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Optical spin readout of single rubidium atoms trapped in solid neon
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In this work, we optically resolve and detect individual rubidium atoms trapped in solid neon. Additionally,
we optically pump the rubidium’s spin state using polarized light and measure the spin state via laser-induced
fluorescence. When combined with the previously demonstrated magnetic field sensing capabilities of matrix-
isolated rubidium atoms, these results are very promising for nanoscale sensing and for performing nuclear
magnetic resonance (NMR) spectroscopy of individual molecules cotrapped in the matrix.
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Quantum sensing with optically addressable solid-state
spins is an active area of research [1], motivated by ap-
plications in nanoscale magnetic field sensing [2–4]. These
ideas have been realized in a variety of systems, perhaps
most notably with nitrogen-vacancy (NV) centers in diamond.
NV’s have demonstrated not only magnetic detection of sin-
gle nuclear spins in the bulk—the naturally occurring 13C in
the diamond—but also imaging of those nuclear spins with
angstrom-level resolution [5–8]. Because it is not known how
to introduce arbitrary molecules into bulk diamond, molecular
sensing with NV’s requires attaching molecules to the dia-
mond surface [4,9,10]. Unfortunately, diamond surfaces suffer
from magnetic field noise [11–13].

We propose using single-atom sensors trapped in a noble-
gas matrix [14]. The molecules to be sensed and imaged
could be cotrapped within the bulk, circumventing surface
issues. We would expect to be able to implant essentially any
molecule that can be introduced into the vapor phase; trapping
of small biomolecules has been demonstrated [15–17].

In prior work with ensembles of rubidium atoms trapped
in solid neon, it was shown that the rubidium atoms retained
all the properties needed for quantum sensing of magnetic
fields [18,19]. The ability to optically control the rubidium
spin state was demonstrated, along with the ability to measure
the spin state through circular dichroism. The spin coherence
time was measured to be on the order of 0.1 s when employ-
ing dynamical decoupling protocols for sensing AC magnetic
fields at frequencies of hundreds of kHz. This long coherence
time is due to both the favorable properties of the trapped
atom and the magnetically quiet environment of bulk neon.
This provides sufficient sensitivity to measure the magnetic
field of a single unpolarized nucleus cotrapped in the neon
matrix: nuclear magnetic resonance (NMR) spectroscopy of
21Ne nuclear spins has already been demonstrated with Rb
ensembles [19].
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These properties are very promising for using a single Rb
atom trapped in neon as a quantum sensor to perform NMR
spectroscopy of single molecules cotrapped in the solid. The
rubidium atoms would be implanted at low density—to allow
for individual atoms to be resolved optically—and the target
molecules would be implanted at high density, making it likely
to find a molecule at a sufficiently close distance such that the
precession of its nuclei can be measured by the rubidium. The
detection and imaging of these nuclei can be accomplished
by the same protocols already demonstrated with NV centers
[5–8]. But the viability of this quantum sensing proposal
hinges crucially on the ability to measure the state of single
rubidium atoms in the solid matrix.

The detection of single atoms in noble-gas matrices by
laser-induced fluorescence (without spin state readout) was
previously demonstrated by the nEXO collaboration for bar-
ium atoms in solid xenon [20]. In this work, we demonstrate
the ability to both detect single rubidium atoms trapped in
solid neon and to measure their spin state via laser-induced
fluorescence (LIF).

A schematic of our cryogenic apparatus is shown in Fig. 1.
The copper coldfinger is in vacuum, surrounded by a radiation
shield (not shown). Similar to prior work [21], the sample
is grown by vapor deposition onto a sapphire substrate con-
nected to the coldfinger. To improve light collection efficiency,
we use a hemispherical sapphire substrate, which serves as a
“solid immersion lens” for a widefield microscope [22,23]. As
shown in Fig. 1, the sample is grown on the exposed flat side
of the substrate.

To excite LIF, the sample is illuminated with laser light
at 786 nm [18,19]. The optical absorption spectrum of Rb in
neon—for a given trapping site—is homogenously broadened
[19]. Consequently, we expect the single-atom absorption
spectrum of the atoms observed here to be identical to that
reported in Ref. [19] for atoms that absorb at 786 nm. Typical
powers are ∼3 mW, with beam waists of ∼0.2 mm and peak
intensities of ∼5 W/cm2. The beam waist is chosen to be
larger than the motion of the coldfinger, which is �0.1 mm.

LIF from the atoms is collimated by a large-numerical-
aperture molded aspheric lens mounted to the coldfinger,
which serves as the infinity-corrected objective lens of the
microscope. This optics arrangement serves to reduce the

2643-1564/2024/6(1)/L012048(5) L012048-1 Published by the American Physical Society

https://orcid.org/0000-0002-0554-5048
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.L012048&domain=pdf&date_stamp=2024-03-01
https://doi.org/10.1103/PhysRevResearch.6.L012048
https://creativecommons.org/licenses/by/4.0/


LANCASTER, DARGYTE, AND WEINSTEIN PHYSICAL REVIEW RESEARCH 6, L012048 (2024)

FIG. 1. Schematic of the copper coldfinger, as described in the
text. A 10 mm diameter sapphire hemisphere is attached to the left
side of the coldfinger and a commercial high-NA lens is attached to
the right. A layer of indium connects each to the coldfinger, and an
aluminum clamp holds each in place. The sample is grown on the flat
surface of the hemisphere. The implanted atoms are excited by a laser
beam from the left; the transmitted laser beam is blocked by a beam
block at the right. (The size of both are exaggerated for visibility).
The atomic LIF is collected and collimated by the lens, and sent to
the right, out of the vacuum chamber.

blurring of the image from the motion of the coldfinger. A
2 mm wide strip behind the lens blocks the majority of the
excitation light, while only blocking a small fraction of the
LIF from the atoms. The LIF exits the cryostat through a
series of windows. Outside the cryostat the LIF passes through
a pair of color filters which significantly reduce the apparatus-
scattered light with only minor attenuation of the red-shifted
atomic LIF [18]. After the filters, an achromatic doublet
serves as the microscope’s “tube lens” to form an image of
the sample on a cooled sCMOS camera. We estimate the light
collection efficiency to be ∼18%, accounting for both the
geometrical light collection and the transmission of the optical
elements. As seen in Fig. 2, the LIF signal from a single atom
in our cryostat has a FWHM of 3 μm. We believe the
primary limit on the resolution of our imaging system is from
chromatic aberrations, due to the broad LIF spectrum [18].

We were unable to measure the spectrum of the emit-
ted LIF. Because the absorption spectrum is homogenously
broadened, we speculate that the emission spectrum is as well.
If that is the case, the single-atom emission spectrum would be
identical to that reported in Ref. [18] for excitation at 786 nm.

Samples are grown and measured at the coldfinger’s base
temperature of 3 K. Prior work has shown that the substrate
temperature during sample growth has a strong effect on its
optical properties; low substrate temperatures are important
for good optical pumping and readout of spin states [19].

Sample growth begins with neon deposition; the thickness
of the neon film during growth is measured by thin-film
interference. Rb deposition typically begins after reaching a
sample thickness on the order of 1 μm and continues for
∼100 s. During this time, the sample growth rate is on the
order of 4 nm/s. Neon continues to deposit after the Rb flux
stops, reaching a typical sample thickness of ∼4 µm.

Typical sample growth results are shown in Fig. 2. As with
all LIF data shown in this paper, this is background-subtracted
data. A background image measured prior to sample deposi-
tion is subtracted to eliminate a “false fluorescence” signal

FIG. 2. Top: LIF image of the sample. This image was taken
three hours after sample deposition, exciting with linearly polarized
light. Bottom: LIF during sample deposition for the five boxes shown
in the top image. The red lines indicate when the Rb dispenser used
to produce atomic rubidium was turned on and off; the Rb flux lags
the current applied to the dispenser.

from the apparatus; the subtracted background is comparable
to the LIF signal from the brightest atoms in the sample.

As seen in Fig. 2, the LIF signal from some atoms ap-
pears and then abruptly disappears during the deposition
process. The mechanism behind this disappearance is not
understood. However, the atoms that survive the deposition
process can typically produce LIF signals for more than 109

photon scattering events and multiple weeks of observation.
The mechanism behind this slow loss is also not understood,
but similar “bleaching” effects are commonly reported for
matrix-isolated atoms [20,21,24,25].

As seen in Fig. 2, the LIF signals from different atoms
vary significantly. Unfortunately, it is difficult to characterize
the distribution of brightnesses, as very dim atoms would be
undetectable. We attribute the variations in brightness primar-
ily to a varying LIF quantum efficiency (QE), the probability
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of emitting a photon after excitation. While we do not know
for certain the physical mechanism behind the large variations
in QE, we suspect it is from variations in trapping sites, which
are known to have a large effect on the optical properties of
trapped atoms [21,25,26].

To measure the LIF QE of the trapped Rb atoms, we
calculate the photon scattering cross section from the homoge-
neously broadened absorption spectrum of the ensemble [19],
under the assumption that the Einstein A coefficient for the
Rb transition [27] is unchanged in the matrix. Combining this
with the measured laser intensity, we determine the atomic
excitation rate. We determine the atomic emission rate from
the camera signal integrated over a 3×3 μm region of the sam-
ple (using the change in signal that occurs at the appearance
of an atom, so as to avoid erroneously including background
signal), along with the camera’s specified QE averaged over
the emission spectrum of the Rb atom [18], and our estimate
of the light collection efficiency. By comparing the excitation
rate to the emission rate we find a QE of �0.4 for the brightest
atoms we observe. This is a lower limit because a nonnegli-
gible amount of signal lies outside our region of integration.
However, the signal to noise of our system makes accurate
measurement of the “tails” difficult.

We note that prior work with Rb atoms trapped in neon
measured an ensemble LIF QE of 6% [18]. However, the
radiative lifetime—as measured via LIF—indicated a QE on
the order of 70% [18]. The discrepancy between these two
numbers was attributed to a varying LIF QE from atom to
atom: the LIF measurements of the radiative lifetime will be
dominated by those atoms with a high QE. Our measurements
of single atoms are consistent with this interpretation of the
ensemble results.

We optically pump the spin states of the atoms by exciting
with circularly polarized laser light in the presence of a ∼120
G magnetic field which is roughly parallel to the laser beam.
The optical pumping should put the atoms into a (semi) dark
state, reducing the LIF [19]. We can verify that this is the
case—and measure the “contrast” of the spin-state readout—
by applying a continuous RF magnetic field to drive popula-
tion between the mF levels and depolarize the spin state.

The applied magnetic field is sufficiently large that the
different RF transitions between adjacent mF states can be
spectroscopically resolved [19]. In the case of 85Rb, we simul-
taneously drive all six �m = 1 transitions between the seven
mF states of the F = 3 manifold; in the case of 87Rb, we drive
all four transitions between the five mF states of the F = 2
manifold. Typical results are shown in Fig. 3.

We define the contrast as the difference in the LIF between
RF on and off, divided by the LIF with RF on. With this
definition, gas phase atoms can achieve a contrast approaching
a value of one, as optical pumping with the RF off would
produce a nearly perfect dark state.

For each sample, we hand select five to nine of the brightest
atoms, well isolated from their neighbors, and measure their
contrast. For 69 atoms over ten samples, the highest single-
atom contrast levels observed were 0.25 for 85Rb and 0.31 for
87Rb. The average contrast observed for 85Rb is 0.15, with a
standard deviation of 0.05; the average for 87Rb is 0.20 with a
standard deviation of 0.06. A histogram of all measurements
is shown in Fig. 4.

FIG. 3. The upper figure shows the background-subtracted LIF
from a sample excited with circularly polarized light. The middle and
bottom figures show the change in LIF when applying RF drive on
resonance with the 85Rb and 87Rb Zeeman transitions, respectively.
From this, we conclude the region labeled “2” contains a 85Rb atom,
while regions 1 and 3 contain 87Rb.

FIG. 4. Histogram of the spin-readout contrast of individual
atoms, as described in the text.

L012048-3



LANCASTER, DARGYTE, AND WEINSTEIN PHYSICAL REVIEW RESEARCH 6, L012048 (2024)

We note that the contrast is limited by a combination of im-
perfect optical pumping, imperfect optical readout, imperfect
depolarization from the RF drive, and stray LIF signal from
other isotopes in the region analyzed as well as apparatus-
scattered light. We suspect the first two are the dominant
sources of the reduced contrast. We believe the slightly su-
perior performance of 87Rb is due to its smaller nuclear spin
I, giving rise to a smaller number of mF levels.

Comparing the single-atom LIF contrast to prior ensemble
measurements using circular dichroism, the average single-
atom contrast is comparable to the best results reported for
ensemble measurements [19]. The best single atoms are supe-
rior to the best ensemble measurements, as would be expected
for a system with nonuniform contrast.

The readout contrast observed here is only slightly lower
than results reported for NV ensembles [28], near-surface
NV’s [29–31], and molecular qubits [32]. However, the con-
trast is significantly smaller than the best results reported for
single NV’s in the bulk [33]. We note that in the protocol
we have previously employed for magnetic sensing, the state
readout is done when the atom is in one of its two stretch spin
states [19], which should provide roughly twice the contrast
of the measurements performed here.

The ensemble spin coherence time T2 was previously re-
ported in Ref. [19]. With appropriate dynamical decoupling
sequences (compatible with protocols to sense nuclear spins),
a T2 on the order of 0.1 s was measured. It was noted that
T2 was limited by magnetic field noise from fluctuating 21Ne
spins in the solid, and a range of T2’s were present for a given
sample. As such, we would expect different single rubidium
atoms to have different values of T2, with a typical value com-
parable to that reported in Ref. [19]. An ensemble longitudinal
spin relaxation time T1 on the order of 1 s was reported in
Ref. [19]. As this is significantly longer than T2—the relevant
parameter for quantum sensing—it is not an important limita-
tion on T2, and we have not investigated it further.

The ensemble spin dephasing time T ∗
2 was also reported

in Ref. [19]. Superposition states corresponding to Larmor
precession states exhibited T ∗

2 values on the order of 10 μs,
which was limited by inhomogenous broadening in the solid.
As such, we would expect to obtain much longer values of T ∗

2
for a single atom; unfortunately, this was not the case due to
technical issues. We perform optically detected magnetic res-
onance (ODMR) spectroscopy by monitoring the fluorescence
as we drive a single Zeeman transition; the linewidth of the
transition is inversely proportional to T ∗

2 . As seen in Fig. 5, as
the amplitude of the drive is reduced, the linewidth narrows,
but the signal disappears before we observes linewidths as
narrow as those measured with an ensemble: 70 kHz for the
85Rb transition shown here [19]. We attribute this to the known
magnetic field drift in our laboratory.

FIG. 5. The change in the LIF signal due to an applied RF
magnetic field, shown as a function of the RF frequency for three
different magnetic field amplitudes. Data from two different atoms in
the same sample are shown. For the 85Rb atom (on the left), the signal
from driving the mF = +2 ↔ +3 transition in the F = 3 manifold
is shown; the Lorentzian fits give linewidths of 225 and 126 kHz
FWHM. For 87Rb (on the right) the mF = +1 ↔ +2 transition is
shown; the fit linewidths are 205, 185, and 163 kHz FWHM.

In future work, we hope to characterize the readout fi-
delity of the spin state. We note that techniques have been
developed for NV centers which provide high readout fi-
delity even in the presence of poor optical contrast [30,34].
However, in the absence of such a scheme, the contrast lev-
els reported here—combined with the depopulation pumping
properties of the spin state previously reported [19]—would
make achieving high readout fidelity impossible. This would
preclude using these atoms for quantum computing applica-
tions [35]. However, we expect it to be sufficient for quantum
sensing applications, where an imperfect readout fidelity can
be overcome with modest amounts of averaging [1]. In fu-
ture work, we hope to use the system for single-atom NMR
measurements by the same techniques we previously used
for ensemble NMR spectroscopy [19], and ultimately for the
imaging of single nuclear spins, by techniques similar to those
demonstrated with NV’s [8].
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