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Control and Entanglement of Individual Rydberg Atoms near a Nanoscale Device
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Coherent control of Rydberg atoms near dielectric surfaces is a major challenge due to the large
sensitivity of Rydberg states to electric fields. We demonstrate coherent single-atom operations and two-
qubit entanglement as close as 100 pm from a nanophotonic device. Using the individual atom control
enabled by optical tweezers to study the spatial and temporal properties of the electric field from the
surface, we employ dynamical decoupling techniques to characterize and cancel the electric-field noise
with submicrosecond temporal resolution. We further use entanglement-assisted sensing to accurately map
magnitude and direction of electric-field gradients on a micrometer scale. Our observations open a path for
integration of Rydberg arrays with micro- and nanoscale devices for applications in quantum networking

and quantum information science.
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Significant progress is currently being made in devel-
oping quantum information processors across a variety of
different physical platforms [1]. Further increasing the
computational power may require connecting multiple
processors via quantum interconnects [2]. In particular,
Rydberg atom arrays have recently emerged as a leading
platform for quantum simulations and quantum information
processing [3-5]. While scaling to many thousands of
controlled qubits appears feasible [6], significant advances
can be achieved by coupling Rydberg arrays to optical,
microwave, and electronic devices. Integration with these
devices could enable quantum networking via optical
photons [7-11], as well as novel coupling and control
techniques via microwave photons [12]. However, in
practice, Rydberg qubits experience decoherence near
surfaces caused by fluctuating charges.

Over the past decade, coherent excitation to Rydberg
states in atomic gases has been achieved near various types
of surfaces, including glass [13], quartz [14], inside hollow-
core fibers [15], an optical nanofiber [16], atom chips [17—
19], and superconducting surfaces [20-22]. Compensation
for the stray electric fields, in part caused by alkali
adsorption on these surfaces, has been approached through
light-induced desorption [18,19], heating of the surfaces
[13,14,21], applying in-vacuum electric fields [17,22], or
deposition of a thin metallic alkali layer [20]. However,
quantum information applications often require under-
standing and control of local electric fields at micrometer
scales with submicrosecond temporal resolution that cannot
be obtained using sensing with macroscopic atom samples.

In this Letter, we leverage the control over individual
atom qubits trapped in moveable optical tweezers to study
in detail the spatial and temporal properties of electric fields
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from a dielectric surface. Specifically, we experimentally
demonstrate coherent control of individual Rydberg qubits
and entanglement of qubit pairs in close proximity to a
nanoscale photonic device made of silicon nitride, used
previously to achieve atom-photon and transportable atom-
atom entanglement [23,24]. The effects of stray electric
fields are minimized by using a small-surface area device
and illuminating it with UV light at an optimized power.
Remarkably, we find that the electric field from the device
resembles a point charge of ~200 single electron charges
(e) with quasistatic fluctuations. This enables coherent
control via decoupling pulse sequences at distances as close
as 100 pm from the device. Moreover, we demonstrate that
the electric-field noise from the device surface minimally
perturbs a two-atom entangled state at these distances. This
allows us to map the local electric-field gradient by
changing the relative orientation of the two entangled
atoms, realizing an entanglement-assisted measurement,
based on a decoherence-free subspace. Two-qubit spin
echo-based and entanglement-assisted measurements are
being actively explored in systems involving individual
color centers [25-28], trapped ions [29-33], and atoms
[34,35]. Here, these approaches are applied to individual
neutral atoms in optical tweezers, enabling novel types of
local electrical noise measurements. Together with the
recently demonstrated coherent transport of ground state
atoms [24,36], our observations pave the way for integrat-
ing Rydberg arrays with micro- and nanoscale devices.
In our experiments, individual Rubidium-87 atoms are
loaded in optical tweezers from a magneto-optical trap. The
experiment begins when magneto-optical trap light scat-
tered by the atom is collected via the optical tweezer path to
indicate atomic presence, which allows us to select for

© 2024 American Physical Society
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FIG. 1. Rydberg spectral shift. (a) Experimental setup. (b) Two-
photon excitation to the Rydberg state, which is shifted by
electric fields (yellow shade). (¢) Ground state population P, as a
function of the two-photon detuning A at 150 pm from the
device, where the spectrum center (dashed line) is determined via
a Lorentzian fit (black line). (d) Measured spectral shift as a
function of distance from the device fitted to a point-charge
model (yellow line, Supplemental Material [37], Sec. 2.1). The
shift only exceeds the Rabi-broadened linewidth (shaded gray
region) for distances less than 250 pm. Inset: spectral shift
dependence on UV power at 160 pm.

experiments of either one or two atoms. The device is
suspended on a tapered silica fiber connected to a trans-
lation stage [Fig. 1(a)], allowing it to be positioned
90-2600 pm from the trapped atoms. Each atom is pre-
pared in |g) = |58/, F =2, mp = 2) and excited to the
|r) = {708, /,,m; = 1/2) Rydberg state via a two-photon
transition [Fig. 1(b)]. Atoms in the Rydberg state in our
system are repelled by the tweezer light. While this requires
the tweezer light to be pulsed off during experiments,
turning the tweezer back on removes the population in the
Rydberg state. Therefore, in subsequent fluorescence
imaging, Rydberg population is signaled via atom loss.
The Rydberg state in an electric-field E experiences a
Stark shift Av=1a|E[* [41], with polarizability a =
534 MHz/(V/cm)? [42]. Its spectral shift is measured
by exciting the atom and varying the detuning of the
420 nm light in the two-photon transition to take a spectrum
[Fig. 1(c)]. Each detuning data point of the spectrum is
averaged over multiple experimental runs with single
atoms. The shift follows the electric-field scaling of a
point charge (r~*) located on the 31.5 pm-long device

[Fig. 1(d)]. Assuming the charge is at the center of the
device, a fit gives an estimated charge g = 126(11) e
(Supplemental Material [37], Sec. 2). As discussed below,
at each distance the shift is minimized by illuminating the
experimental setup with a UV diode and optimizing its
power [Fig. 1(d), inset]. Furthermore, the spectral shift is
stable only with a relatively constant rate of Rydberg
excitation, interpreted as Rydberg-atom ionization creating
charges that neutralize the device surface. Similar effects
were observed in Rydberg electromagnetically-induced-
transparency experiments near a quartz surface [14]. The
Rydberg spectral shift can be stabilized via both effects as
close as 90 pm to the device (Supplemental Material
[371, Sec. 3).

The temporal properties of the electric field from the
device are probed by measuring the coherence of the
ground-Rydberg qubit with various control sequences.
By pulsing the 420 nm light, we apply a Ramsey sequence
to extract 75 as a function of distance from the device
[Fig. 2(a)]. With an echo pulse sequence [Fig. 2(b)], the
coherence time is extended by nearly an order of magni-
tude. Extending to a Carr-Purcell (CP) N = 2 decoupling
sequence [Fig. 2(c)], no decay is observed within the 10 ps
evolution time at any measured distance. This implies that
the electric-field noise is quasistatic: stable within a single
realization. We construct a model for the decoherence that
includes a point-charge electric field from the device that
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FIG. 2. Ground-Rydberg qubit coherence. Ground state pop-
ulation P, as measured after a Ramsey (a), spin-echo (b), and
Carr-Purcell (CP) N = 2 (c) pulse sequences at 130 pm [dotted
line in (d)]. A decaying sinusoid fit (blue line) gives 775 =
200(40) ns and a Gaussian decay function (red line) gives
T, =4.1(2) ps. The CP N = 2 data exhibits no decay within
the measurement time. (d) Measured T, (red circles) and T (blue
circles) as a function of distance from the device. The solid lines
are fits to the data given our decoherence model (Supplement
Material [37], Sec. 4). The shaded green region is a lower bound
on the CP N = 2 coherence time.
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scales with distance and a background electric field that
does not, both of which vary between experimental
realizations. The standard deviation of each can be
extracted by fitting the distance scaling of 7, and T
[Fig. 2(d)]. We determine a background field |E|=
0.367 V/cm with fluctuation of 0.012 V/cm and a fluc-
tuation of charges on the device < 8 e. Our model implies
that 775 is limited by the electric-field fluctuations, primarily
from the background field, and that 7', is limited by thermal
sampling of the spatially dependent -electric field
(Supplemental Material [37], Sec. 4). Therefore, by apply-
ing decoupling sequences coherent Rydberg manipulations
can be performed as close as the range 100-300 pm,
which is traversable using commercial microscope objec-
tives [36].

We next prepare and study entangled atom pairs at
various distances from the device. Two atoms 3.15 pm
apart experience a Rydberg-Rydberg interaction U in the
blockade regime where U > Q, with U = 27z x 685 Mhz
and the single-atom Rabi frequency Q =~ 27 x 3 MHz The
atoms are driven with a z pulse from |gg) into the
symmetric state |W) = (1/v/2)(|gr) + |rg)) [Fig. 3(a)].
The preparation fidelity F =1 (p,5,9 + Pyrar + 21Pgrrgl)
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FIG. 3. Two-atom entangled state. (a) The Rydberg interaction
U shifts the |rr) state and allows the preparation of the |W) =
(1/v/2)(|gr) + |rg)) state. (b) Tomography of the |W) state
(purple) at 170 pm. We measure population p,,,, + pgrgr =
0.87(5) and coherence 2|p,, ,,| =0.78(7) with correction for
preparation error and loss (light purple). (c) Comparison between
the two-atom |W) state lifetime Ty (purple circles) and the
single-atom ground-Rydberg coherence time 75 {gray circles,
data and fit from [Fig. 2(d)]}. The dotted purple line is a
theoretical prediction (Supplemental Material [37], Sec. 5.4).

is characterized following the method in [43] and corrected
for error and loss during preparation. Far from the device at
2.6 mm it is 0.87(6) [uncorrected 0.73(3)] and remains
similar close to the device: 0.83(4) [uncorrected 0.70(3)] at
170 pm [Fig. 3(b)].

The lifetime of the |W) state Ty is measured through a
pulse sequence = —t—x between the |gg) and |W).
Compared to the single-atom ground-Rydberg coherence,
Ty remains constant up to 130 pm since the electric-field
fluctuations are common-mode for the two closely spaced
atoms [Fig. 3(c)]. Ty is likely limited by thermal position
sampling of the electric-field gradient, as supported by a
theoretical model that only includes atomic temperature as
a free parameter (Supplemental Material [37], Sec. 5).

The |W) state can be used to probe small electric field gra-
dients within the blockade radius. The electric-field gradient
creates an energy difference between |gr) and |rg) and thus
a differential phase, leading to an oscillation between |W)
and the antisymmetric state | D) = (1/+v/2)(|gr) —|rg)). The
oscillation frequency, observed via the z —ft— 7z pulse
sequence, is proportional to the gradient magnitude. The
minimum detectable frequency is 1/7Ty and directly limits
the minimum detectable electric-field gradient, which is
~10 V/cm? for the distances studied here (Supplemental
Material [37], Sec. 6.4). By contrast, a measurement
involving two individual atoms in different experimental
realizations for each atom is limited by the electric-field
fluctuations. For these reasons, the minimum detectable
electric-field gradient for an entangled pair is higher by the
ratio Ty, /T, which is approximately 5 at 150 pm.

By rotating the entangled atom pair by an angle 6 with
respect to the x axis, the direction of maximum gradient can
be detected via the oscillations induced in the lifetime
measurement [Figs. 4(a) and 4(b)]. We perform measure-
ments at four distances between 130 and 192 pm, the
gradient maximum occurs at € ~55° for each and its
magnitude increases as the atoms approach the device
[Fig. 4(c)]l. This differs from the expected 0° gradient
orientation for a single point charge displaced in x, but can
instead be described by a minimal model that includes a
distance-independent background electric field. A com-
bined fit to the data in [Fig. 4(c)] reveals a device charge
g =190(10) e and background field E = (E,.E,) =
[-0.02(1),—0.51(3)] V/cm. The oscillation frequency
follows the point-charge gradient scaling of r— along
0 = 0° as well as =3 along = 90°, justifying the point-
charge model. Together with the single-atom Rydberg
spectral shifts, this measurement allows us to create a
2D map of the local electric field shown in Fig. 4(e)
(Supplemental Material [37], Sec. 6). Going further, such
maps of the local electric field can be used to study the
charge characteristics of different materials that could be
integrated with Rydberg atom arrays.

In particular, this measurement can be used to study the
effect of UV light on the surfaces present. Many recent
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FIG. 4. Entanglement-assisted sensing of electric-field gradients. (a) The orientation of an entangled atom pair is varied with respect to
the device. (b) The |W) state lifetime measurement (blue circles) reveals gradient-induced oscillations by fitting to a decaying sinusoid
(blue lines) for different @ (offset for clarity). (c) Angular dependence of the fitted oscillation frequency at different x (circles) with solid
curves being simultaneous fit (Supplemental Material [37], Sec. 6) to extract background field orientation. (d) A 200 nW UV-power
reduction from its optimized value causes a rotation (53°) of the gradient. (¢) Reconstructed electric-field magnitude |E | (contour scale)
and direction (white arrows) given the measurements in (c) at the positions of the black circles. (f) Electric-field contour plot
reconstructed from (d) showing direction at the optimal UV value (gray arrow) and shifted UV value (orange arrow).

Rydberg atom array experiments use ~1 W of UV light to
mitigate electric-field noise [43,44], with the current micro-
scopic understanding that light-induced desorption of alkali
atoms decreases the number of charges on dielectric
surfaces [14,18,45]. Here, we observe that much smaller
UV powers significantly affect the electric-field environ-
ment [Fig. 1(c), inset]. At 158 pm, decreasing the UV
power from the optimal value of 400 to 200 nW increases
the spectral shift by 6.7 MHz and rotates the gradient by
53(4)° [Fig. 4(d)]. Assuming the UV power change
modifies the fit parameters g, E,, E, from Fig. 4(c), we
reconstruct the changed electric field Fig. 4(f)]. We find a
significant change only in the background electric field:
AE, = —0.21(3) V/cm and not in the charge on the device
q (Supplemental Material [37], Sec. 6.5). However, we
observe that far from the device, the background electric
field sensed by the atom does not vary with UV power
(Supplemental Material [37], Sec. 3.1).

One way of reconciling our observations is that another
surface that moves with the device could be causing the

shift in the background electric field, such as the tapered
fiber. The minimization of the spectral shift using UV light
could then be interpreted as the elimination of charges on
the fiber surface. In fact, at the optimum UV power we do
not observe any significant charges on the fiber, as
indicated by the zero shift at negative x distances where
the atom is much closer to the fiber surface than to the
device [Fig. 1(d)]. By contrast, for large UV powers
(~30 mW) we find that the Rydberg spectral shift increases
dramatically (Supplemental Material [37], Sec. 3.1). This
behavior cannot be explained by the common understand-
ing that higher UV power increases the removal rate of
adsorbates and further work is needed to develop a full
microscopic understanding. Remarkably, by choosing the
optimum UV power, we repeatedly stabilize to the same
charge configuration as indicated by measurements of the
spectral shift (Supplemental Material [37], Sec. 3.3).
Finally, while potential improvements to our device include
minimizing its surface area and adding in-vacuum electro-
des, significant enhancement can be achieved in the current
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system by lowering the principal quantum number n to
balance the Rydberg interaction strength with electric-field
sensitivity (Supplemental Material [37], Sec. 7).

Our observations indicate that a Rydberg atom array
placed ~250 pm away would remain minimally perturbed
by the nanophotonic device. This could be used to establish
a quantum optical channel via teleportation to a photonic
state [46], or to a distant quantum processor. A ground-state
atom can be entangled with a photon at the device [23,47],
and then coherently transported with a single tweezer to the
atom array [24,36]. The transported atom can then be
entangled with the Rydberg-atom quantum processor.
Further, such optical interfaces can also be utilized for
fast, nondestructive readout in quantum error correction
protocols [48,49]. More broadly, our work motivates the
integration of Rydberg atom arrays with other devices of
this scale and could provide a helpful understanding for
other platforms sensitive to surface charges [1]. For
example, with properly designed decoupling sequences
and charge stabilization, integration with a mesoscopic
superconducting interface is possible, enabling the appli-
cation of circuit QED techniques and exploration of novel
hybrid systems [12,50-52].
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