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We describe a quantum information architecture consisting of a hybrid array of optically trapped
molecules and atoms. This design leverages the large transition dipole moments of Rydberg atoms to
mediate fast, high-fidelity gates between qubits encoded in coherent molecular degrees of freedom. Error
channels of detuning, decay, pulse area noise, and leakage to other molecular states are discussed. The
molecule-Rydberg interaction can also be used to enable nondestructive molecule detection and rotational
state readout. We consider a specific near-term implementation of this scheme using NaCs molecules
and Cs Rydberg atoms, showing that it is possible to implement 300-ns gates with a potential fidelity of

> 99.9%.
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I. INTRODUCTION

Individually trapped ultracold polar molecules [1-7]
have emerged as a promising candidate system for scal-
able quantum computing due to their long-lived internal
states and intrinsic tunable interactions. Long coherence
times have been demonstrated for many molecular degrees
of freedom, including nuclear spin [8,9], rotation [10—12],
and vibration [13]. Molecular-frame dipole moments allow
molecules to interact via the dipolar interaction, which has
been observed for molecular gases prepared in opposite
parity rotational states [14,15]. Early proposals of two-
qubit gate schemes required external fields where field
stability imposes a practical constraint to their viability
[16—19]. Recently, robust schemes with the potential for
greater than 99.99% fidelity have been proposed. These
schemes directly take advantage of the intrinsic dipolar
interaction between two field-free molecular rotors, using
a dipolar exchange [20,21] or energy shifts created by the
interaction [22]. However, the millisecond gate times in
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these schemes are long compared to what has been real-
ized in superconducting [23], trapped ion [24], or trapped
atom systems [25,26]. A path to achieving molecule dipo-
lar interaction strengths larger than a kilohertz by reducing
molecular separation to below the trap light wavelength
in an optical tweezer system has been outlined, but is
technically demanding [27].

Another challenge of using molecular systems for scal-
able quantum computing is state detection and measure-
ment. Most molecules do not have a closed optical cycling
transition, with the exception of a special set of molecules
[3,28,29], making conventional fluorescence or absorption
imaging techniques difficult for single-molecule detection
[30]. A general route to overcoming such a challenge is to
perform indirect detection through state-sensitive coupling
of a molecule to another quantum system such as an atom
[31-35] or optical cavity [36] that can then be optically
detected.

Building upon these ideas, we present an approach that
uses an atom to speed up molecular two-qubit gate times
by several orders of magnitude, while also enabling non-
destructive state-sensitive detection of single molecules.
By transferring atoms to highly excited Rydberg states,
they can be made to interact with polar molecules (15
D) through the dipolar interaction. When an atomic tran-
sition is brought into resonance with a molecule rotational
transition, the Rydberg atom can mediate the interaction
between molecules via its large transition dipole moment
(about 10 kD), which amplifies this interaction by several
orders of magnitude. This amplified interaction strength
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can be used to implement Rydberg-mediated entangling
gates between molecules. Because one of the most widely
used schemes to create ultracold molecules is association
of the constituent atoms [37—39], atoms are a readily avail-
able resource in many molecule experiments, making this
scheme feasible to implement. As a concrete example, for
a system of NaCs molecules and Cs atoms in optical tweez-
ers [40], we show that submicrosecond two-qubit gate
times can be realized with high fidelity and at an interparti-
cle spacing of 1 um. We also outline a molecular detection
scheme and avenues to extend the system to larger arrays,
leveraging the mobility of optical tweezers and the many
internal states of molecules. Because of the abundance of
Rydberg atom transitions in the gigahertz range that can
be brought into resonance with molecular rotational spac-
ings, this scheme is general for a wide variety of polar
molecules.

I1. DRIVEN EXCHANGE GATE

We first describe the fast entangling gate resulting from
a Rydberg-mediated interaction between two molecules.
We consider a three-particle system, consisting of two
molecules with an atom placed between them, as shown in
Fig. 1(a). To capture the essence of the gate, the molecules
are treated as two-level systems (|0) and |1)) that have a
transition dipole moment d,, between them. In the atomic
system, three states (|g), |7), and |R)) are used, where |g)
is a ground electronic state of the atom, and |7) and |R) are
opposite parity Rydberg states that have a large transition
dipole moment d, between them.

C))

|R)

l9)

FIG. 1.

The interaction Hamiltonian arises from the dipolar
interaction [14,41] between the particles separated by an
interparticle spacing of a:

Hiy = Y [V\r (0] S~ 40, ST +ST 0y +57 ;")

+ Vmm(o; oy o7 0]

(1)

Here o are the Pauli ladder operators for molecules in
the basis {|0), |1)}, and ST are the Pauli ladder operators
for the Rydberg atom in the basis {|r) , |R)}. The molecule-
Rydberg interaction and the molecule-molecule inter-
action are given by Vygr = dnd,./(dmepa®) and Vi =
d? /(32w epa®), respectively. The ground-state atom, |g), is
far off resonance, and does not participate in the exchange
interaction. Furthermore, we denote the molecular energy
spacing as hw,,, and the difference between the Rydberg
energy spacing and the molecular energy spacing as AA.
The energy spacing between the atomic ground state and
Rydberg state |r) is denoted hiwg;.

In addition to the intrinsic Hamiltonian arising
from the dipolar interaction, we add a drive of the
atom from |g) to |r) with Rabi frequency €2, and
detuning & = w; — wy, Where w; is the angular fre-
quency of the laser. There are a total of twelve
states, but the Hamiltonian is block diagonal in the
sectors {|0g0),|070)}, {|0g1),|0r1),|1g0),|170), |ORO)},
{|1gl),|1r1),|OR1),|1R0)}, and {|1R1)}. These sectors
can be characterized by the number of dipolar excitations

Nexe = (07 0y +87S ™ +0,70,).

)
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Relevant level structure for a driven Rydberg-mediated exchange between two molecules. (a) The relevant energy levels

for the molecules (left and right) and the Rydberg atom (center). The energy spacing between the computational basis states for the
molecule is hw,,, and the spacing between Rydberg states |r) and |R) differs from the molecule spacing by AA. The excitation laser,
which excites an atom from |g) to |r), has Rabi frequency €2, and its detuning is denoted by /8. (b) The separation of the three-body
Hilbert space (12 states) into distinct subspaces. The blue lines indicate the Rydberg excitation laser coupling, and the green lines

depict the strong Rydberg-molecule interaction.
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Neither dipolar interaction nor driving couple between
these manifolds, and the dynamics within each sector are
thus independent, with Hamiltonians given by

0 Q)2
H”exc:o =h <Q/2 8/ > > (3)
—hs  hQ/2 Vwmm/2 0 0
hQ/2 0 0 num/2 Vmr/2
H”exc:l = VMM/2 0 _h(S hQ /2 0 )
0 VMM/2 hQ/2 0 VMR/2
0 VMR/2 0 VMR/2 hA
4)
RS RQ/2 0 0
— hQ/z 0 VMR/2 VMR/2
anxc=2 B 0 VMR/2 hA VMM/Z ’ (5)

0 Www/2 Vwwm/2 hA

We first explore the case where the laser detuning is zero
(6 = 0) and the Rydberg transition is resonant with the
molecule transition (A = 0). The gate is performed by
driving the atom from the ground state for a time 7 =
2/ Q2. At the end of the drive, the |0g0) state returns
to itself with a phase of —1. For this particular 7, it
can be shown analytically, ignoring the much smaller
molecule-molecule interaction, that the entangling gate

1

0
0
; (6)
0

—_ o O O

— 0
0 1
0 0
0 0
in the basis {|0g0),|0g1),|1g0),|1g1)} can be realized

for a specific Rabi frequency of the drive, related to the
molecule-Rydberg interaction by

2
Q=, mVMR/h, (7)

where k£ is an integer larger than 0. For £ = 1, this cor-
responds to a Rabi frequency of \/2/3Vugr, allowing this
gate to take advantage of the fast molecule-Rydberg inter-
action. The dynamics of this gate in the various manifolds
are shown in Fig. 2.

In the limit of large &, corresponding to AQ2 K Vg,
the locations of these resonant exchange drives get closer
together, indicating a scheme robust to the exact drive Rabi
frequency. In this limit, for the ne,. = 1 manifold, the inter-
mediate system consisting of {|071),|0R0) ,|170)} can be
diagonalized, where a zero energy mode will emerge [42].
The two edge states |1g0) and |0g1) will then be coupled
through this mode and their states can swap after a particu-
lar time of unitary evolution. In the 2 excitation manifold,
a zero energy mode in the {|OR1),|1RO0),|171)} manifold
is also created, but consists only of a combination of the
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FIG. 2. Population evolution through the driven exchange
gate, starting in (a) |0g0), (b) |1g0), and (c) |1gl) for Q =
~/2/3Vur /. While molecule-molecule interaction is included in
the evolution, we note that d, > d,,, such that it only introduces
a perturbation to the molecule-Rydberg interaction of magnitude
<107°.

|OR1) and |1R0) states that has no matrix element with the
[1g1) ground state. Thus, no excitation is allowed and the
system remains in the ground state with no phase accumu-
lation. In the case where €2 is of the same order as Vg, the
dynamics of the driven exchange can be further elucidated
by an examination of the eigenvectors and eigenvalues of
the system, provided in Appendix A. The full landscape of
the fidelity as a function of A2/ Vg is shown in Fig. 3(a).

ITII. IMPLEMENTATION IN NaCs + Cs

We now consider the implementation of this gate in
a system of ground-state NaCs molecules and Cs Ryd-
berg atoms. The key requirement is to find a pair of
Rydberg states that match the energy gap of a dipole-
allowed transition in the molecule, typically a rotational
transition. In NaCs, we measure the N = 0 to N = 1 rota-
tional energy splitting to be 4 x 3471.8(1) MHz. Since
Rydberg states are extremely sensitive to electric fields,
and to a lesser extent, magnetic fields, external fields may
be used to tune these states into resonance. Formation of
ground-state molecules from their constituent atoms is a
well-established technique that has been successful both
in bulk gasses and in optical tweezers, and often relies
on magnetic field control to access Feshbach resonances.
A Feshbach resonance at 865 G is used to form NaCs
molecules [43], and at magnetic fields of this order, Ryd-
berg states can be tuned to resonance with the rotational
transition in the molecule, as shown in Table I.
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FIG. 3. (a) Demonstration of driven exchange resonances at

various integer k, as defined in Eq. (7). As k increases, the res-
onances become closer and shallower, leading to insensitivity to
the exact drive Rabi frequency. (b) Fidelity loss due to fractional
errors in detuning and drive Rabi frequency for £ = 1. In this
figure, d2 refers to the error in the Rabi frequency of the driving
laser.

For the molecule, the states [0) = |my,, mj.,, N,my) =
13/2,5/2,0,0) and |1) =]3/2,5/2,1,1) are chosen to be
the qubit states. To maximize dipolar interaction, we
choose the resonant pair |72P3/23,,) and |71Ds/»5/2) as
our Rydberg states in a 859.3 G magnetic field. At
1-um separation, this state choice results in interac-
tion strengths Vyr = 27 x 4.64 MHz, compared to the
molecule-molecule interaction strength of Fyp = 2w X
142 Hz.

TABLE I. List of possible Cs Rydberg states to use for a near-
resonant interaction with the NaCs N = 0 to N = 1 rotational
transition at zero magnetic field and various magnetic fields near
the NaCs Feshbach resonance at 865 G. The notation used for
the atomic states is nL; ,,,, where the m, are particularly relevant
for states at high magnetic field. For the high field states, three
different polarization options are listed. Dipole moments are cal-
culated with the Alkali Rydberg Calculator [44], and energy
spacings include the quadratic Zeeman shift, which is detailed
in Appendix C.

B (G) Transition (|r) — |R)) A (MHz) |d.| (D)
0 64Py/, — 63Ds» —12.6 6488
859.3 72P3/2’3/2 d 71D5/2’5/2 ~0 11220
769.9 57P3/2’3/2 — 56D5/2,3/2 ~0 4329
908.4  49Ps)53/, — 48D3 /010 ~0 1280

A gate time of 263 ns is achieved, with a fidelity of
0.9997, when accounting for the finite lifetimes of 221
and 118 us for the Rydberg states [45]. This is 4 orders
of magnitude faster than the molecule-molecule gate time
of 3.5 ms without the enhancement of the coupling via the
Rydberg atom.

We now analyze the sensitivity of this gate to various
parameters. Since Rydberg atoms are extremely sensitive
to external fields, especially electric fields, the resonance
condition may not be exactly met. In addition, differen-
tial light shifts for the rotational states of the molecule
due to the trap can also result in an energy shift, but this
effect can be lessened using a specific choice of ellipti-
cal trap polarization [46]. Figure 3(b) shows the fidelity
of the gate at time 7 due to fluctuations in the Rydberg
state detuning A, the laser detuning §, and laser Rabi
frequency 2. The Rabi frequency is the most sensitive
parameter in this gate, where for k£ = 1, it must be stable to
1.94% [47].

Leakage to the many hyperfine states in the N = 0 and
N =1 rotational manifolds needs to be considered. The
closest rotational excited states are in the same hyperfine
state, but with different m, and are separated by only a few
kilohertz. Exchange into these states is suppressed because
the dipolar interaction preserves the total magnetic quan-
tum number [48]. Excitation into a different my of the
final molecular state would require an exchange to a dif-
ferent Rydberg state, which is highly off resonant at high
magnetic field.

Another leakage channel is other hyperfine states in the
ground and excited rotational state manifolds, which at
high field are separated by hundreds of kilohertz. Transi-
tions to these states are allowed, since the internal molec-
ular Hamiltonian contains coupling between the nuclear
spin and rotation through the electric quadrupole moment
[49,50]. However, at high magnetic fields, these transi-
tions are suppressed, since the Zeeman term in the internal
molecular Hamiltonian begins to dominate the aforemen-
tioned mixing terms. The strongest polarization-allowed
couplings to states |0) and |1) are enumerated in Table
I along with their detuning from the primary |0) <>
[1) transition. The effect of leakage into the unwanted
13/2,7/2,1,0) state caps the fidelity to 0.9996 at the
current gate time [51].

Although coupling to unwanted states limits our fidelity,
this coupling can also be used for a hyperfine encod-
ing of quantum information for enlarged coherence times
[8,9], similar to the previously proposed iSWAP gate
scheme in molecules [20]. In particular, the hyper-
fine qubit states |0;) = |0) = |3/2,5/2,0,0) and |1;) =
[1/2,7/2,0,0) can be used, and a 7 pulse from |1;) to
|1) starts the driven exchange gate. The gate then proceeds
in the {|0,),|1)} basis as described in Sec. II, and finally
the population from |1) is returned to the |1;) state with
another 7 pulse.
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TABLEII. Possible states that may be accessed from the |0) =
|Mpg> Mice, N,my) =13/2,5/2,0,0) and [1) =13/2,5/2,1,1)
computational basis states with a o+ polarization from N = 0
to N =1 at 859.3 G. The energies of these transitions are also
given, where a positive detuning is a transition that has larger
energy separation. The relative strength of these transitions are
also listed.

Relative
coupling
Transition Detuning (kHz) strength
10) — 1) 0 1
[0y = 13/2,7/2,1,0) —475 0.022
10) = 11/2,7/2,1,1) 464 0.00033
1) — [1/2,7/2,0,0) 479 0.000 055

IV.NONDESTRUCTIVE MOLECULE DETECTION

In order to use molecules as part of a scalable quantum
computing platform, it is also necessary to implement reli-
able state preparation and measurement schemes for the
molecules themselves. Furthermore, detecting the state of
the molecule nondestructively and projecting it into that
state is important for use in quantum error correction [52]
and measurement-based quantum computing [53]. Nonde-
structive state-sensitive detection of molecules, however,
remains a major challenge, since most molecules, includ-
ing bialkalis, do not have closed cycling transitions, so
direct imaging of them is difficult. To detect bialkali
molecules, they are dissociated into atoms, which can
then be directly imaged. This technique is sensitive to the
fidelity of the dissociation process and is also destruc-
tive, so it cannot be used for rearrangement in optical
tweezer systems [54—57], which is important for realizing
defect-free arrays of molecules.

A hybrid system of molecules and atoms that can
interact suggests the potential to perform nondestructive
quantum state detection of the molecules via the atoms.
Bringing a Rydberg atom transition into resonance with a
molecular rotational transition as discussed above will cre-
ate an energy shift due to the molecule-atom interaction.
Consider a pair of Rydberg states |r) and |R) that are res-
onant with the N =0 to N = 1 rotational transition of a
molecule, as shown in Fig. 4. In the two-body basis, the
states |OR) and |1r) are coupled via the dipolar interaction
and acquire an energy splitting of Vyr. Thus, in the pres-
ence of a molecule in state |0) (1)), the |g) — |R) (|r))
will be blockaded [58], where |g) is a ground state of the
atom, as long as the drive power is much weaker than the
interaction strength, AQgrive < VMr.

Using this energy shift, the state of a molecular qubit
in « |0) + B 1) can be mapped onto the hyperfine states
of the atom. Consider two hyperfine ground states of
the atom, |go) and |g), that can be selectively read out,
where only state |g;) is coupled to the Rydberg states.

_I1R)

1
ﬁ(\lr)ﬂOR))

1
—=([17) = oR))
V2
10) ) 3 |0r)

lg1) [1g1)

— 90}

|0g1)

FIG. 4. The relevant energy levels for a blockade-based detec-
tion of the molecule. The energy levels for the molecule and
Rydberg individually are shown on the left, with the two-body
states shown on the right. The dipolar interaction mixes the |OR)
and |17) states and results in an energy difference. The green
(blue) arrows show the result of a laser attempting to drive the
lg1) = |r) (JR)) transition, where the drive is off resonant if the
molecule is in the |1) (|0)) state.

The molecule is detected by preparing the atom in state
(lgo) + |g1))/\/§, and then driving a 27 pulse from |g;) to
|R), resulting in the state (1/«/5)(0[ 10) ® (lgo) — lg1)) +
BI11) ® (Igo) + 1g1)))- A Hadamard gate can then be per-
formed on the atom in the {|g¢),|g;)} basis to obtain
the state o |0g;) + B|1g0). A state-selective atom mea-
surement will then project the molecule into state |0) or
[1). Repeated measurements of this form allow for state
tomography to determine the populations |«|* and |8/

In the case where there is no molecule, this procedure
results in an atom in state |gy), making it indistinguish-
able from having a molecule in state |1). To distinguish
these cases, the same detection procedure can be per-
formed again, but instead using a 27 pulse from |g;) to
|r). If the molecule were present, this would result in
the atom state |g;), in contrast to |gy) if there were no
molecule. This second measurement can be used for post-
selection on the data for a background-free measurement
of |B]?. The logic of this procedure is summarized in
Table II1.

V. EXTENDING TO LARGER ARRAYS

Extending the scheme to larger arrays is nontrivial due
to the Rydberg atom’s interaction with other molecules or
atoms in the array. The resonant Rydberg-Rydberg inter-
action, which is enhanced by a factor of d,/d,,, is much
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TABLE III. Interpretation of measurement results of the atom
in the blockade detection scheme. For an initial measurement
result of |g1), no further information can be gained from a second
measurement of the same atom-molecule system.

First measurement  Second measurement Interpretation

lgo) lgo) No molecule
|go) lg1) Molecule in |1)
lg1) e Molecule in |0)

stronger than the molecule-Rydberg interaction. This inter-
action can only be suppressed by distance, which limits the
number of Rydberg atoms that may be used at the same
time to entangle separate pairs of molecules. One possible
method of extending to larger arrays is to utilize the mobil-
ity of an optical tweezer platform, as has been recently
demonstrated for neutral atom systems [59], selectively
moving molecules to interact with distant Rydberg atoms,
as shown in Fig. 5(a).

Another limitation is the interaction between a Rydberg
atom and the next-nearest-neighboring molecule, which
is suppressed by a distance factor. Figure 6 shows the
effect of this molecule on the gate fidelity as a func-
tion of distance [51]. A more robust method to ensure
that only targeted molecules can interact with the Ryd-
berg atom is to take advantage of the many internal states
of molecules, particularly other rotational states, shown
schematically in Fig. 5(b). For example, if the Rydberg

.....
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FIG. 5. Two possible extensions of the molecule-Rydberg gate

to larger arrays. (a) Using optical tweezers, molecules can be
transported to positions next to atoms. At these locations, the gate
scheme can proceed without involving other molecules. If atoms
are placed far enough away, multiple gates can proceed in par-
allel. (b) Movable atoms can be placed sparsely throughout the
array to mediate interactions between molecules of interest. The
molecules that should not interact are placed in other rotational
states that are off resonant with the Rydberg atom transition.
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FIG. 6. In extending to larger arrays, neighboring molecules

will affect the gate due to a suppressed dipolar interaction. In a
uniform array, fidelities of just above 0.999 can be achieved.

atom is made resonant with the N =1 to N = 2 rota-
tional transition, molecules can be stored in the N =0
and N = 3 states to avoid interaction with the Rydberg
atom. It is critical for the noninteracting states to be off
resonant with the Rydberg atom, which is possible due to
the unequal and large spacing between rotational levels in
molecules.

The exchange rate of the gate is at the megahertz level,
so different hyperfine states in the same rotational manifold
of a '~ molecule may not be used to prevent interaction,
as they are only off resonant by tens of kilohertz. However,
polarization offers a constraint and allows hyperfine shelv-
ing, starting from the N = 1 manifold. If the Rydberg atom
transition from |) — |R) is o and is resonant with the
N =0 to N = 1 transition then the |[N = 1,my = 0) and
IN = 1,my = —1) molecule states will not interact with
the Rydberg atom and can store the quantum information
of noninteracting molecules.

VI. CONCLUSION AND OUTLOOK

By introducing Rydberg atoms into a molecular sys-
tem, it is possible to realize both high-fidelity submi-
crosecond entangling gates and nondestructive molecule
detection. The large transition dipole moments in Ryd-
berg atoms are used to facilitate dipolar exchange between
two polar molecules. The gate only requires driving the
Rydberg atom with a precise strength for a specific
time and is general for all polar molecules with dipole-
allowed gigahertz-scale transitions, including diatomic and
polyatomic species [29,34]. We detailed an implemen-
tation of the scheme with the bialkali molecule NaCs
and Cs atoms, and analyzed its sensitivities to various
experimental parameters, while also taking the hyperfine
structure into account. Nondestructive projective measure-
ment of the molecules can be performed via a block-
ade scheme, where detection ultimately occurs on the
atoms. Using the atom as an ancillary qubit to detect
gate errors shows promise and warrants further investiga-
tion.
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When compared to purely molecular systems, the spon-
taneous decay and Doppler effects of the untrapped Ryd-
berg atom limit the fidelity of gates in this scheme. These
limitations are common to Rydberg-Rydberg systems, but
this scheme benefits from having only one qubit sub-
ject to these loss mechanisms during each entangling gate
rather than two. Other benefits of using molecular qubits
include relatively long coherence times of greater than
5 s in hyperfine states [8], and of around 100 ms in
interacting rotational states [10]. The molecule-Rydberg
gates presented here can also be natively combined with
higher fidelity, but slower, molecule-molecule gates [20],
depending on the application. Molecules also offer a large
number of internal states to selectively interact molecules
in a larger array. These internal states can also be used
as qudits [60] or as lattice sites in a synthetic dimen-
sion [61]. For the case of a synthetic dimension using
rotational states, the Rydberg atom can be tuned to a
particular rotational resonance, enhancing excitation hop-
ping between particular sites in the synthetic dimen-
sion. Using physical displacement, the enhancement of
hopping is spatially tunable and also allows for site-
dependent interactions. Introducing neutral atoms into a
molecular platform adds to the toolbox of polar molecule
systems, enriching their potential for quantum science
applications.
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APPENDIX A: DRIVEN EXCHANGE GATE
DETAILS

Here, we work out the details for the driven exchange
gate and derive the formula in Eq. (7), analyzing the five-
state n.xc = 1 manifold and four-state 7., = 2 manifold
separately.

1. The ne . = 1 manifold

Diagonalizing the Hamiltonian for this manifold
in Eq. (4), when § = A =V =0, the eigenvalues
0.792/2,~hS2/2,—\[IPQ2 + 2V /2, \[IPQ2 + 2V 2
are obtained, and the states of interest |0g1) and |1g0) can

be written in the eigenbasis

VMR /+/ h2Q2 + 2V12\/IR

~1/2

—1/2
0g1) = / ,

hQ/ 2/ 2Q2 + 2121)
R/ (2 RPQ2 4 2V )

Var/ P22 + 2V
1/2
1/2

hQ/ 2,/ 2Q2 + 2V3R)
RS/ (2, R2Q2 + 2VER)

These two states differ only in the signs of their second and
third components. In order to get a swap between these two
in the time evolution, we need the second and third com-
ponents to flip sign, while keeping the other components
the same. From the eigenvalues, this can be accomplished
provided that the system evolves for a time 7 = 277/ 2 and

that
JIEQ? 4+ 23
Y = khQ,

2

11g0) = (AD)

(A2)

where £ is an integer. Solving this equation for Q2 yields
the result in Eq. (7).

2. The ne. = 2 manifold

We also need to verify that the Q found above also
works in the ne = 2 manifold. Diagonalizing the Hamil-
tonian of this manifold in Eq. (S) when§ = A = Iy = 0,
the eigenvalues 0,0, —\/hzﬂz + 2V3r/2, \/hzﬂz + 2R
/2 are obtained, and the state of interest |1gl) can be
written in the eigenbasis

—VMry/ T2Q2 + Vi /(BPQ% + 2V3R)
g1y = | PRV R Vi (P 4 2 )
hQ/ /222 + 412

RS2/ \/2R2Q% + 4V

With the constraint found in Eq. (A2), all four compo-
nents will remain the same, and the state is unchanged, as
needed.
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APPENDIX B: DETAILS OF THE GATE FIDELITY
CALCULATIONS

1. Fidelity definition

We use the following definition for the gate fidelity [63,
64]:
F =Tr(UU} /n). (B1)
Here U, is the gate unitary as calculated with no error
sources, 7 is the size of the relevant Hilbert space, and U;
is the unitary of the operation with the error of interest.
The matrix elements (U;),p are generated by applying a
Hamiltonian with the error to a state 4 and using the coeffi-

cient of the resulting state B. For U; with no error, U; = U,
and FF = 1.

2. Rydberg decay

An error source, which fundamentally limits the perfor-
mance of this gate, is the decay of the Rydberg atom that
facilitates our exchange between the molecules. Lifetimes
at typical Rydberg levels used for quantum information
are approximately 100 ws, and even the use of cooling
to negate black-body radiation will not increase this to
more than a few hundred microseconds. Typical Rydberg
blockade gates skirt around this error by minimizing the
population in the Rydberg state, an advantage that our
scheme does not have.

This gate, by operating outside the blockade regime,
allows the excitation laser to pump to Rydberg levels
and back faster than blockade-based gates. The driven
exchange gate is therefore faster and less error from decay
can occur. This advantage is twofold, as the gate uses only
one Rydberg atom, rather than two. In the NaCs with Cs
system, decay limits the gate to a fidelity of 0.9997.

This number is calculated by adding non-Hermitian
decay terms to our excitation-manifold Hamiltonians:

/ _ 0 0
H”exc:() - Hnexc:o + (0 —ZFLF,/2> ) (BZ)
0o 0 0 0 0
0 —ih[,/20 0 0
’/’exc:l = Hnexc:l + 0 0 0 0 0 s
0 0 0—ihl,/2 0
0 0 0 0 —ihlg/2
(B3)
0 0 0 0
. 0 —ihl,/2 0 0
Nexe=2 Hnexc=2+ 0 0 _thR/z 0 s
0 0 0  —ihlg/2
(B4)

with I', and 'y the decay rates of the two chosen Rydberg
levels.

3. Experimental errors

We consider error sources resulting from experimental
imperfections. These include magnetic and electric field
amplitude noise, as well as excitation laser intensity and
frequency error. Each source results in different errors
in the Hamiltonian parameters: field amplitude changes
A and §, laser intensity changes €2, and laser frequency
changes 4.

To understand the worst-case effects of these errors, we
simulate our gate evolution with a constant error over the
entire gate time. These results are presented in Fig. 3(b).
The noise arising from detuning is dominated by phase
error, while intensity will change the population still in
the Rydberg state. At 3-mG magnetic field fluctuation, A
changes by 27 x 5 kHz and § changes by 27 x 4 kHz,
which gives a gate fidelity of 0.99998. To stay above
0.999, a fluctuation of up to 20 mG can be tolerated. For
electric field fluctuations around zero field, this tolerance
is 2mV/cm.

One note to consider is that, as mentioned in the main
text, this system is most sensitive to excitation drive Rabi
frequency, and greater than 0.9999 fidelity requires greater
than 1.94% stability. However, due to the dual-species
nature of the array, it is possible to measure the Rydberg
atoms without measuring the corresponding qubits. This
free measurement allows us to detect error-created Ryd-
berg population and project into the correct ground state
otherwise. At 10% drive Rabi frequency error, this error
detection allows us to project from a 94.3% fidelity Hilbert
space to a 99.9% fidelity subspace.

4. Molecular hyperfine state leakage

We provide details on how we account for hyperfine
state leakage. As discussed in the main text, the |0) =
|mpg,, mie, N,my) =13/2,5/2,0,0) state may exchange
with not only the desired [1) = |3/2,5/2,1, 1), but may
also exchange weakly with the |2) =13/2,7/2,1,0)
state, which is detuned away. To allow for this possi-
ble leakage, we perform a unitary simulation with an
enlarged Hilbert space including the extra states. For
instance, the Hilbert space of the 7n¢y.—; manifold is given
by {|0R0), [170), [0r1),]|2r0),10r2) ,]1g0),10g1), |2g0),
|0g2)}. Then, the dynamics follow a Hamiltonian that
includes coupling to the extra state and also includes the
detuning of the extra state. To calculate the fidelity, the
unitary U; in Eq. (B1) is calculated for the computational
basis states {|0g0),|0g1),|1g0),|1g1)}. For this system,
hyperfine state leakage limits fidelity to 0.9996.

5. Interaction with a next-nearest-neighbor molecule

In a larger array, there will be nearby molecules that
interact with the Rydberg atom and gate molecules,
expanding the system to more than three particles. To char-
acterize the additional error on our gate qubits, m; and m;,
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we consider a molecule, m3, on the same row, but distance
2a + d away. The atom is between molecules m; and m;,
and will be denoted r. The molecule m3 will double the size
of our Hilbert space and add states to our previous excita-
tion manifolds, thus creating blocks H,; _;, H,, —», and
H, 3, where n_ is the number of excitations in the three
molecules and Rydberg atom system. The blocks H,; _o
and H,; _4 have no coupling to the original states, so they
are not considered.

These four-particle Hamiltonians can be described as 2
x 2 block matrices composed of our previous three parti-
cle Hamiltonians H, and couplings €2;; caused by the

Nexc

molecule m; exchanging excitations with other particles in

the system:
H, - Q0
Hn’ = Nexe=0m3=|1) n=0,n=1 ’ (BS)
o=t n=1,n=0 H”exc:l’m3:|0>
H i Q==
H. — Nexe=1m3=|1) n=Il,n= , B6
Texe=2 ( Qn=2,n=l H”cxc=2,m3=|0) ( )
H, = Hnexc:21m3=|1) Qp=2.1=3 . (B7)
fore=3 Qu=zn=r Hygyeymy=0)

The 2 couplings are

Ly, 0 14 0 0
Qn: ] = — myms3 myms3 ,
0’ ! 2 ( O Vm2m3 0 Vm1m3 Vm3r)
(B8)
lem3 0 0 0
1 0 lern3 Vrn3r 0
Qn:l,n=2 = 5 szrn3 0 0 0 ’ (B9)
O I/mzm3 O Vm3r
0 0 Vm2m3 Vm1m3
0
L[V
Queop=3 = = e B10
2, 3 2 Vm1m3 ( )
Vm2m3
In this case, ;=1 =0 = szo’nzl, Quezp=1 = QZZM:Z,

and Q,-3,— = QI=2,n=3' We then evolve each excitation
manifold under these enlarged Hamiltonians. To calculate
error, we use Eq. (B1) with an expanded U, and U; to
encompass the dynamics of the additional states. When
a =1 um, and d = 0, the fidelity is just above 0.999. This
effect will limit the gate fidelity in larger arrays; how-
ever, as discussed in Sec. V, the next-nearest-neighbor
molecules can be moved to an isolated region or shelved

into noninteracting states.

6. Atom motion

Since Rydberg atoms are typically antitrapped by their
tweezers, the trapping light is turned off during Rydberg
excitation. During this period, the atomic motional wave-
function W, (r, #) can evolve and thus lead to a time-varying
interaction strength given by

d,d,
VMr(f) = =

/ PrW,r, ) (B11)

€0 |(r — 1)
where r,, is a fixed position of a motional ground-state
cooled and trapped molecule. The atomic wavefunction
is assumed to start in the ground state of a harmonic
oscillator with trapping frequency w = 27 x 80 kHz, and
then evolved under a free-particle Hamiltonian. We recal-
culate Eq. (B11) at each different time step and the
time-dependent problem is solved with a Lindblad mas-
ter equation solver from the Quantum Toolbox in PYTHON.
The resulting gate fidelity is 0.999 97.

7. Van der Waals interactions

In the manuscript, the degeneracy of the |OR) and |17)
states leads to a strong resonant exchange. In principle, off-
resonant exchange processes exist for these states as well
as for |0r) and |1R). This leads to a 1/7° van der Waals
interaction, which can affect the gate dynamics, especially
when atom motion is considered.

The contribution from nearby pair states is given by
Vi,[R /4(AE), where Vyp is the interaction strength and AE
is the energy gained or lost in the exchange process. We
consider interacting pair states with AE < & x 100 GHz
[65,66]. In addition, we also include off-resonant coupling
to the second rotational state of the molecule.

Adding all these contributions at @ = 1 um, the van der
Waals interaction strength for each pair state is Vygw or =
hx23 kHZ, VvdW,lr =hx125 kHZ, VvdW,OR =h x 863
Hz, Vyaw.ir = h x 2.84 kHz. These interactions can be
calibrated away at a particular interparticle spacing by
carefully tuning the Rydberg resonance. If there are fluc-
tuations in this interaction due to atom motion, errors
will be introduced into the gate. Since these interaction
strengths are much smaller than the megahertz-scale on-
resonant interactions discussed in Appendix B 6, they can
be neglected.

APPENDIX C: QUADRATIC ZEEMAN SHIFT

At high magnetic fields and large principal quantum
numbers, the quadratic Zeeman shift for atoms can be
significant. The Hamiltonian for this effect is given by

ZBZ 2B2
T Wy =27 2sinte,  (C))
m m

HQZeeman = 8_ 3
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where 0 is the polar angle [67,68]. In the basis |n, [,/ ,m;),
the matrix element

(n’, l/,j/, mjl |HQZeeman|na 15] 5 mj) (CZ)

is nonzero when /' =1/ or I' =[+2, and m; = m;. The
diagonal contributions are relevant and can shift energy
levels significantly. These terms consist of a radial integral
and an angular integral. The radial integral is performed
for a state |n, [,j,m;) with the wavefunctions in the Alkali
Rydberg Calculator, which account for spin-orbit coupling
[44]. The angular integral is performed by decomposing
the state into the uncoupled |n, I, my,s, m;) basis, where
the matrix elements of sin’6@ in this basis are given in
Ref. [68]. These diagonal matrix elements are taken into
account in the selection of states in Table 1.

The off-diagonal contributions can mix different states;
however, they are only relevant when the coupling strength
is of the same order as the energy separation between
the states. Fortunately, in Cs, the energy of the nearest
states with /' =/ & 2 to the states of interest (|72P3/23/2)
and |71Ds,5,2)) are about an order of magnitude larger
than the coupling strength between them. We note that,
for higher Rydberg states, these contributions are likely to
grow larger and a full diagonalization may be required.
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