1
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Coupler
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Dual-tone optics path

Phase stabilization
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Polarizer
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λ/2

λ/2

λ/2

Fig. 2. Electro-optical setups for the dual-tone scheme and the corresponding
optical phase control. (a) Optical path for the dual-tone scheme. An incom-
ing laser beam is split into two paths by a polarizing beam splitter (PBS1),
frequency-shifted in one path, and recombined at another polarizing beam
splitter (PBS2). Two acousto-optic modulators (AOM1 and AOM2) with op-
posite diffraction orders and distinct driving frequencies generate a frequency
difference of ∆ between the two paths. The transmitted and reflected output
ports of PBS2 prepare the Raman 1 and Raman 2 lasers in Fig. 1, respec-
tively. (b) Phase detection. The PD1 (PD2) photo-detector measures a beat
that contains the frequency and phase difference between orthogonal polariza-
tion components of the Raman 1 (Raman 2) laser. The PD1 and PD2 beats are
then compared by a radio-frequency (RF) mixer, which yields an RF signal
whose phase fluctuation corresponds to the fluctuation of the relative phase
δϕ between two Raman couplings. The mixer 1 output is used as an in-loop
error signal for the feedback control of δϕ , while the mixer 2 output serves
as an out-of-loop monitoring signal. (c) Phase stabilization. The in-loop error
signal is fed into a feedback servo to stabilize δϕ , with an electro-optic modu-
lator (EOM) serving as the phase actuator and a high-voltage amplifier (HVA)
providing sufficient actuation range. Here, “coupler” denotes directional cou-
pler and “LP” denotes low-pass filter.

4. Results

To characterize the precision of the optical phase control
system, we measure the in-loop error signal and out-of-loop
monitoring signal for the relative phase δϕ between two Ra-
man couplings. The voltage signal (proportional to cosδϕ)
is measured with a data logger (National Instruments cDAQ-
SV1101) with a sampling interval of 10 ms, normalized by
the maximum voltage, and converted to a phase signal. In
Fig. 3(a), the gray dots indicate the free-running δϕ , which
drifts with a peak-to-peak value of about 0.4π over an hour.
Under active feedback control, the phase stability is greatly
enhanced, as shown by both the in-loop error (black dots) and
out-of-loop monitoring (red dots) signals. We further quantify
the precision of the achieved phase control based on an anal-
ysis using the Allan deviation (ADEV).[22] Figure 3(b) shows
the ADEVs of the in-loop and out-of-loop phase data simi-
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lar to those in Fig. 3(a) under active feedback control, where
the error bars are estimated based on five one-hour-long data
sets. Both the in-loop and out-of-loop signals show excel-
lent stability better than the 10−4-radian level at an averag-
ing time of 0.02–655 s. The achieved control precision of δϕ

shows that the dual-tone optical Raman lattice scheme is ro-
bust against environmental fluctuations, which thereby signif-
icantly improves the stability of SO-coupled systems.
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Fig. 3. Precision of the optical phase control system. (a) Time traces of the
relative phase between two sets of Raman couplings, recorded over one hour.
The gray dots indicate the free-running relative phase, while the black and
red dots represent the feedback-controlled relative phase and the correspond-
ing out-of-loop monitoring signal, respectively. (b) The Allan deviation of
the relative phase δϕ for the in-loop error signal and out-of-loop monitoring
signal under active stabilization, based on multiple data sets similar to (a).
The shown data are the result of averaging over five groups of measurements.
Error bars represent 1σ statistical uncertainty.

Finally, we demonstrate the choice of optimum regime
for the frequency separation ∆ based on a compromise be-
tween flattening the moving lattice potential and restricting
the mismatch between two sets of optical lattices in the dual-
tone scheme. On one hand, we characterize the suppression
of the heating effect for a cold strontium Fermi gas associated
with the moving lattice potentials under various ∆ values us-
ing the maximum optical depth (OD) in the atomic images. A
Fermi gas of 87Sr atoms is slowly loaded into a 2D optical Ra-
man lattice and further held for a period of time, after which
a 15-ms time-of-flight measurement is performed. In Fig. 4,
we observe that, as ∆ increases, the maximum OD quickly
increases and saturates after ∆ exceeds 0.2 MHz. Here, all
atomic images are scaled by one global factor such that the
scaled maximum OD reaches about unity at sufficiently large
∆ values. On the other hand, as ∆ increases, a discrepancy
develops between the two sets of static optical lattices formed
by polarization components in the “0” manifold and those in
the “∆” manifold, manifesting as a mismatch of their potential
minima (normalized by the lattice constant aLat = λ0/2) near

the atoms. As shown by the red dashed line in Fig. 4, the lat-
tice site position mismatch exceeds 0.02 aLat for ∆ ≥ 6 MHz,
which is less desirable. Therefore, we judge that the range of
0.2–6 MHz is fairly applicable for ∆ , and that our experimen-
tal choice of ∆ ≈ 4 MHz is near-optimal.
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Fig. 4. Determination of the appropriate range for the frequency separation
between two laser frequency manifolds. A spin-polarized Fermi gas is slowly
loaded into the 2D optical Raman lattice under different frequency separations
∆ from 56 kHz to about 10 MHz. The maximum optical depth (OD) of 2D-
SO-coupled atoms (blue circle) is recorded after a 15-ms time-of-flight (TOF)
process to provide a quantitative figure of merit for optimizing ∆ . Here, all
atomic images are scaled by one global factor such that the scaled maximum
OD reaches about unity at sufficiently large ∆ values. At small ∆ values,
moving lattice potentials heat up atoms and reduce the atomic OD. On the
other hand, large ∆ values lead to substantial mismatch between two sets of
lattices due to the “0” and “∆” manifolds (red dashed line), which is computed
assuming a typical distance of 50 cm between atoms and the retro-reflecting
mirrors. The left two insets are the atomic clouds corresponding to ∆ ≈ 4 MHz
and ∆ = 56 kHz, respectively. Error bars represent 1σ statistical uncertainty.

5. Discussion and conclusion
In summary, we have depicted a detailed dual-tone

scheme for implementing optical Raman lattices and SO
couplings in AEAs with significantly suppressed moving-
potential effect. The optimum regime for the frequency sep-
aration parameter ∆ has been demonstrated. The method de-
scribed in this work holds promise for realizing SO-coupled
topological systems with long lifetimes[19] using a vari-
ety of alkaline-earth fermions and for future exploration of
interaction-induced correlation physics[23–27].
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