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Preparation of a heteronuclear two-atom system in the three-dimensional ground
state in an optical tweezer
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We report the preparation of a heteronuclear two-atom system of 87Rb and 85Rb in the ground state in an optical
tweezer. Dual-species Raman sideband cooling is applied to the two initially separated atoms to eliminate the
crosstalk and three-dimensional ground-state probabilities of 0.91(5) for 87Rb and 0.91(10) for 85Rb are obtained.
We then merge the two atoms into one trap with a species-dependent transport which is achieved by utilizing
vector light shifts depending on the magnetic moments of specific atomic states and the trap polarizations. The
measurable motional excitations due to merging are 0.013(1) and 0.006(3) axial vibrational quanta for the 87Rb
and 85Rb atoms, respectively, while no obvious excitation is observed in the radial directions. This two-atom
system offers a good starting point for building a single heteronuclear molecule and for investigating few-body
physics. It can also be extended to other atomic species and molecules and thus can find application in ultracold
chemistry.
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I. INTRODUCTION

Isolated cold atoms or molecules have wide impacts in
multiple disciplines ranging from collisional physics [1–4]
and chemical reactions [5–7] to quantum information and sim-
ulations [8–14] and precision measurements [15–17]. Com-
pared with neutral atoms, cold molecules offer more rich
internal states, and long-range interactions can be induced
with electric fields. Although two-atom pairs in optical lattices
have been associated into single molecules [18–21], bottom-
up creation of single molecules in optical tweezers (OTs)
offers new opportunities due to the flexible trap controllability
and scalability and, moreover, the intrinsic features of single
trap addressing and detection. Along this line, creation of an
exited-state NaCs molecule from two atoms was demonstrated
recently by a single-photon association at finite atomic tem-
peratures [22]. To produce single cold molecules with high
efficiency, a crucial prerequisite is to prepare a two-atom
system in the motional ground state of a single trap. The
technical breaking of inserting two atoms into a single trap
was demonstrated first with thermal Cs atoms in 2006 [23],
but the success rate of the insertion was only 16% and neither
ground-state cooling nor preservation of motional states was
implemented. After that, the combination of two heteronu-
clear atoms together into one tweezer was implemented with
a success rate of about 95% and hyperfine-state-dependent
inelastic collisions between two atoms were observed [24],
but again the atomic motional states were not controlled.
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A reliable recipe for making an ultracold heteronuclear
two-atom system is composed of two sequential steps: first,
cool the two individual heteronuclear atoms to the three-
dimensional (3D) motional ground state, and then merge
both the atoms into a single trap with negligible vibrational
excitations. For the first step, the well-developed Raman
sideband cooling (RSC) technique [25] can be deployed,
as demonstrated with various homonuclear atoms in OTs
from one to three dimensions [26–32]. But a dual-species
RSC of two heteronuclear atoms to the 3D ground state has
not been reported yet. For the second step, to preserve the
two-atom motional ground state, it is essential to implement
a species-dependent transport with an asymmetric potential
configuration where each atom experiences a deeper local
potential, far-off resonant with any vibrational levels of the
other approaching one. With a species-dependent transport,
the two atoms will be efficiently merged for interaction and
molecular association, and split for atomic imaging when
molecules are confirmed. As demonstrated in optical lattices,
by engineering vector light shifts (VLSs) single atoms can
be transported over several lattice sites maintaining in the
motional ground state [30], and two homonuclear atoms on
different lattice sites can be brought into contact and then
entangled [33–35]. To date, species-dependent transport for
two heteronuclear single atoms has only been demonstrated
with two thermal atoms [22].

In this work, we demonstrate a general scheme to build
a heteronuclear two-atom system in the ground state of a
trap by utilizing a dual-species RSC and a species-dependent
transport. We begin by simultaneous RSC of 87Rb and 85Rb
in two traps and obtain a 3D ground-state with probabilities
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FIG. 1. Experimental setup and Raman sideband cooling of heteronuclear 87Rb and 85Rb atoms. (a) Experimental arrangement. Two
Raman R1 beams (σ− polarized), R187 for 87Rb and R185 for 85Rb, are combined together with a beam splitter (BS) and propagate along the
bias magnetic field direction y′. Optical pumping (OP, σ−) beams and repumping (RP, σ−) beams for the two atoms are combined together with
BSs before being introduced into the glass cell. R2 and R3 beams are approximately π polarized to address the radial motions and propagate
perpendicularly to the R1 beams. To address the axial motion of both atoms, the R4 beam has a small angle with respect to the optical axis
of the trapping beam. (b) The simplified energy levels and transitions for the 87Rb and 85Rb atoms. The detailed energy levels can be seen in
Appendix A.

of 0.91(5) for 87Rb and 0.91(10) for 85Rb. And then merging
the separated ground-state atoms into one trap is implemented
with VLSs for specific spin states with opposite magnetic
moments. The key point is to change the polarizations of
the two OTs to the desired circular polarizations so that the
state-dependent VLSs come into play. The measurable heating
due to merging is below 0.02 vibrational quanta for both
atoms in the axial dimension, while for the radial direction,
no obvious heating is measured.

This paper is organized as follows. In Sec. II, we describe
the experimental setup and the dual-species ground-state cool-
ing of 87Rb and 85Rb. In Sec. III, we analyze the single-atom
merging dynamics in a symmetric double well. In Sec. IV, the
scheme of species-dependent transport is proposed first; then
the examination of this scheme by detecting qubit states and
the two-atom merging experiments are presented. In Sec. V,
we discuss the promising applications of species-dependent
transport and then conclude the paper.

II. DUAL-SPECIES GROUND-STATE COOLING

Figure 1 depicts the experimental setup. A static OT (S
trap) and a movable OT (M trap) are used to trap one 85Rb
atom and one 87Rb atom, respectively, ensured by feedback-
controlled loading from a dual-species magneto-optical trap
(MOT) [24]. A high-numerical-aperture objective (NA = 0.6)
is used to strongly focus two 852-nm trapping beams to waists
of about 0.75 μm with a spacing of 4 μm. The spacing is
controlled by a mirror actuated by piezoelectric transducers
(PZTs) to insert the 87Rb atom from the M trap into the S
trap. For the typical trap depth of 1.6 mK, the radial and axial

trap frequencies are ωr = 2π × 165 and ωz = 2π × 27 kHz,
respectively. The two atoms are both further cooled to about
15 μK with standard optical molasses techniques. To avoid
the polarization gradient effect, a static magnetic field of 6.7 G
is set along the y′ direction [26,27].

The single-species RSC is typically implemented using
four Raman beams to remove motional quanta and then opti-
cal pumps to initialize the atomic state and carry away entropy
[26,27]. The total 3D RSC of an atom usually takes hundreds
of milliseconds to achieve a 3D ground-state probability of
above 90%. For the RSC of dual-species atoms, in our case
87Rb and 85Rb, the possible crosstalk between the cooling pro-
cesses for the two atoms should be mitigated. By “crosstalk”
we mean that RSC of the “target” atom would cause heating
to the “spectator” atom by off-resonant photon scattering.
The near-resonant pump (OP and RP) beams, large detuned
Raman beams, and the trap beam will cause heating of the
spectator atom. The pump beams will cause heating with
a typical rate (in units of corresponding vibrational quanta
per second, the same as below) of 0.18 (0.45) for the radial
(axial) dimension. The large detuned Raman beams, which
are focused onto the atoms, cause an off-resonant heating
rate of 0.8 (5) for each beam. And the trap beam will also
heat the spectator atom with a typical rate of 0.6 (2.3) in a
1.6-mK trap for the radial (axial) dimension. So the ground-
state probability of the spectator atom will be limited to about
30% when the RSCs are taken one by one for the two atoms.
The crosstalk will also present in the Raman sideband cooling
of two atoms of different elements.

To overcome the crosstalk, we design the dual-species
RSC in an overlapped sequence with only five Raman beams
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FIG. 2. The dual-species RSC sequence. Each dashed square
frame represents one RSC cycle.

as shown in Fig. 2. The Raman laser setup is described in
Appendix A. While all the Raman and pump beams have
large enough waists and cover both atoms, the {R2, R3, R4}
beams are shared for both atoms. And the addressing of
specific atoms is implemented with two spectral separated
R1 beams, R185 and R187. During RSC the R185 and R187

beams are synchronously applied to both atoms to keep light
shifts constant. And the resonant pump beams of 87Rb and
85Rb are also synchronously applied to the two atoms. In this
overlapped cooling sequence, the residual crosstalk is only
induced by near-resonant pump beams and the R1 beam of
the target atom, which could heat the atoms by 0.001 (0.008)
vibrational quanta for the radial (axial) direction in one typical
cooling cycle.

We examine the residual crosstalk by measuring the nx

and nz of 85Rb after different numbers of cooling cycles
with and without the participation of the cooling pulses of
87Rb, as shown in Figs. 3(a) and 3(b), respectively. The
fluctuations in n are large, especially for a small number of
RSC cycles. We fit the data points using a decay model of n =
1/{exp[h̄ω(αc + 1)/kBT ] − 1} [28], where c is the number
of the cooling cycles and T is the initial atomic temperature
before RSC. The fitted cooling rates of 85Rb for the radial
dimension are α = 0.09(1) and 0.08(1) with and without the
crosstalk from 87Rb, respectively, resulting in a difference of
0.01(1). For the axial dimension, the crosstalk leads to a dif-
ference of 0.08(8) in the cooling rates. Moreover, no obvious
difference in n is observed after 80 RSC cycles for both the
radial and axial dimensions. Thus the residual crosstalk can
only have negligible influence on the final cooling fidelity.

The dual-species RSC contains 220 cooling cycles with a
total duration of about 150 ms. After cooling, the 3D motional
quantum numbers {nx, ny, nz} are {0.04(3), 0.01(1), 0.04(4)}
for 87Rb and {0.01(4), 0.03(5), 0.05(9)} for 85Rb. The final
3D ground-state probabilities are determined to be 0.91(5) for
87Rb and 0.91(10) for 85Rb, respectively. The corresponding
radial spectra of 87Rb along the x and y directions are shown
in Fig. 3(c), and the axial spectra for both 87Rb and 85Rb are
shown in Fig. 3(d).

III. MERGING DYNAMICS OF A SYMMETRIC
DOUBLE WELL

In this section, we study the merging dynamics of a single
atom in a symmetric double-well potential and determine the
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FIG. 3. The measurement of the residual crosstalk and the Ra-
man spectra after dual-species RSC. The measured nx,z of 85Rb as a
function of cooling cycles (a) with (red circles) and (b) without (blue
squares) the participation of 87Rb cooling beams along the x axis and
z axis, respectively. The solid lines are fits to an exponential decay
function. (c) The radial RSC results of 87Rb on the x (squares) and
y (solid circles) dimension. (d) Axial dimensional cooling results of
87Rb (blue squares) and 85Rb (red circles).

heating mechanism during merging. For two Gaussian traps,
the potential can be described by

(V0+�V ) exp

(
−2(y′+d/2)2

ω2
0

)
+V0 exp

(
−2(y′−d/2)2

ω2
0

)
,

(1)

where V0 and V0 + �V are the trap depths, d is the spacing
of the beam center, and ω0 is the beam waist. A symmetrical
double well, e.g., two identical Gaussian traps, corresponds to
�V = 0. Typical merging snapshots at different trap spacings
d are illustrated in Fig. 4(a). The merging axis is set along
the y′ direction as defined in Fig. 1(a). For the two traps
that are totally separated before merging, two sets of har-
monic oscillator eigenstates can be well defined as {|n = 0〉L,

|n = 1〉L, . . .} for the left well and {|n = 0〉R, |n = 1〉R, . . .}
for the right one. But when the two traps are fully overlapped,
the system has only one set of harmonic oscillator eigenstates.
To give a unified definition, the first four eigenstates of the
system are redefined as |φ1〉 ≡ |n = 0〉L, |φ2〉 ≡ |n = 0〉R,
|φ3〉 ≡ |n = 1〉L, and |φ4〉 ≡ |n = 1〉R. Before merging, the
system has twofold-degenerate eigenstates, i.e., the corre-
sponding eigenenergies E1 = E2 and E3 = E4. To illustrate
the character of degeneracy and its dynamical behavior during
merging, we solve the eigenstates of the potential described
in Eq. (1) and define an effective parameter η for the ground
state as

η = 1 − E2 − E1

E3 − E2
. (2)

The evolution of the energy spacings and the parameter η

are shown in Figs. 4(b) and 4(c), respectively. We note that
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FIG. 4. The merging dynamics of a symmetric double well with
initial trap depths of 1.6 mK and trap-beam waists of 0.75 μm.
(a) The snapshots for the merging process (energy levels not to scale).
The spacing is the d defined in Eq. (1). (b) The energy spacings
for the radial x direction between the first (|φ1〉) and second (|φ2〉)
eigenstates are shown with solid circles, and the spacings between
the second and third (|φ3〉) eigenstates are shown with triangles.
The inset shows the energy spacings of the axial direction. (c) The
effective degree of degeneracy is shown as a function of trap beam
spacings for the radial y′ axis (solid circles) and axial axis (squares).

the actual distance between the double-well potential minima
is less than the spacing of the trap beams d , the same as
below. During merging the system starts with a degenerate
ground state which corresponds to a zero energy spacing
between |φ1〉 and |φ2〉 and consequently η = 1. As the trap
spacing is decreased, the system crosses a critical point where
the degeneracy is removed and then has a nondegenerate
ground state, the corresponding spacings E2 − E1 are equal
to E3 − E2, and thus η = 0.

At the critical point, the atom exhibits dynamical instability
and will undergo a “quantum phase transition.” The general
physics underlying this phenomenon is in analogy to the
Jahn-Teller effect in polyatomic molecules, where the orbital
instability of systems having degenerate states is pointed out
[36], and also in analogy to the fragmentation phenomenon in
Bose-Einstein condensates [37,38].

Thus an atom initially in the ground state of one trap will
dynamically evolve into the motional excited states with a
finite probability of 50% even for a slow enough merging
process, which is confirmed with numerical integrations of
the time-dependent Schrödinger equation, and the results
presented in the next section. We note that, in the region of
0 < η < 1, the potential is anharmonic for the ground state.
As the traps are merged along the y′ axis, dynamics along the
radial x′ and axial axes are different, where the degeneracy
parameters η are always zero. The evolution of parameters for
the axial dimension are shown in the inset of Fig. 4(b) and by
squares in Fig. 4(c).

We give a further discussion on merging two atoms trapped
in a symmetric double well here. As proposed in Ref. [39],
the two-atom motional ground state can be achieved by
engineering the interatomic interaction using Feshbach reso-

FIG. 5. Merging dynamics of an asymmetric double well with
depths of 0.3 and 0.315 mK, respectively. The energy spacings
between the first three eigenstates E2 − E1 and E3 − E2 are shown
with solid circles and triangles, respectively.

nances. In this scheme, starting with two atoms in a symmetric
double well side by side, the atomic interaction should be
tuned to be repulsive before merging and then tuned to be at-
tractive for splitting and return back to the original configura-
tion. But this scheme is not suitable for searching for unknown
Feshbach resonances and molecular association where two
atoms need to be split into two traps for imaging. Moreover,
in the setup with two separated traps, it is a challenge to
construct an exactly symmetric double well due to relative
intensity fluctuations. Thus we turn to an experimentally
feasible and robust scheme for merging two atoms with an
asymmetric double-well configuration, a species-dependent
transport, to avoid ground-state degeneracy and mitigate trap
fluctuations during merging and splitting.

IV. SPECIES-DEPENDENT TRANSPORT

In this section, we analyze the dynamics of an asymmetric
double well and the experimental conditions. And we propose
a robust scheme to construct a species-dependent transport
using vector light shifts which can efficiently merge two atoms
together for interaction and split them apart for imaging.
We then study the merging process experimentally in the
remaining part of this section.

A. Proposal of species-dependent transport

Typical merging dynamics of an asymmetric double-well
configuration is studied as shown in Fig. 5, where one trap is
set at V0 = 0.3 mK and merged with a 5% deeper trap (�V =
0.015 mK). Although the trap frequency (energy spacing) at
the critical spacing decreases, the degeneracy of the ground
state is apparently removed. Thus in the asymmetric configu-
ration, all three dimensions have no degenerate ground states,
and the 3D ground state can be preserved during an adiabatic
merging process.
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FIG. 6. (a) The ground-state probability along the merging axis
after merging with different trap depth ratios and transport speeds.
The triangles are the ground-state probabilities for merging a sym-
metric double well. (b) The trap-depth ratio of a σ+-polarized trap
(noted as U1) and a σ−-polarized trap (U−1) as a function of trap
wavelength. The solid line shows the ratio of the 85Rb atom in the
|3, −3〉 state, and the dashed line shows the depth ratio of the 87Rb
atom in the |1, −1〉 state.

To guide the experiments, we numerically integrate the
time-dependent Schrödinger equation for the transport pro-
cess using the Crank-Nicolson method [40]. As shown in
Fig. 6(a), if one atom initially locates in a deeper trap and
merges into a shallower trap with a depth ratio of 1.05, the
atom will populate the motional ground state with a fidelity
of 99.9% for a wide range of transport speeds of less than
5 μm/ms. For a lower trap-depth ratio, the transport speed
should be lowered down to maintain a high ground-state
fidelity. However, for a symmetric double-well potential, the
ground-state fidelity will saturate at 50% even with a suffi-
ciently low transport speed.

If an asymmetric trap configuration can be constructed
for both atoms simultaneously, this special configuration can
implement a “species-dependent transport.” For two atoms of
different elements, this can be achieved by introducing two
traps with different wavelengths utilizing the large difference
in their scalar polarizabilities, as proposed and demonstrated
in optical lattices or tweezers [22,41–43]. For two isotopic
atoms or two atoms in different spin states of a single species,
they can be distinguished with VLSs at tune-out wavelengths
[33–35,44]; however, tune-out lasers typically have small
detunings from electronic resonant transitions for alkali-metal
atoms, which could lead to large photon-scattering-induced
heating.

Here we propose a robust scenario of species-dependent
transport that utilizes VLSs with far-off-resonant traps to
merge and split two atoms in hyperfine states with opposite
magnetic moments. In this scenario, two atoms with differ-
ent internal states are respectively confined in σ+- and σ−-
polarized potentials in such a way that one atom dominantly
experiences the σ+ potential and the other mainly experiences
the σ− potential. For two atomic states with opposite magnetic
moments, such as |3,−3〉85 (1.00μB (Bohr magneton)) and
|1,−1〉87 (−0.50μB), their vector light shifts have opposite
signs and thus experience asymmetric trap configurations.

To confirm the experimental conditions for our system, we
calculate the trap-depth ratios of 85Rb and 87Rb atoms in a σ+-
polarized trap (denoted as U1) and a σ−-polarized trap (U−1)
as shown in Fig. 6(b). In our setup, we use an 852-nm laser

FIG. 7. Measurements of the VLS with the MW transitions of
87Rb atoms from |1, 1〉 to |2, 0〉 states. The VLSs are only imparted
for the |1, 1〉 state while the |2, 0〉 state only has a tiny scalar shift.
The MW resonant frequencies are shown as a function of the optical
power of a circularly polarized S trap (black squares) and M trap
(red dots). The fitted slope is 0.194 (−0.207) MHz/mW for the
S (M) trap.

for the two traps, and the trap-depth ratios U1/U−1 are larger
than 1.09 for both the |3,−3〉85 and |1,−1〉87 states, which
are well above the required value of 1.05 even when including
the relative fluctuations in trap intensities of about 0.5%.

The actual VLSs in circularly polarized traps are measured
via microwave spectra of 87Rb. To induce the VLSs, the trap
polarizations are switched to right circularly polarized (σ+)
for the S trap and left circularly polarized (σ−) for the M
trap, and the magnetic field is switched from the y′ to the z
direction parallel to the trap beams. The corresponding ideal
normalized Stokes parameters are (S1, S2, S3) = (0, 0, 1) for
the S trap and (0, 0,−1) for the M trap, respectively. As shown
in Fig. 7, the microwave (MW) resonant frequencies of 87Rb
atoms decrease with the increasing optical power due to the
VLS. The ratio of the fitted slope of the VLSs between S and
M traps is 0.94, which is lower than 1 because of imperfect
polarization settings. Thus when the initial depths of the M
and S traps are set at 0.3 mK, the actual trap depths differ
by 2π × (−0.56) MHz (2π × 1.12 MHz) for 87Rb (85Rb) in
the |1,−1〉87 (|3,−3〉85) state, which is much larger than the
corresponding radial trap frequency of about 2π × 72 kHz.

B. Qubit state detection with a species-dependent transport

Before the two-atom merging experiment, we first examine
the species selectivity with the 87Rb atom in two spin states
of |0〉 ≡ |1,−1〉87 and |1〉 ≡ |2,−2〉87. For the |1〉 state, it
has the same magnetic moment of 1.00μB as |3,−3〉85; thus
they will experience similar transport dynamics. As shown in
Fig. 8(a), the 87Rb atom is initially prepared in the |0〉 state
and trapped in the 1.6-mK M trap; then the Raman R2 carrier
transition is driven with various pulse durations to prepare a
spin superposition state. Then the trap beams are set to the
desired polarizations and the magnetic field is set to the z
direction as described in Sec. IV A. During the polarization
change process, the S trap (σ+), initially overlapped with the
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FIG. 8. State detection of 87Rb between |0〉 ≡ |1, −1〉87 and |1〉 ≡ |2,−2〉87 using the VLS-dependent transport. (a) Snapshots of the
detection process (energy levels not to scale) for spacings d ranging from 0 to 4 μm. The dashed line and solid line are the potentials for two
atomic states that have opposite magnetic moments: |1〉 and |0〉, respectively. (b) The oscillating behavior of probabilities in the S (M) trap are
shown as squares (solid circles) corresponding to the probabilities of 87Rb in the |1〉 (|0〉) state.

M trap (d = 0 μm), is adiabatically turned on. Under this
condition, the correlations between the two spin states and
the two traps are established in the form of |0, M〉 and |1, S〉.
By transporting the M trap apart, the 87Rb atom will locate
in the M trap when in the |0〉 state and locate in the S trap
when in the |1〉 state. The final probabilities of the atom in
the two traps relate to the probabilities of the two spin states.
The coherent Rabi oscillations between the two spin states
|0〉 and |1〉 are thus detected as an oscillating behavior of
survival probabilities in the two traps, as shown in Fig. 8(b).
The finite amplitudes are limited by single-atom loss and
initial-state preparation fidelity and Raman transfer fidelity.
The single-atom loss is about 4% which is limited by the
finite atomic lifetime of about 7 s. A high detection fidelity
of about 95% is achieved by benchmarking with the push-out
detection technique. This powerful state detection technique
that utilizes the VLSs has the potential to detect a single qubit
among a large atom array [45–47].

C. Two-atom merging experiments

For the two-atom merging of 87Rb and 85Rb atoms, we
choose two spin-stretched states of |3,−3〉85 and |1,−1〉87,
for which the inelastic collisions are energetically forbidden.
The transport processes are shown in Fig. 9(a) and the detailed
experimental sequences are described in Appendix B. To
lower down the heating from photon scattering of traps, the
intensity of the S trap is lowered (corresponding to 0.3 mK
for a linearly polarized trap) during transport and the M trap
is set according to the measured VLS ratio of the two traps.
Such a potential configuration makes each atom experience a
deeper local potential and far-off resonant with any vibrational
levels of the other approaching one. The trap polarizations and
the constant magnetic field are the same as the case of state
detection described in the previous section.

The merging is implemented within 4 ms by transporting
the 87Rb atoms in the M trap adiabatically to the position
of the S trap. To lower the transport speed at the critical
region, the transport duration for the last 1 μm is set to
2 ms. Thereafter, the M trap is adiabatically ramped off and
the trap polarization and the magnetic field are switched
back to the original values used during RSC. To measure
the heating during merging, we repeat the merging and re-
verse splitting process by sweeping the PZT back and forth
several times. The sideband spectra with (solid circles) and
without (squares) sweeping the PZT seven times are shown
in Fig. 9(b). The heating due to sweeping is defined by the
increment in n. The dependencies of axial heating on the
sweeping times are shown in Fig. 9(c). The heating per sweep
for the axial motion is estimated to be 0.013(1) for the 87Rb
atom (solid circles) and 0.006(3) for 85Rb (squares). For the
radial motions, no obvious heating is measured after sweeping
seven times.

While the heating during merging is very small, the final
ground-state probability for two atoms in one trap is limited
by the initial RSC fidelity and additional heating caused by
the photon scattering and intensity noise of the trap beams.
The 3D ground-state probability after merging is estimated to
be about 0.75 for one atom, leading to a probability of 0.56 for
two atoms. The RSC can be further optimized by using high-
order Raman transitions [29] or by using a newly proposed
postselection scheme [48] and the background heating can be
reduced by using a larger detuned trap and a fast transport
[49]. For a larger detuned trap beam with a wavelength of
900 nm the species-dependent transport can still be performed
efficiently.

V. CONCLUSION

In conclusion, we have demonstrated a general and robust
scheme to prepare a low-entropy atom pair with RSC and a
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FIG. 9. The illustration of the two-atom merging process and the measurement of heating due to merging. (a) Snapshots of the species-
dependent merging process for spacings d ranging from 4 to 0 μm (energy levels not to scale). The potentials for two atomic states of |3, −3〉85

and |1, −1〉87 are shown with dashed and solid lines, respectively. (b) The solid circles show the sideband spectrum after repeating the merging
and splitting process seven times, while the squares indicate holding the 87Rb atoms for the same duration but without moving the M trap. The
heating for sweeping the PZT seven times is extracted as the increment of n. Note that the initial internal state is |1, −1〉, so the �n = 1 peaks
have positive detunings compared with the spectra in Figs. 1(c) and 1(d). (c) The data points show the extracted axial heating in n of 85Rb
(squares) and 87Rb (solid circles) for sweeping the PZT one, three, and seven times, where the accompanying error bars are obtained from the
fit amplitude of the spectra. The average heating of the two atoms for one sweeping process is extracted as the slope of the linear fit.

species-dependent transport using an ultracold pair of 87Rb
and 85Rb atoms in the motional ground state of an OT.

The species-dependent transport utilizing the VLSs
demonstrated here can be extended to other systems with large
magnetic moments such as rare-earth atoms (7μB for Cr and
Er, 10μB for Dy) [50–52] and even molecules. Based on the
recent breakthrough of isolating single CaF molecules in OTs
[53], we predict that our method can also be applied to merge
two CaF molecules in the ground rotational state |N = 0,

F = 1〉. This state has a large magnetic moment of about
1.0μB, which can induce a large trapping potential difference
for the |N = 0, F = 1, mF = ±1〉 states using vector light
shifts.

We also expect that such a low-entropy heteronuclear two-
atom system is a promising starting point for associating a
single molecule with Feshbach resonances [54]. Furthermore,
the two individual atoms in the 3D ground state have the

promising potential to improve the Rydberg-state-mediated
gate fidelity and entanglement fidelity [55–58]. Our methods
demonstrated here can be scaled up to few-atom regimes and
find applications in studying three-body and few-body physics
with various interesting systems [59–61], or specifically the
equal-mass systems [62].

Note added in proof. Recently, we became aware of the
demonstration of ground-state cooling and merging of single
Na and Cs atoms [63] after submission of this paper.
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APPENDIX A: EXPERIMENTAL DETAILS
OF THE DUAL-SPECIES RSC

The related energy levels of RSC are shown in Fig. 10(a).
The OP87 beam is resonant with 5S1/2F = 2 → 5P1/2F ′ = 2
and RP87 is resonant with 5S1/2F = 1 → 5P1/2F ′ = 2 for
87Rb atoms in the presence of a bias magnetic field. The OP85

beam is resonant with 5S1/2F = 3 → 5P1/2F ′ = 3 and RP85

is resonant with 5S1/2F = 2 → 5P1/2F ′ = 3 for 85Rb. The
{R2, R3, R4} beams couple |2,−2〉87 (|3,−3〉85) and 5P1/2

states for 87Rb (85Rb) and R187 (R185) couples the |1,−1〉87

(|2,−2〉85) and 5P1/2 state.
To maintain the laser coherence and phases, all the Raman

beams are derived from a single diode laser which is −50 GHz
detuned of the 87Rb D1 line, and then frequency shifted with
acousto-optic (AO) modulators as shown in Fig. 10(b). The
R187 (R185) beam then passes through an electro-optic (EO)
phase modulator, operating at 6.832 GHz (3.035 GHz) to

FIG. 11. The experimental sequence of sweeping trap for three
iterations.

couple |1,−1〉 (|2,−2〉) and 5P1/2 for 87Rb (85Rb) with the
+1st order EO sideband. The optical powers of the each
beam are actively locked after fiber coupling with drifts of
less than 0.005 within 1 h using analog proportional integral
(PI) regulators. The R1 beam for 87Rb is then focused to a
waist of 80 μm, and the other four beams are focused to
waists of 110 μm. To avoid carrier heating during sideband
cooling, the intensity profiles of {R2, R3, R4} beams are
shaped to Gaussian pulses with calibrated waveforms stored
in arbitrary waveform generators. The R1 beams typically
induce a differential light shift of about 40 kHz for the
Raman transitions, so they are shaped as rectangular pulses
to keep the light shifts constant. Additionally, we note that
the {R2, R3, R4} beams also cause light shifts varying with
the Gaussian profiles, which are not compensated during RSC
in this experiment. But the compensation is needed to drive
high-fidelity Raman sideband transitions.

APPENDIX B: EXPERIMENTAL SEQUENCE
OF THE TRANSPORT PROCESS

Figure 11 shows the experimental sequence for transport
three times. After merging, the trap polarization and the
magnetic field are switched back to the original values used
during RSC. This process costs 50 ms to stabilize the magnetic
field. And then the Raman pulses are introduced. To measure
the average heating during merging, we repeat the transport
process one, three, and seven times and extract the slope
of heating. The obtained sideband spectrum and heating are
shown in Figs. 9(b) and 9(c) in the main text.
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