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Benchmarking direct and indirect dipolar spin-exchange interactions between two Rydberg atoms
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We report on the experimental characterization of various types of spin-exchange interactions between two
individual atoms, where pseudospin degrees of freedom are encoded in different Rydberg states. For the case
of the direct dipole-dipole interaction between states of opposite parity, such as between |nS〉 and |nP〉, we
investigate the effects of positional disorder arising from the residual atomic motion on the coherence of
spin-exchange oscillations. We then characterize an indirect dipolar spin exchange, i.e., the off-diagonal part
of the van der Waals effective Hamiltonian that couples the states |nS〉 and |(n + 1)S〉. Finally, we report on the
observation of a new type of dipolar coupling, made resonant using addressable light shifts and involving four
different Rydberg levels: this exchange process is akin to electrically induced Förster resonance, but featuring
local control. It exhibits an angular dependence distinct from the usual 1 − 3 cos2(θ ) form of the resonant dipolar
spin-exchange.
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I. INTRODUCTION

Arrays of Rydberg atoms are now one of the leading plat-
forms for quantum science and technology. They have allowed
for several breakthroughs in quantum computing [1–4], and
they have proven to be a very versatile tool for analog quantum
simulation of spin models [5]. One of the key reasons for
this success is the strong, controllable, dipolar interaction
between pairs of Rydberg atoms. Measuring accurately the
interactions and their coherence time is thus essential for im-
proving the platform and ensuring a faithful implementation
of many-body problems of interest [6]. Such benchmarks have
been realized in the context of ultrafast Rydberg interactions
[7], Rydberg-dressing [8], and polar molecules [9–12], and
pointed to the crucial role of positional disorder as a source of
dephasing in quench experiments. Here, we aim at performing
this benchmark for typical experimental parameters used in
current intermediate-scale quantum simulations with Rydberg
arrays [13–16].

Two Rydberg atoms separated by a distance r much larger
than the size of the electronic wave functions [Fig. 1(a)] inter-
act predominantly via the electric dipole-dipole Hamiltonian

V̂dd = 1

4πε0

d̂1 · d̂2 − 3(d̂1 · er )(d̂2 · er )

r3
, (1)

where d̂i stands for the electric dipole of atom i, and er is
the unit vector along the interatomic axis. For two atoms
prepared in the same Rydberg level, the effect of V̂dd appears
only in second-order perturbation theory [17], giving rise to
the van der Waals shift which is used for quantum simulation
of the transverse-field Ising model [18–22]. However, if one
prepares the two atoms in two distinct Rydberg levels that are

dipole-coupled, such as, for instance, |nS〉 and |nP〉, the pair
state |nS, nP〉 is directly coupled by V̂dd to |nP, nS〉, which has
the same energy: this resonant dipole-dipole interaction gives
rise to a coherent exchange of the internal states of the two
atoms, with a strength scaling as 1/r3 [Fig. 1(b)]. Encoding a
pseudospin 1/2 in those two states implements the dipolar XY
model, which has already been studied in several experiments
[13–15,23–27]. The spin can also be encoded in Rydberg
levels with the same parity, such as |nS〉 and |n′S〉, leading to
an indirect spin-exchange interaction between |nS, n′S〉 and
|n′S, nS〉 that scales as 1/r6 [Fig. 1(c)]. Such mapping has
been used to realize quantum simulations of XXZ models
in disordered ensembles [28,29]. Combining the direct and
indirect spin exchanges with three encoding Rydberg levels
enables the study of doped magnetism [16] or spin-1 physics
[30,31].

In this article, we experimentally investigate several as-
pects of the dipolar spin-exchange interaction, which we
define as the effective coupling between |↑,↓〉 and |↓,↑〉,
where |↑〉 and |↓〉 are two Rydberg levels. First, we study
the influence on the direct spin exchange of the residual
motion of the atoms, which leads to fluctuations in the in-
teratomic distance and thus in the interaction strength. We
find a good agreement between our measurements, which use
two different methods, and numerical simulations taking into
account independently measured experimental imperfections.
Second, we extend this study to the indirect spin exchange
that arises when encoding our spin-1/2 degrees of freedom
in |nS〉 and |(n + 1)S〉 [Fig. 1(c)]. Thanks to the agreement
between the simulations and the data, we can analyze the
contributions of each imperfection and provide a roadmap for
future improvements of the platform. Finally, we demonstrate
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FIG. 1. Spin-exchange experiments. (a) Sketch of a pair of atoms
interacting at an average distance r, forming an angle θ with the
magnetic field B. Fluctuations of the atomic positions are represented
by the dark red regions, with standard deviations σ⊥ along the radial
direction of the tweezers (x and y) and σ‖ along the axial direction
(z). Inset: relevant energy levels of a rubidium atom, where possible
spin-encoding states used in this work are colored. Spin exchange
can arise from direct (b) or indirect (c) dipolar interaction, giving
rise to different scalings of the coupling constant J with distance r
and principal quantum number n.

that, by using an extra light-shifting beam that brings two
pair states involving four Zeeman states into resonance, one
implements an exotic dipolar coupling term with an unusual
angular dependence.

II. EXPERIMENTAL SETUP

Our experimental setup has been described elsewhere
[27]. We trap two individual rubidium atoms (87Rb) in
optical tweezers at a controlled distance r ∼ 10–40 µm,
and optically pump them into the hyperfine ground state
|5S1/2, F = 2, mF = 2〉. We then switch off the tweezers
and excite both atoms to the same Rydberg state |S〉 ≡
|60S1/2, mJ = 1/2〉 with a stimulated Raman adiabatic pas-
sage (STIRAP) using two lasers at 420 and 1014 nm. We
then use a local addressing laser and a global microwave field
[27] to prepare the targeted initial state—which depends on
the type of experiment. After that, we let the atoms evolve
in free flight during an interacting time t , under the dipole-
dipole interaction V̂dd. Finally, we read out the internal state
of each atom by selectively deexciting the state |S〉 to the
ground-state manifold 5S1/2 [32], switching the tweezers back
on and performing fluorescence imaging. Imaged atoms are
interpreted as being in the state |S〉, whereas atoms that are in
another Rydberg state are expelled from the tweezers by the
ponderomotive force. During the Rydberg sequence, we set
the quantization axis by a magnetic field |B| ≈ 46 G along y
or along z, in order to isolate two mJ -states. This also allows

us to control the angle θ between the interatomic axis n and
the magnetic field B, by tuning the positions of the tweezers
in the xy plane [Fig. 1(a)].

Before the Rydberg sequence, we use Raman sideband
cooling [33,34] to reduce the thermal fluctuations of atomic
motion inside the tweezers, achieving typical average occupa-
tion numbers for the motional states of n̄⊥ ∼ 0.5 radially, and
n̄‖ ∼ 10 axially. The corresponding temperatures are T⊥ ∼
4 µK and T‖ ∼ 10 µK. The standard deviation of the po-
sition along a direction i depends on the tweezer trapping
frequency ωi as σi = √

h̄(n̄i + 1/2)/mωi, and the standard
deviation of the velocity distribution as σvi = ωiσi. The total
position uncertainty after a duration t of free flight is thus
σi(t ) =

√
σ 2

i + (σvi t )2 , as pictured in Fig. 1(a). Before the
Rydberg sequence, we adiabatically reduce the trapping depth
by a factor ζ ∈ [0.001, 1], and thus the trapping frequen-
cies by a factor

√
ζ (starting from ω⊥ ∼ 2π × 100 kHz and

ω‖ ∼ 2π × 20 kHz). This corresponds to a positional disorder
of σ⊥ ∼ [30, 200] nm, σ‖ ∼ [250, 1400] nm, σv⊥ ∼ [4, 20]
nm/µs, and σv‖ ∼ [6, 30] nm/µs, leading in turn to fluctu-
ations of the interatomic distance. To first order in σ⊥ and
σ‖, the standard deviation of distances is given by �r(t ) =√

2σ⊥(t ), which is a few percent of the average distance r.

III. DIRECT DIPOLAR SPIN EXCHANGE

Here, we focus on the resonant dipole-dipole interaction
that couples the pair states |S, P〉 and |P, S〉 with |P〉 =
|60P3/2, mJ = 3/2〉. The dipole-dipole interaction V̂dd re-
stricted to the basis {|S, S〉, |S, P〉, |P, S〉, |P, P〉} leads to the
following Hamiltonian:

H (r) = h̄

⎡
⎢⎢⎢⎣

VSS 0 0 0

0 VSP JSP 0

0 JSP VSP 0

0 0 0 VPP

⎤
⎥⎥⎥⎦, (2)

where all diagonal terms are van der Waals shifts that scale
as 1/r6, and the off-diagonal term scales as 1/r3. Such
a Hamiltonian can be mapped onto an XXZ model using
|↑〉 = |S〉 and |↓〉 = |P〉 [29]. The associated eigenstates are
|S, S〉, with eigenenergy h̄VSS; |±〉 = (|S, P〉 ± |P, S〉)/

√
2,

with eigenenergies h̄(VSP ± JSP ); and |P, P〉, with eigenenergy
h̄VPP as illustrated in Fig. 2(a). For an interatomic distance
r = 14.9 µm, JSP dominates all other terms by more than one
order of magnitude. This is the regime we operated in to im-
plement the dipolar XY model in previous works [13–15,24–
27].

We want to measure the interaction energy JSP and probe
the effects of various experimental imperfections on the
dynamics of the system, compared with the ideal case of per-
fectly localized atoms evolving unitarily under the effective
Hamiltonian of Eq. (2). For that, we use two complemen-
tary methods, which we call “spin exchange” and “two-atom
Ramsey experiment,” and we benchmark them against nu-
merical simulations that account for calibrated experimental
imperfections.

We first consider the “spin-exchange” method [23]. We
initialize the atoms in |P, S〉 to prepare the symmetric super-
position of |+〉 and |−〉 [pink disks in Fig. 2(a)], in which
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(a) (b)

(c) (d)

no interaction interactions

FIG. 2. Benchmarking a direct dipolar spin-exchange. (a) Two-atom energy levels without (left) and with (right) the dipole-dipole
interactions V̂dd, showing the initial populations in a spin-exchange experiment (pink disks) and in a two-atom Ramsey experiment (blue
disks). (b) Top: time evolution of the populations of the four pair states, at distance r = 14.9 µm, θ = 90◦ and with initial trapping frequency
ω⊥ ∼ 2π × 10 kHz, for |P〉 = |60P3/2, mJ = 3/2〉: experimental data (points with error bars denoting the standard error on the mean),
simulations including (solid line) and excluding (dotted lines) atomic motion. Bottom: illustration of how averaging over many individual
oscillations for different interatomic distances leads to damping. (c) Evolution of the quality factor of a spin-exchange experiment with the
initial radial trapping frequency ω⊥, which is controlled by the trap depth of the optical tweezers before switching them off (the atoms being
in free flight during the Rydberg sequence). Experimental parameters: r = 17 µm, θ = 90◦, |P〉 = |60P3/2, mJ = 1/2〉. The black points (red
points) indicate the data with (without) Raman sideband cooling. Lines are classical simulations taking into account various experimental
imperfections (see the text). The color encodes the radial motional state n̄⊥ (and n̄‖ ∼ 10). The longitudinal trapping frequency ω‖ varies
proportionally to ω⊥, but it is not represented since the effect of longitudinal disorder on the quality factor is negligible. (d) Same as (b) but for
a “two-atom” Ramsey experiment (see the text).

case we expect out-of-phase oscillations at frequency 2JSP

for the populations of the states |P, S〉 and |S, P〉. In this
method, the oscillation frequency is directly the interaction
energy (up to a factor 2) and does not depend on the van der
Waals terms; however, it does not give access to the sign of
JSP. Figure 2(b) shows the experimental results. We observe
long-lived oscillations that allow us to extract the interaction
energy |JSP| = 2π × (668 ± 1) kHz, in agreement with ab
initio calculations using the software PAIRINTERACTION [35].
The fit of the oscillations by a sine wave with a Gaussian en-
velope exp(−t2/2τ 2) yields a damping time τ = 3.8 ± 0.1 µs
corresponding to a quality factor Q = τ |JSP| = 16 ± 0.4.

To model our experimental results quantitatively, we per-
form numerical simulations including various imperfections:
(i) Positional disorder gives rise to fluctuations of the interac-
tion energies. (ii) Finite Rydberg lifetimes create leakage from
the ideal two-level picture. Each of the Rydberg levels |S〉 and
|P〉 has two decay channels: it can decay to the ground state
5S1/2 due to spontaneous emission [36], with respective rates

0 K

S = (260 µs)−1 and 
0 K
P = (472 µs)−1; or to other Rydberg

states due to blackbody radiation in our room-temperature
setup, with respective rates 
BB

S = (157 µs)−1 and 
BB
P =

(161 µs)−1. (iii) Preparation errors limit the initial contrast.
The Rydberg excitation pulse leaves a small atomic popula-
tion of 2% in the ground state, and local microwave rotations
also have a finite infidelity of about 2%. (iv) Detection errors
reduce the overall contrast of the oscillations. An atom in |S〉
(|P〉) has a finite probability of about 2% to be detected in |P〉
(|S〉) [37].

The numerical simulations work as follows. We first draw
initial positions and velocities for the two atoms according to
a thermal distribution. We then numerically solve the Lind-
blad equation, taking into account effects (ii)–(iv). We finally
average the results over typically 1000 realizations of the
shot-to-shot positional disorder [effect (i)], considering that
the atoms are in free flight. The assumption that the atoms
are in free flight is only justified at early times, before the
van der Waals forces affect the atomic positions (see Ap-
pendix A). The resulting populations are shown as thick solid
lines in Fig. 2(b), whereas each realization corresponds to a
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thin line. Averaging these oscillations, which have slightly
different frequencies due to positional disorder, gives rise to
the observed damping. Our error model allows us to fully
capture the experimental data, including the contrast of the
oscillations, using as free parameters n̄⊥ � 0.3 and n̄‖ � 11
(these values are in reasonable agreement with those obtained
by Raman sideband spectroscopy).

To further test the influence of atomic motion onto the
damping of the spin exchange, we perform another set of
measurements using |P〉 = |60P3/2, mJ = 3/2〉 and a distance
r = 17 µm, where we scan the initial position and velocity
dispersions by changing the depth of the optical tweezers by
a factor ζ before the free flight. The extracted quality factors
are plotted in Fig. 2(c) as a function of the initial radial trap-
ping frequency ω⊥ ∝ √

ζ (the effect of longitudinal positional
disorder on �r being negligible in this regime of parameters).
We observe an optimum around ω⊥ ∼ 2π × 50 kHz, where Q
reaches 20. Numerical simulations with the same model [solid
lines in Fig. 2(c)] predict a similar behavior; we obtain the
best agreement for n̄⊥ = 1.1 ± 0.3 (gray solid line), slightly
higher than previously quoted for this new set of measure-
ments. The optimum originates from a tradeoff between the
initial position dispersion σ⊥ ∝ 1/

√
ω⊥ and the initial veloc-

ity dispersion σv⊥ ∝ √
ω⊥: at low trapping frequencies, σ⊥ is

the major contribution to the damping, whereas at high trap-
ping frequencies, σv⊥ dominates. In Appendix B, we design
a model to better understand this behavior; we also study
the case of trapped Rydberg atoms and show that it could
significantly improve the damping for trapping frequencies
ω⊥ > 2π × 30 kHz.

Another method for measuring the dipole-dipole interac-
tions is an adaptation of a Ramsey sequence to the case of
two atoms. Starting from |S, S〉 after the global Rydberg ex-
citation, we apply a global microwave π/2 pulse to prepare
the state |→,→〉, where |→〉 ≡ (|S〉 + |P〉)/

√
2 corresponds

to a spin along x. We let the system evolve for a time t
and apply another global microwave π/2 pulse to measure
in the x basis. Unlike above, this sequence does not require
local addressing, which can induce additional decoherence
(reduced lifetime for the addressed state |S〉, momentum kicks
due to the ponderomotive force). However, contrary to a spin-
exchange experiment, the initial state gets decomposed over
three eigenstates of H , each one with a different eigenen-
ergy: |→,→〉 = 1√

2
[|+〉 + 1√

2
(|S, S〉 + |P, P〉)] [blue disks in

Fig. 2(a)]. In the absence of a careful phase compensation, this
would lead to a beating instead of a simple oscillation. This
beating can be compensated by a simple microwave detuning
δ = (VPP − VSS )/2, such that the accumulated phase for the
two states |S, S〉 and |P, P〉 is the same. An alternative method
would be to use a dynamical decoupling technique, such as
done in [9,10]. After the second π/2-pulse, one expects an
oscillation between the states |S, S〉 and |P, P〉 with an angular
frequency as J̃SP ≡ JSP + VSP − (VSS + VPP )/2. As a result,
this method informs about the relative sign between JSP and
van der Waals terms.

Experimentally, we optimize the microwave detuning δ

by maximizing the contrast of the oscillation, resulting in
the curve shown in Fig. 2(d). We obtain |J̃SP| = 2π ×
(635 ± 1) kHz, in agreement with the calculated interac-
tion energies JSP = −2π × 675 kHz, VSS = 2π × 12 kHz,

(a) (b)

(deg)

FIG. 3. Characterization of a direct dipolar spin exchange.
(a) Scaling of the measured coupling with interatomic distance,
showing the expected 1/r3 dependence, for a fixed angle θ = 90◦

and for |P〉 = |60P3/2, mJ = 1/2〉. (b) Measured angular dependence
of the dipolar spin coupling (circles) in a semilog plot, for a distance
r = 9.9 µm and for |P〉 = |60P3/2, mJ = −1/2〉. The solid (dotted)
lines give the theoretical value in the presence of a magnetic field of
46 G (at zero field). The vertical black line indicates the theoretical
angle θmagic = arccos(1/

√
3) at which JSP theoretically vanishes. The

inset shows the same data in polar coordinates.

VSP = 2π × 17 kHz, and VPP = −2π × 52 kHz. The initial
contrast and the damping of the oscillation are again well
explained by simulations with the same experimental im-
perfections as above. Here, the damping arises mainly from
positional disorder; Rydberg lifetimes contribute to a lesser
extent [38]. Compared with the case of the spin exchange with
the same experimental parameters [Fig. 2(b)], the damping
time is twice as long, but the oscillation frequency is also
twice as small, so that the quality factor is approximately the
same (Q = 13.8 ± 0.2).

Using the calibrated method of the spin exchange, we
now measure the dependence of |JSP| on the average in-
teratomic distance r, using |P〉 = |60P3/2, mJ = 1/2〉. The
obtained interaction energies [Fig. 3(a)] agree perfectly with
the theory prediction [35], and they show the expected 1/r3

behavior. We also measure |JSP| as a function of the angle
θ between the quantization and the interatomic axis. To do
so, we set the magnetic field B to be in the atomic plane
with |B| ≈ 46 G. For this set of measurements, we use |P〉 =
|60P3/2, mJ = −1/2〉 at a distance r = 9.9 µm; this does not
affect the results apart from an overall multiplication of |JSP|
by a factor 3.6. The results are summarized in Fig. 3(b) and
display the characteristic dipolar pattern 1 − 3 cos2(θ ); they
match very well with the theory prediction [35], shown as a
solid line. An important parameter to take into account for the
accuracy of the theory prediction is the value of the magnetic
field, which mixes the fine structure of the 60P manifold [39].

IV. INDIRECT DIPOLAR SPIN EXCHANGE

We now benchmark the indirect dipolar spin exchange,
which couples the pair states |S, S′〉 and |S′, S〉, using |S′〉 =
|61S1/2, mJ = 1/2〉. To measure this off-diagonal interac-
tion |JS,S′ |, we use the same methods as for the direct
dipole coupling, since both cases are described by the same
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(c) (d)

(a) (b)

(deg)

FIG. 4. Benchmarking and characterization of an indirect dipolar
spin exchange. (a),(b) Coherent spin-exchange oscillations between
the states |S, S′〉 and |S′, S〉 using the same two methods and ren-
dering as in Fig. 2. (c) Scaling of the measured coupling with
interatomic distance, clearly showing its 1/r6 dependence, for a fixed
angle θ = 90◦. The dotted and dashed lines are fits by power laws
with fixed power-law exponents (6 and 3). (d) Measured (circles) and
calculated (lines) angular dependence of the coupling at r = 9.9 µm,
showing a weak anisotropy.

effective Hamiltonian [Eq. (2)]; only the dependence with
distance and with the angle differs. The transition between |S〉
and |S′〉 is addressed by a microwave two-photon transition
through the intermediate states of the 60P manifold, with
a detuning of about 200 MHz from |60P3/2, mJ = 1/2〉 and
an effective Rabi frequency of 10 MHz. Figure 4(a) shows
a spin-exchange oscillation at r = 10.4 µm that is correctly
reproduced by the numerical simulations, using an interaction
energy JSS′ = 2π × 299 kHz, n̄⊥ = 1.7, and n̄‖ = 11. The
obtained value of n̄⊥ is higher than in the previous experi-
ments, but it is compatible with that of a direct spin-exchange
oscillation performed in the same experimental conditions;
we attribute this to a reduced cooling efficiency. Here, the
effect of positional disorder is more detrimental than in the di-
rect spin exchange, due to the faster spatial decay of the
second-order interactions (1/r6 instead of 1/r3).

In the case of the two-atom Ramsey experiment [Fig. 4(b)],
the oscillation frequency results from the combined effects
of all van der Waals terms [40]: the calculated values
VSS′ = 2π × 315 kHz, VSS = 2π × 102 kHz, and VS′S′ =
2π × 125 kHz for θ = 90◦ lead to J̃SS′ = JSS′ + VSS′ − (VSS +
VS′S′ )/2 = 2π × 500 kHz, which is consistent with the exper-
imental data.

We use the spin-exchange method to measure the depen-
dence of |JSS′ | with r and θ . In Fig. 4(c), we recover the
expected power-law dependence |JSS′ | ∼ 1/r6. In Fig. 4(d),
we measure the angular dependence of |JSS′ | at r = 9.9 µm,
and we find weak variations that are compatible with the
theory calculations at B = 46 G. The weak angular depen-
dence of |JSS′ | originates from averaging over many virtual
transitions to pair states of the form |P′, P′′〉 [Fig. 1(c)], with
various angular dependences; contrary to the direct dipole-
dipole interaction, the angular dependence of |JSS′ | can be
modified by the magnitude of the magnetic field, which affects
the energy differences between the states and thus slightly
changes the weight of the contribution of each state |P′, P′′〉
[41,42].

V. A SPIN EXCHANGE MADE RESONANT
BY LOCAL ADDRESSING

In the direct spin-exchange interaction measured in Fig. 2,
the pair states |S, P〉 and |P, S〉 are naturally degenerate.
However, in the presence of a local light field acting on
one of the two atoms, other pair states (involving Zee-
man sublevels from the same S, P manifold) can be brought
into resonance. The resulting exchange is akin to Förster
resonances [43,44], but it is controlled with a light field
rather than an electric field, which has the advantage of
being easier to address spatially. In this section, we show
proof-of-principle measurements of the coupling between
|S, P〉 and |P′, S′〉 involving the following four Rydberg lev-
els: |S〉 = |60S1/2, mJ = 1/2〉, |S′〉 = |60S1/2, mJ = −1/2〉,
|P〉 = |60P3/2, mJ = −1/2〉, and |P′〉 = |60P3/2, mJ = 3/2〉,
as illustrated in Fig. 5(a). Due to the Zeeman shifts at B = 46
G, the pair states |S, P〉 and |P′, S′〉 are separated by 42 MHz,
but they can be made resonant using a local light shift δls on
the second atom that shifts down the energy of |S′〉 by δls ≈
2π × 42 MHz [Fig. 5(a)]. This local light shift is generated
with the same addressing beam at 1014 nm that we use for
local rotations [27].

The dipolar coupling JSP,P′S′ = 〈S, P|Vdd|P′, S′〉 can be cal-
culated by writing the dipolar interaction [Eq. (1)] using
the spherical coordinates: d j = (d−

j − d+
j )/

√
2ez + i(d−

j +
d+

j )/
√

2ex + d0
j ey, where the quantization axis is along y. We

obtain

Vdd = 1

4πε0r3

[
1 − 3 cos2(θ )

2

(
d+

1 d−
2 + d−

1 d+
2 + 2d0

1 d0
2

)
+ 3

2
√

2
sin(2θ )

(
e−iφd+

1 d0
2 − eiφd−

1 d0
2 + e−iφd0

1 d+
2

− eiφd0
1 d−

2

) − 3

2
sin2(θ )(e−2iφd+

1 d+
2 + e2iφd−

1 d−
2 )

]
,

(3)

where θ and φ are the spherical coordinates of the interatomic
axis er = sin(θ ) cos(φ)ez + sin(θ ) sin(φ)ex + cos(θ )ey. In
Eq. (3), the first line corresponds to the well-known 1 −
3 cos2(θ ) angular dependence measured in Fig. 3(b), whereas
the JSP,P′S′ coupling originates from the second line (d+

1 d0
2

term), with an expected sin(2θ ) angular dependence, together
with a phase factor depending on φ. Contributions of this term
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FIG. 5. Dipolar spin exchange involving four Rydberg levels.
(a) Involved energy levels. (b) Experimental sequence. (c) Time evo-
lution of the population of the two pair states |S, P〉 and |P′, S′〉 when
the interaction is tuned on resonance, for r = 9.9 µm and θ = 50◦.
Solid lines are fits by damped sines. (d) Measured (points) and
calculated (lines) angular dependence of the interaction at r = 9.9
µm.

have already been observed in Rydberg dressing experiments
[45].

To observe a coherent exchange between |S, P〉 and |P′, S′〉,
we thus apply the sequence shown in Fig. 5(b). It is the same
as the one of a usual spin exchange, except that the addressing
light shift is kept on during the whole time evolution. We use a
different value of the addressing light shift for the preparation
and for the evolution, so that we limit the effect of interactions
during the preparation. At the end of the sequence, the deex-
citation pulse affects both |S〉 and |S′〉, so that the recapture
probability is the sum of populations in |S〉 and |S′〉 (up to
detection errors). This means that we do not distinguish an
atom in |S〉 from an atom in |S′〉, but this limitation does not
affect this proof-of-principle measurement.

As shown in Fig. 5(c) for r = 9.9 µm and θ = 50◦, we
obtain a coherent oscillation between the populations in
|S, P〉 and |P′, S′〉 [46]. A fit by a damped sine wave (solid
lines) gives |JSP,P′S′ | = 2π × (3.4 ± 0.1) MHz. We repeat this
measurement for various angles θ and obtain a reasonable
agreement with the theory predictions [Fig. 5(d)]. This experi-
ment is, to our knowledge, the first measurement of a coherent
d+d0 spin-exchange with Rydberg atoms, and it may find
applications for the quantum simulation of spin models with
four (or more) spin states per atom.

VI. OUTLOOK

In this work, we have illustrated, in the simplest setting
of just two atoms at a controlled distance, how various types
of spin-exchange couplings can be implemented by encoding
two spin states in Rydberg levels. Our careful benchmarking
of the observed coherent interactions highlights the effects of
positional disorder arising from the motion of the atoms, and
that limits coherence to 10–20 interaction times. A possible
way to mitigate these detrimental effects is to increase the
interparticle distance r and use Rydberg states with a larger
principal quantum number, such that the relative fluctuations
of interaction energy are reduced as �J/|J| ∝ �r/r. Another
solution consists in trapping the Rydberg states using pon-
deromotive potentials [47], which can eliminate the effect of
positional disorder when the trapping frequency ω⊥ domi-
nates over the fluctuations of interaction energy �J [48] (see
also Appendix B).

In the experiments reported here, the motion of the atoms
leads to dephasing of the spin-exchange oscillations, but since
we restrict ourselves to relatively short times, the dipolar
interaction does not influence the motion of the atoms (as
discussed in Appendix A). However, going one step further,
one can also take into account the mechanical effect of van der
Waals or dipolar interactions on the motion of the atoms. This
gives rise to a spin-motion coupling, observed, for instance,
in [7,49], that yields entanglement between internal and ex-
ternal degrees of freedom. From the perspective of quantum
simulation of spin models, this is yet another decoherence
channel; however, this spin-motion coupling may also open
interesting perspectives, for example as a resource for gener-
ating entangled states [48,50–52]. It has also been suggested
to implement GKP codes [53] for quantum error correction.
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APPENDIX A: CONDITION TO NEGLECT
THE DIPOLE-DIPOLE FORCES

Assuming that the atoms are in free flight amounts to
neglecting the forces induced by the dipole-dipole interaction.
This assumption is only valid at short times, when the dipole-
dipole force has not yet affected the atomic positions. The
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time at which this assumption breaks down can be estimated
from classical arguments. In the case of Fig. 2, the dominant
potential is h̄JSP(r), which gives rise to a force

F (r) = −h̄
dJSP

dr
(r) = 3h̄J0r3

0

r4
, (A1)

where J0 = JSP(r0). The classical equation of motion for the
interatomic distance is

μ
d2r

dt2
= F (r), (A2)

with μ = m/2 the reduced mass of the two-atom system. If
we approximate the force by its value at the initial position r0

[F (r) � F (r0)], we obtain the displacement

r(t ) − r0 � 3h̄J0

2μr0
t2. (A3)

The time at which this displacement gets on the same order of
magnitude as the initial positional disorder (�r � √

2σ⊥) is
given by

t �
√

2
√

2μr0σ⊥
3h̄J0

. (A4)

With the parameters of Fig. 2(b), we find t � 14 µs, which is
indeed longer than our experimental durations.

APPENDIX B: A SIMPLE ANALYTIC MODEL FOR THE
DAMPING OF A SPIN-EXCHANGE OSCILLATION

We consider a system of two atoms whose internal de-
grees of freedom are restricted to the two pair states |↑,↓〉
and |↓,↑〉 with |↑〉 = |S〉 and |↓〉 ∈ {|P〉, |S′〉}. We model the
atomic motion by classical trajectories that are independent
of the internal state. This amounts to ignoring the possibil-
ity of entanglement between internal and external degrees of
freedom; in particular, we neglect the state-dependent dipole-
dipole forces which lead to additional displacements at late
times (see Appendix A). This approximation will be checked
in Appendix C. As positional disorder along z has a neg-
ligible effect on the dispersion of interaction energies for
our parameters, we restrict the motion to one radial dimen-
sion with an initial trapping frequency ω⊥. We first sample
an initial position x0 and velocity v0 from Gaussian dis-
tributions ρr (x0) = exp(−x2

0/2�r2)/
√

2π�r and ρv (v0) =
exp(−v2

0/2�v2)/
√

2π�v. Although the motion is classical,
we use the standard deviations of positions and veloc-
ities of a quantum harmonic oscillator: �r = √

2σ⊥ =√
h̄(2n̄⊥ + 1)/mω⊥ and �v = ω⊥�r. Then we make the in-

teratomic distance r evolve according to

r(t, x0, v0)

= r0 +
{

x0 + v0t for atoms in free flight
x0 cos(ω⊥t ) + v0

ω⊥
sin(ω⊥t ) for trapped atoms

(B1)

with r0 the average distance.
Each realization of the positional disorder (x0, v0) corre-

sponds to a given dynamics for the internal state |ψ (t, x0, v0)〉,

which is governed by the Schrödinger equation:

ih̄
d|ψ〉

dt
= H[r(t, x0, v0)]|ψ〉, (B2)

where the Hamiltonian for the internal state is given by

H (r) = h̄

[
0 J (r)

J (r) 0

]
(B3)

in the basis {|↑,↓〉, |↓,↑〉}. The spin-exchange coupling
can be written J (r) = J0(r0/r)α with α = 3 (α = 6) for a
direct (indirect) spin-exchange. Note that compared with
Hamiltonian (2) of the main text, we have neglected the
diagonal van der Waals term, which will only lead to a
global phase accumulation. Writing |ψ〉 = c+|+〉 + c−|−〉
with |±〉 = (|↑,↓〉 ± |↓,↑〉)/

√
2, Eq. (B2) becomes

dc±
dt

= ∓iJ[r(t, x0, v0)]c± (B4)

whose solution is

c±(t, x0, v0) = 1√
2

exp

(
∓i

∫ t

0
J[r(τ, x0, v0)]dτ

)
(B5)

for the initial state of a spin exchange |ψ (t = 0)〉 = |↑,↓〉.
Each realization of the positional disorder leads to the follow-
ing probability for the state |↑,↓〉:

p↑,↓(t, x0, v0) = |〈↑,↓ |ψ (t, x0, v0)〉|2

= 1

2
|c+(t, x0, v0) + c−(t, x0, v0)|2

= 1

2

[
1 + cos

(
2

∫ t

0
J[r(τ, x0, v0)]dτ

)]
.

(B6)

Finally, our experiment measures the probability of the state
|↑,↓〉 averaged over all realizations of the positional disorder:

P↑,↓(t ) =
∫

dx0

∫
dv0 ρr (x0)ρv (v0) p↑,↓(t, x0, v0). (B7)

We now evaluate Eq. (B7) in the case of (i) atoms in free
flight and (ii) trapped atoms, following the classical trajecto-
ries given by Eq. (B1). To do so, we linearize J (r) around
r0: J (r) ≈ J0 − αJ0(r − r0)/r0, which is valid if |r − r0| �
r0. The Gaussian distribution of distances translates into a
Gaussian distribution of interaction energies with standard
deviation �J = αJ0�r/r0, allowing us to use Gaussian inte-
gration formulas.

(i) For atoms in free flight, we obtain

Pfree
↑,↓ (t ) = 1

2

[
1 + e−2�J2t2(1+ 1

4 ω2
⊥t2 ) cos (2J0t )

]
. (B8)

The amplitude of the oscillation is reduced by an exponential
envelope, which contains a quadratic term ∝ t2 due to the
initial position dispersion, and a quartic term ∝ t4, which
originates from the initial velocity dispersion. In Fig. 6(a), top
panel, we compare the theory profile of Eq. (B8) to a numer-
ical simulation for the experimental parameters of Fig. 2(c),
assuming that atoms are perfectly cooled to the motional
ground state. We obtain a perfect agreement, thus validat-
ing the approximations that were made in the derivation,
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(a) (b) (c)free trapped

(a)

(b)

FIG. 6. Roles of positional disorder and finite Rydberg lifetimes in the damping of a spin-exchange oscillation for the experimental
parameters of Fig. 2(c), that is to say, r0 = 17 µm, θ = 90◦, |↑〉 = |60S1/2, mJ = 1/2〉, and |↓〉 = |60P3/2, mJ = 1/2〉, leading to an average
interaction energy J0 = 2π × 648 kHz, α = 3, and negligible van der Waals interactions. We consider the ideal case of two atoms in the
motional ground states of harmonic traps (n̄⊥ = 0), without state preparation errors. (a) Simulated spin-exchange oscillations for atoms in
free flight, where the trapping potential is switched off during the exchange, for an initial trapping frequency ω⊥ = 2π × 38 kHz. Top panel:
infinite lifetime (
 = 0), with the analytical envelope of Eq. (B8) as a dotted line. Bottom panel: finite lifetime (
 �= 0). (b) Same in the case
of trapped atoms. The analytical envelope is that of Eq. (B11). (c) Quality factor as a function of the initial trapping frequency ω⊥. Blue lines
indicate the case of atoms in free flight, and orange lines display the case of trapped atoms. Solid lines are simulations with finite lifetimes
assuming classical motion; dotted lines are the same simulations with quantum motion; and dashed lines are the case of infinite Rydberg
lifetimes. The gray region indicates the inaccessible range of quality factors due to finite Rydberg lifetimes. The points show the parameters
used in panels (a) and (b).

namely neglecting positional disorder along z and linearizing
the dipole-dipole potential. We also include finite Rydberg
lifetimes in the simulation (bottom panel) and conclude that
positional disorder is the main limitation for atoms in free
flight in this range of parameters.

The 1/
√

e damping time in Eq. (B8) is given by

τ =
√

2

ω⊥

√√√√√
1 + ω2

⊥
4�J2

− 1. (B9)

The dependence of the quality factor Q = J0τ on the initial
trapping frequency ω⊥ is plotted as a dashed blue line in
Fig. 6(c) for the parameters of Fig. 2(c) and for n̄⊥ = 0. Using
the fact that �J depends on ω⊥ as �J = αJ0�r(ω⊥)/r0,
we find that the quality factor is maximized for an optimal
trapping frequency

ω
opt
⊥ = 2

[
4α2h̄(2n̄⊥ + 1)J2

0

mr2
0

]1/3

, (B10)

corresponding to τ (ωopt
⊥ ) = 2/ω

opt
⊥ . We find ω

opt
⊥ = 2π ×

36 kHz and Q(ωopt
⊥ ) = 34. The dominant contribution to the

damping is the initial position dispersion for ω⊥ < ω
opt
⊥ and

the initial velocity dispersion for ω⊥ > ω
opt
⊥ . Numerical sim-

ulations in the presence of finite Rydberg lifetimes [solid
blue lines in Fig. 6(c)] show that the quality factor is weakly
affected by the lifetimes in this range of parameters.

(ii) For trapped atoms, we obtain

Ptrapped
↑,↓ (t ) = 1

2

[
1 + e

−4
(

�J
ω⊥

)2
[1−cos(ω⊥t )]

cos(2J0t )
]
. (B11)

The envelope shows periodic revivals due to the oscillations
of the atomic positions in the traps, which cause the proba-
bility of each classical trajectory [Eq. (B6)] to rephase. Those
revivals were also derived in Ref. [48] using a full quantum
treatment of the atomic motion (see Appendix C). The mod-
ulation of the envelope in Eq. (B11) can be suppressed by
increasing the trapping frequency ω⊥, so to reach the regime
ω⊥ � �J . Using the dependence of �J on ω⊥, this condition
becomes ω⊥ � ω

opt
⊥ /3.

In Fig. 6(b), top panel, we simulate the spin exchange of
two trapped atoms in their motional ground state for ω⊥ �
ω

opt
⊥ and find again a good agreement with the predicted pro-

file of Eq. (B11). Now finite Rydberg lifetimes become the
dominating limiting factor to the damping [Fig. 6(b), bottom
panel], leading to a significant improvement in the coherence
of the oscillation compared with the case of free atoms.

To estimate by how much Rydberg trapping can improve
the damping, we repeat the simulations for various initial
trapping frequencies ω⊥ and extract the quality factor of each
resulting spin-exchange oscillation. Due to the revivals, fitting
P↑↓(t ) by a Gaussian envelope is not reliable, so we define the
damping time τ as the 1/

√
e decay time for the contrast of

P↑↓(t ). The results are shown in Fig. 6(c) as orange lines: the
quality factor reaches ∼100 for trapped Rydberg atoms and
saturates starting from ω⊥ ∼ ω

opt
⊥ due to the finite lifetimes.

APPENDIX C: QUANTUM TREATMENT
OF POSITIONAL DISORDER

Numerical simulations performed throughout the paper
are Monte Carlo simulations where atomic positions and
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velocities are sampled from Gaussian distributions and
evolved according to classical trajectories (similarly to
Refs. [7–10]). One may wonder whether the results remain
valid as the atomic wave functions are approaching the ground
state of the trap. This case is treated in detail in Refs. [12,48].
Here we simply implement numerical simulations of the quan-
tum equations of motion with our experimental parameters.

Restricting the internal degrees of freedom to |↑,↓〉 and
|↓,↑〉, the two-atom system is described by the following
relative wave function:

〈r|ψrel(t )〉 = ϕ↑,↓(r, t )|↑,↓〉 + ϕ↓,↑(r, t )|↓,↑〉 (C1)

with the normalization condition
∫

dr|ϕ↑,↓(r, t )|2 +∫
dr|ϕ↓,↑(r, t )|2 = 1. Here also, we have restricted the

motion to one dimension, as the effect of transverse positional
disorder is negligible for our parameters. The dynamics of the
system is governed by the Schrödinger equation:

ih̄
d|ψrel〉

dt
=

(
p̂2

2μ
+ 1

2
μω2

⊥(r̂ − r0)2 + H (r̂)

)
|ψrel〉, (C2)

where r̂ is the distance operator, r0 is the average distance,
μ = m/2 is the reduced mass of the two-atom system, and
the effective Hamiltonian for the dipole-dipole interactions is
given by

H (r̂) = h̄

[
V (r̂) J (r̂)
J (r̂) V (r̂)

]
(C3)

in the basis {|↑,↓〉, |↓,↑〉}. Compared to Hamiltonian (B3),
we include the diagonal term V as it can affect the

motion of the wave packets. Equation (C2) can be rewritten
for ϕ± = (ϕ↑,↓ ± ϕ↓,↑)/

√
2 as two independent differential

equations:

∂ϕ±
∂t

= ih̄

2μ

∂2ϕ±
∂r2

− iV±(r)ϕ±, (C4)

where we have defined the state-dependent potential V±(r) =
V (r) ± J (r) + 1

2 µω2
⊥(r − r0)2. An important consequence of

this potential is the possibility of spin-motion coupling, mean-
ing that atomic motion is affected by the internal state—an
effect that is not taken into account in the classical Monte
Carlo simulation.

We perform numerical simulations of the quantum equa-
tions of motion (C4) using a Crank-Nicolson scheme,
starting from the state 〈r|ψrel(t = 0)〉 = ϕ0(r)|↓,↑〉, with
|ϕ0(r)|2 = exp[−(r − r0)2/2�r2]/

√
2π�r the distribution of

interatomic distances in the ground state of the trap at
frequency ω⊥. We then evaluate the probability P↑↓(t ) =∫

dr|〈r,↑,↓ |ψrel(t )〉|2. We also add the finite Rydberg life-
times as an additional decoherence channel using a quantum
Monte Carlo method [54].

The results are shown as dotted lines in Fig. 6(c). We find
that they give the same damping as the classical Monte Carlo
simulations—we also checked that the probabilities P↑↓(t )
from both simulation methods overlap perfectly in the time
domain, confirming that for our range of parameters, quantum
fluctuations of positions and velocities can be safely replaced
by classical fluctuations, and that spin-motion coupling does
not affect the damping of the oscillation.
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Greiner, V. Vuletić et al., Logical quantum processor based on
reconfigurable atom arrays, Nature (London) 626, 58 (2024).

[3] B. W. Reichardt, A. Paetznick, D. Aasen, I. Basov, J. M. Bello-
Rivas, P. Bonderson, R. Chao, W. van Dam, M. B. Hastings, A.
Paz, M. P. da Silva, A. Sundaram, K. M. Svore, A. Vaschillo,
Z. Wang, M. Zanner, W. B. Cairncross, C.-A. Chen, D. Crow,
H. Kim et al., Logical computation demonstrated with a neutral
atom quantum processor, arXiv:2411.11822.

[4] R. B.-S. Tsai, X. Sun, A. L. Shaw, R. Finkelstein, and M.
Endres, Benchmarking and linear response modeling of high-
fidelity Rydberg gates, PRX Quantum 6, 010331 (2025).

[5] A. Browaeys and T. Lahaye, Many-body physics with individu-
ally controlled Rydberg atoms, Nat. Phys. 16, 132 (2020).

[6] A. Browaeys, D. Barredo, and T. Lahaye, Experimental inves-
tigations of dipole–dipole interactions between a few Rydberg
atoms, J. Phys. B 49, 152001 (2016).

[7] Y. Chew, T. Tomita, T. P. Mahesh, S. Sugawa, S. de Léséleuc,
and K. Ohmori, Ultrafast energy exchange between two single

Rydberg atoms on a nanosecond timescale, Nat. Photon. 16, 724
(2022).

[8] K. Kim, F. Yang, K. Mølmer, and J. Ahn, Realization of an ex-
tremely anisotropic Heisenberg magnet in Rydberg atom arrays,
Phys. Rev. X 14, 011025 (2024).

[9] C. M. Holland, Y. Lu, and L. W. Cheuk, On-demand entan-
glement of molecules in a reconfigurable optical tweezer array,
Science 382, 1143 (2023).

[10] Y. Bao, S. S. Yu, L. Anderegg, E. Chae, W. Ketterle, K.-K.
Ni, and J. M. Doyle, Dipolar spin-exchange and entanglement
between molecules in an optical tweezer array, Science 382,
1138 (2023).

[11] D. K. Ruttley, T. R. Hepworth, A. Guttridge, and S. L. Cornish,
Long-lived entanglement of molecules in magic-wavelength op-
tical tweezers, Nature (London) 637, 827 (2025).

[12] L. R. B. Picard, A. J. Park, G. E. Patenotte, S. Gebretsadkan,
D. Wellnitz, A. M. Rey, and K.-K. Ni, Entanglement and
iSWAP gate between molecular qubits, Nature (London) 637,
821 (2025).

[13] G. Bornet, G. Emperauger, C. Chen, B. Ye, M. Block, M.
Bintz, J. A. Boyd, D. Barredo, T. Comparin, F. Mezzacapo, T.
Roscilde, T. Lahaye, N. Y. Yao, and A. Browaeys, Scalable spin
squeezing in a dipolar Rydberg atom array, Nature (London)
621, 728 (2023).

[14] C. Chen, G. Emperauger, G. Bornet, F. Caleca, B. Gély, M.
Bintz, S. Chatterjee, V. Liu, D. Barredo, N. Y. Yao, T. Lahaye,
F. Mezzacapo, T. Roscilde, and A. Browaeys, Spectroscopy of

062806-9

https://doi.org/10.1038/s41586-022-04592-6
https://doi.org/10.1038/s41586-023-06927-3
https://arxiv.org/abs/2411.11822
https://doi.org/10.1103/PRXQuantum.6.010331
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1088/0953-4075/49/15/152001
https://doi.org/10.1038/s41566-022-01047-2
https://doi.org/10.1103/PhysRevX.14.011025
https://doi.org/10.1126/science.adf4272
https://doi.org/10.1126/science.adf8999
https://doi.org/10.1038/s41586-024-08365-1
https://doi.org/10.1038/s41586-024-08177-3
https://doi.org/10.1038/s41586-023-06414-9


GABRIEL EMPERAUGER et al. PHYSICAL REVIEW A 111, 062806 (2025)

elementary excitations from quench dynamics in a dipolar XY
Rydberg simulator, arXiv:2311.11726.

[15] G. Emperauger, M. Qiao, C. Chen, F. Caleca, S. Bocini, M.
Bintz, G. Bornet, R. Martin, B. Gély, L. Klein, D. Barredo,
S. Chatterjee, N. Yao, F. Mezzacapo, T. Lahaye, T. Roscilde,
and A. Browaeys, Tomonaga-Luttinger liquid behavior in a
Rydberg-encoded spin chain, arXiv:2501.08179.

[16] M. Qiao, G. Emperauger, C. Chen, L. Homeier, S. Hollerith,
G. Bornet, R. Martin, B. Gély, L. Klein, D. Barredo, S. Geier,
N.-C. Chiu, F. Grusdt, A. Bohrdt, T. Lahaye, and A. Browaeys,
Realization of a doped quantum antiferromagnet with dipolar
tunnelings in a Rydberg tweezer array, arXiv:2501.08233.

[17] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg, Atom-
Photon Interactions: Basic Processes and Applications (Wiley,
Hoboken, New Jersey, 1998).

[18] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran,
H. Pichler, S. Choi, A. S. Zibrov, M. Endres, M. Greiner, V.
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Quantum phases of matter on a 256-atom programmable quan-
tum simulator, Nature (London) 595, 227 (2021).

[22] G. Semeghini, H. Levine, A. Keesling, S. Ebadi, T. T. Wang, D.
Bluvstein, R. Verresen, H. Pichler, M. Kalinowski, R. Samajdar,
A. Omran, S. Sachdev, A. Vishwanath, M. Greiner, V. Vuletić,
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