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Raman sideband cooling of molecules in an 
optical tweezer array

Yukai Lu    1,2,3, Samuel J. Li    1,3, Connor M. Holland    1,3 & 
Lawrence W. Cheuk    1 

Ultracold molecules have been proposed as a candidate platform for 
quantum science and precision measurement because of their rich internal 
structures and interactions. Direct laser-cooling promises to be a rapid and 
efficient way to bring molecules to ultracold temperatures. However, for 
trapped molecules, laser-cooling to the quantum motional ground state 
remains an outstanding challenge. A technique capable of reaching the 
motional ground state is Raman sideband cooling, first demonstrated in 
trapped ions and atoms. Here we demonstrate Raman sideband cooling 
of CaF molecules trapped in an optical tweezer array. Our protocol does 
not rely on high magnetic fields and preserves the purity of molecular 
internal states. We measure a high ground-state fraction and achieve low 
motional entropy per particle. The low temperatures we obtain could 
enable longer coherence times and higher-fidelity molecular qubit gates, 
desirable for quantum information processing and quantum simulation. 
With further improvements, Raman sideband cooling will also provide a 
route to quantum degeneracy of large molecular samples, which could be 
extendable to polyatomic molecular species.

Ultracold molecules have been proposed as a new platform for 
exploring many areas in physics ranging from simulation of quantum 
many-body Hamiltonians, to quantum information processing, to 
precision measurements in searches for physics beyond the Stand-
ard Model1–4. Yet, cooling and fully controlling molecules have been 
long-standing experimental challenges. One route to produce ultra-
cold molecules is through assembly from atoms, for which cooling 
techniques are well developed. This approach has successfully been 
used to produce bialkali molecules, enabling explorations in ultracold 
chemistry5,6 and the creation of quantum-degenerate molecular gases 
well suited for studying long-range interacting many-body systems7,8.

In contrast to assembly from ultracold atoms, methods that 
directly cool could be broadly applicable to a large variety of molecular 
species, including polyatomic ones. In particular, direct laser-cooling 
of molecules has seen great advances recently. Starting with molecular 
magneto-optical traps near the Doppler limit of ~100 μK (refs. 9–13), 
sub-Doppler cooling techniques have allowed experiments to enter 
into the μK regime10,13–19. Importantly, sub-Doppler cooling has enabled 

optically trapped molecular samples with record densities14,18,20 and 
arrays of single molecules trapped in optical tweezers21–23.

Access to molecular samples at even lower temperatures could 
enable new possibilities. For example, molecular tweezer arrays 
have recently emerged as a promising platform for quantum science. 
Notably, recent work has shown high-fidelity control over molecular 
positions and internal states, coherent dipolar interactions and imple-
mentation of an entangling two-qubit gate22,23. Yet residual thermal 
motion limits the achievable coherence times and gate fidelities22–24. 
These limitations can be largely eliminated by cooling to the motional 
ground state.

One technique capable of cooling to the motional ground state is 
Raman sideband cooling (RSC)25. First, a Raman process transfers a 
molecule initially in internal state |↑⟩ to |↓⟩ while removing Δn quanta 
of motional energy. Subsequently, optical pumping reinitializes the 
internal state to |↑⟩ while largely preserving the motional state. By 
iterating over these two steps, cooling is achieved. RSC was first pro-
posed and demonstrated for trapped ions and atoms in optical 
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Γ = 2π × 26.5(3) kHz. This is below the radial trapping frequency 
ωr = 2π × 117.3(4) kHz, allowing radial sidebands (Δn ≠ 0) to be resolved. 
At B = 5.5 G, as a function of θ, we find that Γ reaches a minimum of 
~2π × 7 kHz at the magic angle of θm = 56.3(3)°, as predicted (Fig. 2a). 
Notably, at θm, ℏΓ/U ≈ 10−3, and the linewidth Γ is below the axial trapping 
frequency ωz ≈ 2π × 26 kHz, allowing axial sidebands to be resolved 
(Supplementary Information Section IV).

Next, we measure optical pumping dynamics. Starting with mol-
ecules initially distributed over all 12 hyperfine states of X2Σ(v = 0, N = 1), 
we measure the |↑⟩ population (P↑) after variable durations of optical 
pumping. At short times, P↑ increases as molecules are pumped into 
|↑⟩ and subsequently saturates to Ps, the final population value. At long 
times, P↑ decreases because of molecular loss arising from heating or 
decay into undetected states due to imperfect darkness of |↑⟩ (Fig. 2b). 
The darkness of |↑⟩, essential for efficient optical pumping, can there-
fore be quantified by the figure-of-merit κ = τ2/τ1, where τ1 (τ2) is the 1/e 
rise (fall) time of P↑. Ps provides a complementary measure of optical 
pumping efficiency. When θ = 0° and B = 4.4 G, κ ≈ 8 × 103 and Ps ≈ 0.8, 
even at a deep trap depth of kB × 930(20) μK (Fig. 2c). In comparison, 
in the magic configuration (θ = θm, B = 5.5 G), we find that both κ and Ps 
decrease with increasing trap depth, indicating degrading selection 
rules. For all tweezer depths explored, κ is a factor of 6 to 20 lower than 
that at θ = 0°. This shows that optimal optical pumping (at θ = 0°) and 
Raman linewidths (at θ = θm) cannot be simultaneously achieved.

For RSC, deep tweezer depths help preserve the motional state 
during optical pumping, which is critical for cooling. Although the 
magic configuration at θm provides the narrowest Raman transitions, 
optical pumping is severely degraded at deep depths. On the other 
hand, at θ = 0°, optical pumping is efficient even in deep tweezers. The 
Raman linewidth is slightly broader, but sufficient to resolve the radial 
sidebands. We therefore choose to perform Raman cooling at θ = 0°.

We next verify Raman motional coupling by driving sideband 
transitions at θ = 0°. The Raman coupling between different motional 
states is characterized by the Lamb–Dicke parameter η = |Δk|l/√2 , 
where Δk  is the difference in wave-vectors between the two Raman 
beams and l = √ℏ/(mω) is the harmonic oscillator length, m being the 
molecular mass and ω the trapping frequency. With molecules initially 
prepared in |↑⟩, we probe radial and axial motional state transfer at 
U = kB × 326(7) μK, B = 4.4 G. We pulse on Raman beams and measure 
P↓ versus δc (see Methods for Raman beam and pulse parameters). The 
radial Lamb–Dicke parameter is ηr = 0.46 at this depth, allowing us to 
observe resolved radial sidebands at δc = (Δnr)ωr up to ∣Δnr∣ = 4 (Fig. 3a), 
where ωr = 2π × 117.3(4) kHz. Axially, the weaker confinement leads to 

lattices26–28 and has since been used to cool single atoms in tweezer 
traps to their motional ground states29,30, for imaging in quantum gas 
microscopes31,32 and to produce single molecules by means of assembly 
from two RSC-cooled atoms33–35. RSC also provides a rapid and efficient 
(low-loss) all-optical method to create atomic Bose–Einstein conden-
sates36,37, circumventing the need for evaporation.

Raman sideband cooling of optically trapped and laser-cooled 
molecules faces two main challenges that arise from the complex inter-
nal structure of molecules38. First, state-dependent optical trapping 
leads to inhomogeneous broadening of Raman transitions, prevent-
ing resolved addressing of cooling sidebands and decreasing transfer 
efficiency. Second, efficient optical pumping is difficult because of the 
large number of molecular states and the degradation of free-space 
selection rules in deep optical traps.

In this work, we demonstrate RSC of molecules for what we believe 
to be the first time. We overcome the above challenges by devising 
an RSC scheme for CaF molecules that provides both narrow Raman 
transitions and efficient optical pumping. Our scheme does not require 
high magnetic fields, in contrast to the one proposed in38. In addition, it 
preserves internal molecular state purity, which is crucial for applica-
tions in quantum information processing and quantum simulation of 
many-body systems.

Our work begins with single CaF molecules that are cooled by 
Λ-enhanced grey molasses14 and trapped in a one-dimensional (1D) 
array of linearly polarized optical tweezers21,22,39. Raman beams are sent 
along the radial and axial directions and are near-detuned from the X2

Σ(v = 0, N = 1) → B2Σ(v = 0, N = 0) transition at 531 nm (Fig. 1). Optical 
pumping is achieved on the X2Σ(v = 0, N = 1) → A2Π1/2(v = 0, J = 1/2, +) 
transition at 606 nm.

We identify a suitable pair of internal states {|↑⟩ , |↓⟩} for RSC. Con-
strained by optical pumping, we consider optically cyclable states from 
X2Σ(v = 0, N = 1). In free space, selection rules enable optical pumping 
into the stretched states |±⟩ = |N = 1, J = 3/2, F = 2,mF = ±2⟩. Specifi-
cally, the state |+⟩ (|−⟩)  is dark to σ+(σ−) and π light addressing the  
X2Σ(v = 0, N = 1) → A2Π1/2(v = 0, J = 1/2, +) transition. In deep tweezer 
traps, the trapping light can admix in bright states and modify selection 
rules, degrading optical pumping. The admixture can be reduced by 
providing a well-defined quantization axis with a magnetic field B along 
the polarization axis of the trapping light30,38. However, at certain fields, 
because of tensor a.c. Stark shifts, level crossings can occur, increasing 
bright state admixtures. Our calculations indicate that |↑⟩ = |−⟩  is 
immune from these crossings at low fields and over a large range of 
trap depths, therefore robustly providing low bright state admixtures 
(Supplementary Information Section I). In particular, the bright state 
population admixture remains below 10−4 even for traps as deep as 
kB × 2 mK at B = 4.4 G, where kB is the Boltzmann constant.

For |↓⟩, we seek a state that is connected by a two-photon Raman 
transition to |↑⟩ and has minimal differential a.c. Stark shifts with |↑⟩. 
Our calculations indicate that |↓⟩ = |N = 1, J = 3/2, F = 1,mF = 0⟩ satis-
fies these requirements. In particular, although most N = 1 states experi-
ence fractional differential a.c. Stark shifts at the 10−1 level (absolute 
differential shift divided by the mean shift), those between |↑⟩ and |↓⟩ 
are suppressed to 10−2 even in deep traps with depths ~kB × 1 mK. The 
shifts can be further reduced by changing the angle θ between B and 
the tweezer polarization, with 10−3 fractional shifts possible at specific 
‘magic’ angles. For example, at a trap depth of kB × 0.3 mK and magnetic 
field of B = 5.5 G, the magic angle is θ ≈ 57°.

We experimentally verify the properties of {|↑⟩ , |↓⟩}  through  
Raman spectroscopy and optical pumping dynamics. We first probe 
the inhomogeneous broadening of Raman transitions arising largely 
from differential Stark shifts. At a trap depth U = kB × 326(7) μK, we 
measure the linewidth Γ of the carrier (Δn = 0) transition using copropa-
gating Raman beams. We prepare molecules in |↑⟩ and measure the 
population in |↓⟩ (P↓) versus δc, the two-photon detuning from the 
carrier frequency. At θ = 0° and B = 4.4 G, we measure a linewidth of 
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Fig. 1 | Raman sideband cooling scheme. a, Motional-changing two-photon 
Raman transitions between |↑⟩ and |↓⟩ are driven using laser beams detuned by 
Δ ≈ −2π × 42 GHz from the X2Σ(v = 0, N = 1) → B2Σ(v = 0, N = 0) transition at 531 nm. 
δ denotes the two-photon detuning. Optical pumping into |↑⟩ is performed using 
light addressing the X2Σ(v = 0, N = 1) → A2Π1/2(v = 0, J = 1/2, +) transition at 606 nm. 
b, A magnetic field B is applied in the radial plane, and is oriented at an angle of θ 
relative to the polarization axis of the tweezer light (ε̂ ∥ ̂x). B defines the 
quantization axis. Raman laser beams R1, R2 (R3, R4) address the radial (axial) 
directions. R1 and R2 are optionally retro-reflected to address two orthogonal 
radial directions. Optical pumping light (OP) is applied radially.
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a larger Lamb–Dicke parameter of ηz = 1.34, allowing substantial 
motional coupling up to ∣Δnz∣ ≈ 10 (Fig. 3b). We observe that the axial 
spectrum is substantially broader than the measured carrier Raman 
linewidth, indicating that motion-changing Raman transfers are indeed 
occurring. The centre of the axial spectrum is also substantially shifted 
from the carrier frequency. This shift corresponds to the photon recoil 
shift present in free-space two-photon Doppler spectroscopy (Sup-
plementary Information Section V).

Having demonstrated motional state-changing Raman transfer, 
we next construct a radial cooling sequence consisting of two discrete 
steps: optical pumping and Raman transfer on a cooling (Δn < 0) side-
band. We optically pump at a deep tweezer depth of U0 = kB × 930(20) μK 
to minimize increase in motional quanta (see Methods for optical 
pumping parameters). Because of the large number of hyperfine states 
that are accessed during optical pumping (12 states in the optically 
cyclable N = 1 rotational manifold), our simulations indicate that ~19 
optical pumping photons are required (Supplementary Information 
Section II). Each optical pumping step therefore increases the motional 
energy of a molecule by an equivalent of Δnopr ≈ 1.3 radial quanta (Sup-
plementary Information Section II). To attain net cooling, we therefore 
address the Δnr = −2 sideband. To obtain sufficient motional coupling 
and reduce inhomogeneous broadening, we perform Raman transfer 
at a reduced tweezer depth UR = kB × 326(7) μK (see Methods for Raman 
beam configuration and parameters), the same depth where we meas-
ured Raman linewidths. Each cooling cycle has a duration of 0.65 ms 
and the trap depths are ramped adiabatically over 0.2 ms between U0 
and UR (Fig. 3c).

To verify cooling, we first indirectly probe the temperature by 
means of adiabatic reduction of the tweezer depth40,41. Hot molecules 

are spilled progressively as the trap is lowered. At a fixed final trap depth 
Uspill, the surviving fraction f increases with lower temperatures. After 
90 cycles of radial cooling (RC), we indeed observe that f increased, 
indicating cooling (Fig. 3d). We next add axial cooling by switching on 
extra axial Raman beams with the same two-photon detuning. Owing to 
limitations in our experimental setup, the radial and axial Raman beams 
cannot be independently controlled. They are therefore switched 
on simultaneously and constrained to a single common two-photon 
detuning. The combined radial/axial cooling (RAC) sequence simulta-
neously addresses the Δnr = −2 radial and the Δnz ≈ −9 axial sidebands 
(see Methods for Raman beam configuration and parameters). We 
find that f increased after 90 cycles of RAC, compared with the same 
number of radial cooling cycles (Fig. 3d), indicating successful cooling 
in all directions.

The cooling rate of RAC can be probed by measuring f versus the 
number of cooling cycles N. Fixing Uspill = kB × 0.72(2) μK, we find a 1/e 
cooling timescale of Nc = 51(14) cycles. We also quantify loss during 
cooling. With Raman and optical pumping beams off, but keeping 
the tweezer depth ramps, we observe a 1/e lifetime of 1.28(15) × 103 
cycles. Remarkably, with Raman cooling on, the lifetime increases to 
2.7(4) × 103 cycles, corresponding to a fractional loss of 3.66(6) × 10−4 
per cycle. This difference could arise from Raman cooling compen-
sating for technical heating, or from Raman beams repumping mol-
ecules that decay into X2Σ(v = 0, N = 3) due to off-resonant scattering 
of tweezer light39.

Although adiabatic trap reduction provides qualitative evidence 
of three-dimensional cooling, it does not directly provide a quantitative 
temperature. For thermometry, we rely on Raman spectroscopy.  
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Fig. 2 | Raman linewidths and optical pumping characterization. a, Raman 
linewidths Γ versus θ, measured at a tweezer depth of kB × 326(7) μK. Γ is smallest 
at the magic angle θm = 56.3(3)°, indicated by the dashed vertical line. 
Representative spectra along with their Lorentzian fits (solid) are shown in the 
sub-panels. δc denotes the two-photon detuning from the carrier transition. b, |↑⟩ 
population P↑ versus optical pumping time t at a tweezer depth of 
kB × 930(20) μK. Red triangles (blue circles) show data for θ = 0° (θ = θm). Solid 
curves show simultaneous fits to the early and late time dynamics. The measured 
values of P↑ are affected by the initial state preparation efficiency, the detection 
efficiency and finite lifetime due to vacuum and blackbody loss. These factors 
account for ~10% of the population. c, The figures-of-merit κ and Ps at θm versus 
trap depth U/U0 (U0 = kB × 930(20) μK) are shown by blue circles, with solid lines 
as guides to the eye. The corresponding values for θ = 0° are shown by the red 
shaded regions and indicate substantially better optical pumping. For the top 
panels in a and for b, plot markers and error bars represent mean values and 
standard errors of the mean (s.e.m.), respectively. Each data point is obtained 
from 700 (a) and 300 (b) loaded tweezers. For the bottom panel in a and for c, the 
markers represent mean values and the error bars correspond to propagated 
errors from 1σ uncertainty of corresponding curve fits.
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a, Population transfer P↓ using radial Raman beams versus δc, the two-photon 
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detuning from the carrier δc = 2ωr used during cooling. c, Raman cooling 
sequence consists of (i) Raman transfers at a tweezer depth of UR = kB × 326(7) μK 
and (ii) optical pumping at a higher depth of U0 = kB × 930(20) μK. d, Probing 
temperature by means of adiabatic trap lowering. The tweezer depth is lowered 
to Uspill over 1 ms, held 10 ms to allow hot molecules to escape and increased back 
to full depth for detection. The surviving fraction f versus Uspill/U0 is shown for 
no cooling (blue circles), radial cooling (RC) (green diamonds) and radial/axial 
cooling (RAC) (red squares). Inset, f versus number of RAC cycles N at a fixed 
lower depth Uspill = kB × 0.72(2) μK (dashed line in main plot). For all plots, the 
markers represent mean values and error bars represent s.e.m. Each data point is 
obtained from 1,000 (a and b) and 400 (d) loaded tweezers.
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We first cool at θ = 0° and then perform spectroscopy in the magic 
configuration (θ = θm and B = 5.5 G) to minimize Raman broadening. 
Along the radial direction, the Δnr = ±1 sidebands are well resolved. 
Given the radial Lamb–Dicke parameter and the temperature regime, 
the Raman motional coupling depends weakly on the motional state 
nr (Supplementary Information Section V). This allows us to observe 
coherent Δnr = ±1 sideband transfer and also simplifies interpretation 
of spectra (Supplementary Fig. 6). We apply π-pulses and measure the 
resulting transfer around each sideband (Fig. 4a). The ratio 𝒜𝒜 between 
the peak transfer fractions of the heating and the cooling sidebands 
allows us to extract 1D ground state fractions and temperatures  
(Supplementary Information Section V). Assuming either uniform 
motional coupling or thermal occupation, we find a 1D radial ground 
state fraction of P0 = 1 − 1/𝒜𝒜 𝒜 0.60(6)  after RAC. Assuming only a 
thermal distribution, the mean radial motional occupation n̄r is given  
by n̄r = 1/(𝒜𝒜 − 1). We find n̄r = 0.66 (16) (dimensionless temperature 
of ̃Tr = kBTr/(ℏωr) = 1/ ln(𝒜𝒜𝒜𝒜  1.1(2) ), compared with n̄r = 1.4 (4)  
( ̃Tr = 1.8(5)) before cooling.

We probe the axial temperature similarly. Although we can observe 
resolved axial sidebands spaced up to ∣Δnz∣ ≈ 10, extracting a tempera-
ture is difficult because of the complex lineshape arising from high 
axial temperatures and a large Lamb–Dicke parameter (Supplementary 
Information Section V). Nevertheless, robust thermometry is possible 
by probing high-order sidebands in the unresolved regime30,42. The 
wings of the spectra become Gaussian, and the spectra can be under-
stood as Doppler-sensitive two-photon transfer (Supplementary 

Information Section V). By fitting the wings, one can robustly extract 
a temperature. Experimentally, we increase the Raman Rabi coupling 
such that the wings of the spectra appear smooth (Fig. 4b). Fitting the 
spectra gives an axial temperature of ̃Tz = kBTz/(ℏωz) = 7.5+1.0−0.7  
( n̄z = 7.0+1.0−0.7 ) after RAC, compared with ̃Tz = 26.5+4.0−3.1  ( n̄z = 26+4−3 )  
before cooling.

Lastly, we demonstrate a way to reach even lower temperatures. 
In our RAC scheme, because Δnr = −2 sidebands are addressed, mole-
cules can accumulate in nr = 1, limiting the radial ground state fraction. 
To circumvent this while maintaining net cooling, we apply an extra 
radial cooling sequence, in which we interlace radial cooling cycles 
that separately address the Δnr = −2 and Δnr = −1 sidebands (Fig. 4c). 
With further 30 cycles of interlaced radial cooling (IRC), we observe 
that the 1D radial ground state fraction increases to P0 = 0.79(4),  
corresponding to an average radial occupation of n̄r = 0.27(7)  
( ̃Tr = 0.65(9)). Because the axial direction is not cooled during IRC, the 
axial temperature increases to ̃Tz = 13.5(14) (n̄z = 13.0(14)), still below 
the initial temperature.

When the motion is highly quantized, as in our case, a useful 
figure-of-merit in addition to temperature is the motional entropy. 
This quantifies how many motional states are populated and indicates 
the level of control over the initial motional state. With RAC, we obtain 
a motional entropy per particle of s = 5.2+0.5−0.4, compared with s = 7.5+0.8−0.7 
before cooling. With IRC, we further reduce the motional entropy per 
particle to s = 4.9(3), the lowest reported so far for laser-cooled mol-
ecules. As most of the entropy is in the axial motion, lower entropies 
and temperatures could be reached with increased axial confinement. 
Separately, improved implementations of our cooling scheme that 
offer independent intensity and frequency control of the Raman beams 
could allow lower temperatures to be reached. In short, these capabili-
ties allow one to avoid interference between multiple Raman beams, 
which causes additional broadening that currently limits our achieved 
temperatures (Supplementary Information Section VI). Independent 
Raman beam control will also allow the use of optimized Raman pulse 
sequences such as those that address progressively lower side-
bands42–44. These sequences could provide lower final temperatures 
and robust cooling even for higher initial temperatures. We estimate 
that these future improvements could allow reaching average radial 
and axial motional occupations of n̄r = 𝒪𝒪(0.01) and n̄z = 𝒪𝒪(0.1), respec-
tively, even without further axial confinement (Supplementary  
Information Section VI).

The motional entropy also allows us to quantify the efficiency of 
our Raman cooling scheme. In evaporative cooling of atomic and 
molecular gases, a common efficiency metric is γ = −d ln(PSD )/d ln(N) 
where N is the particle number and PSD is the phase space density45–48. 
One can generalize this metric to γq = ds/d ln(N) , where s is the 
motional entropy per particle (Supplementary Information Section 
VII). γq coincides with γ in the classical regime and is convenient when 
in the highly quantized regime. Using our loss measurements, we 
estimate that γq = 70(28) for RAC, indicating highly efficient cooling 
with little loss.

Our demonstration of RSC of molecules in this work opens up 
several new possibilities. In the near term, the lower temperatures 
achieved could substantially improve rotational coherence times to 
the second scale24 and provide more coherent dipolar interactions 
between molecules. This could enable two-qubit gates with fidelities 
of more than 0.95 (refs. 22,23) and simulation of quantum spin mod-
els into long times (𝒪𝒪(102) interaction times). Longer term, our work 
opens the door to direct laser-cooling of trapped molecules to their 
three-dimensional motional ground states. This would be a key step 
towards full quantum control of molecules and could enable efficient 
production of ensembles with low motional entropy suited for quan-
tum simulation of itinerant and long-range interacting systems in 
the single-band Hubbard regime. Potentially, RSC could provide an 
all-optical route towards quantum degeneracy36,37 that may be 
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data, solid lines show fits to Lorentzian (Gaussian) distributions with a vertical 
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obtained from 1,800 loaded tweezers. For all plots, the markers represent mean 
values and the error bars represent s.e.m. Each data point is obtained from 500 
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broadly applicable to other laser-coolable molecules including polya-
tomic ones13,49,50.

Note: after completion of this work and while the manuscript was 
under review, related work demonstrating RSC of CaF51 was reported.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-023-02346-3.
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Methods
Preparation of molecules
CaF molecules in the X2Σ(v = 0, N = 1) manifold are created in a 
single-stage cryogenic buffer gas cell52, slowed by means of chirped 
slowing and loaded into a d.c. magneto-optical trap (MOT). The MOT 
is subsequently switched off, Λ-cooling is applied and the molecules 
are loaded into an optical dipole trap (ODT) with the aid of a repul-
sive ring trap in the presence of Λ-cooling53. The molecules are opti-
cally transported and loaded into a reconfigurable array of 37 optical 
tweezers, which are created with focused laser beams of 781 nm light 
projected vertically through a microscope objective39. For normaliza-
tion, after tweezer loading, the occupation of the tweezers is detected 
non-destructively with Λ-imaging22. After non-destructive detec-
tion, the molecules are spread out over all 12 hyperfine states in the 
X2Σ(v = 0, N = 1) manifold.

State-resolved detection
To probe the population in |↓⟩, we first lower the trap depth to 
UMW = kB × 130(3) μK and rotate the magnetic field (B = 4.4 G) to θ = 53°. 
Microwaves at ~20.5 GHz are used to transfer the population  
from |↓⟩ = |N = 1, J = 3/2, F = 1,mF = 0⟩ to |N = 0, J = 1/2, F = 1,mF = −1⟩ by  
means of a Landau–Zener sweep. A pulse of light resonant with the X2

Σ(v = 0, N = 1) → A2Π1/2(v = 0, J = 1/2, +) transition removes any molecules 
remaining in X2Σ(v = 0, N = 1)22,39. A second Landau–Zener microwave 
sweep transfers molecules into |N = 1, J = 1/2, F = 0,mF = 0⟩ . The two 
Landau–Zener sweeps have efficiencies of 98% and 99%, respectively. 
There is minimal loss from the resonant light pulse. Finally, the popula-
tion is measured by means of Λ-imaging14, which detects all molecules 
in X2Σ(v = 0, N = 1). An analogous approach is used to measure popula-
tion in |↑⟩.

Optical pumping
For optical pumping at θ = 0°, we use a single laser beam (OP) in the 
radial (horizontal) plane containing light addressing the X2Σ(v = 0, N 
= 1) → A2Π1/2(v = 0, J = 1/2, +) transition (λ = 606.3 nm). The beam has 
frequency components resonant with all four resolved hyperfine transi-
tions. The beam makes an angle of 42° relative to the tweezer polariza-
tion axis ε̂ ( ̂x). It is optimized to have minimal σ+ component along the 
quantization axis set by the magnetic field (along ̂x  at θ = 0°). For the 
data exploring optical pumping at the magic angle θ = θm (Fig. 2b,c), 
we use a second optical pumping beam (OP2) propagating along ̂y. 
This beam is optimized to have minimal σ+ component along the quan-
tization axis set by the magnetic field.

Raman coupling
To achieve Raman coupling between |↑⟩ and |↓⟩, we use light with two 
frequency components ω1 and ω2 detuned near the X2Σ(v = 0, N = 1) → 
B2Σ(v = 0, N = 0) transition (λ = 531.0 nm) with a single-photon detuning 
of Δ = −2π × 42 GHz. ω1(ω2) nominally couples to |↑⟩ (|↓⟩). These compo-
nents are generated by acousto-optical modulators, allowing the 
two-photon detuning δ to be varied.

To achieve motional coupling in the radial (horizontal) xy-plane, 
we send beams R1 and R2 along the ̂x + ̂y  and ̂x − ̂y  directions, respec-
tively. R1 (R2) carries a single frequency component ω1 (ω2), is linearly 
polarized vertically along ̂z  and has a 1/e2 beam waist of ~0.3 mm. The 
two radial beams are optionally retro-reflected off piezo-modulated 
mirrors to address two orthogonal radial directions. The positions of 
the two mirrors are modulated over ~1 μm sinusoidally at frequencies 
of 355 Hz and 500 Hz to partially counteract inhomogeneous Raman 
coupling and a.c. Stark shifts due to interference of the Raman beams. 
The retro-reflections are controlled by shutters that can be controlled 
on slow (~10 ms) timescales mid-sequence. To address axial motion, 
we send beams R3 and R4 along − ̂z  and ̂z , respectively. R3 is linearly 
polarized along ̂y, whereas R4 is linearly polarized perpendicular to 
θ = θm. R4 has a 1/e2 beam waist of ~0.4 mm. The power of R3, which goes 

through a microscope objective, is adjusted so that the intensities of 
R3 and R4 are balanced at the tweezer locations. This is accomplished 
experimentally by matching the observed loss rates due to off-resonant 
scattering from either R3 or R4 alone.

Spectroscopy sequences
We use the following sequence for the data presented in Fig. 2a. First, 
molecules are pumped into |↑⟩ by turning on OP for 2 ms in a bias mag-
netic field of B = 4.4 G at θ = 0°. Next, the tweezer depth is decreased 
to UR and the magnetic field is rotated to the desired angle θ. Both ω1 
and ω2 are delivered through a single vertical beam R4 along the tweezer 
axis, and each component has a power of 1.1 mW (2.0 mW) for carrier 
spectroscopy in the θ = θm (θ = 0°) configuration. A Raman pulse is 
applied for 170 μs with an estimated two-photon Rabi coupling of 
ΩR ≈ 2π × 3 kHz in the 0° configuration. Finally, the population in |↓⟩ is 
measured.

For all spectra in Figs. 3 and 4, the radial Raman beams R1 and R2 
are not retro-reflected, to minimize carrier transfer, inhomogeneous 
Raman coupling and light shifts induced by the Raman beams. All 
spectra in Fig. 3 are taken in a bias field of B = 4.4 G at θ = 0°. For the 
radial spectrum in Fig. 3a, radial beams R1 and R2 are applied for 1 ms, 
probing the radial direction ̂y, and contain 1.8 mW and 1.9 mW of opti-
cal power, respectively. For the axial spectrum in Fig. 3b, ω1 is delivered 
through R3 and ω2 through R4, and the beams are applied for 1 ms. R4 
has a total power of 3.3 mW, and R3 has a matched intensity.

All spectra in Fig. 4 are taken in a magnetic field of B = 5.5 G at θ = θm. 
For radial spectra in Fig. 4a,c, R1 and R2 are used and contain 7.1 mW 
and 7.0 mW of optical power, respectively. The beams are applied for 
30 μs (carrier) or 50 μs (Δnr = ±1 sidebands), with ΩR ≈ 2π × 20 kHz. For 
axial spectra in Fig. 4b,d, ω1 is delivered through R3 and ω2 is delivered 
through R4. R4 has 10 mW of optical power, and R3 has matching inten-
sity with R4. The beams are applied for 100 μs, with an estimated Rabi 
frequency of ΩR ≈ 2π × 20 kHz.

Cooling sequences
Before RSC, we optically pump molecules into |↑⟩ by applying OP for 
2 ms. OP has a waist (1/e2 radius) of ~0.65 mm and contains a total power 
of 7.8 μW during optical pumping.

For the RAC sequence, both radial beams R1 and R2 are on and 
retro-reflected. They contain 3.3 mW and 5.2 mW of optical power, 
respectively. Axially, we send ω1 into R3, and ω2 into R4. R4 contains 
3.5 mW of optical power. The power of R3 is adjusted to match the 
intensity of R4. All Raman beams are applied simultaneously. Raman 
transfer is performed with light resonant with the radial Δnr = −2 (axial 
Δnz ≈ −9) sideband for 150 μs, and optical pumping with OP for 150 μs. 
The Raman transfer occurs at tweezer depth UR, and the optical pump-
ing occurs at depth U0. The tweezer depth ramps occur over 200 μs 
between each of these steps.

For the IRC sequence, we turn on the radial beams R1 and R2 only, 
with R1 retro-reflected. When addressing the Δnr = −2 sideband, the pow-
ers in R1 and R2 are identical to those used in RAC. When addressing the 
Δnr = −1 sideband, the powers in R1 and R2 are intentionally imbalanced 
(2.2 mW and 11.0 mW, respectively) to minimize off-resonant transfer 
on the carrier transition. Raman transfer on the Δnr = −2 (Δnr = −1) 
sideband occurs for 150 μs (300 μs).

Data availability
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