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Optical and spin-coherence properties of rubidium atoms trapped in solid neon
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In this work, we measure the properties of ensembles of rubidium atoms trapped in solid neon that are relevant
for use as quantum sensors of magnetic fields: the spin coherence of the trapped atoms and the ability to optically
control and measure their spin state. We use the rubidium atoms as an AC magnetometer—by employing an
appropriate dynamical decoupling sequence—and demonstrate NMR detection of 21Ne atoms co-trapped in the
neon matrix.
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I. INTRODUCTION

Alkali atoms trapped in solid helium [1–3] and in solid
parahydrogen [4–7] exhibit excellent properties for quantum
sensing of magnetic fields [8,9]. In ensemble measurements,
it has been shown that it is possible to optically control and
measure the spin state of the trapped atoms [2–5], and it was
found that the trapped atoms have long spin coherence times
[1,3,6,7]. These are promising properties for achieving single-
molecule NMR [10]. By co-trapping the “target” species to be
measured within the matrix at high densities, if one could ad-
dress a single alkali-metal atom within the matrix, one could
use it to perform NMR measurements of a single nearby target
molecule [7]. These ideas have previously been demonstrated
beautifully with nitrogen vacancy (NV) centers in diamond,
with both NMR measurements of individual nearby 13C nuclei
[11–13] as well as the spatial imaging of dozens of neighbor-
ing 13C nuclei within the diamond [14].

Unfortunately the advantageous properties of alkali-metal
atoms in solid helium and parahydrogen are accompanied by
technical problems which are disadvantageous for realizing
single-molecule NMR. Because helium does not form a solid
at low pressures, samples cannot be grown by standard vapor
deposition techniques; this makes it difficult to implant an
arbitrary target species at high densities [3]. Alkali atoms in
parahydrogen have favorable optical properties for ensemble
detection [5], but the combination of large optical broadening
and the failure to date to observe laser-induced fluorescence
(LIF) makes single-atom detection a daunting task [15].

In this paper, we investigate the properties of rubidium
atoms trapped in solid neon. Unlike helium, neon has a zero-
pressure solid phase. Therefore it can be grown by vapor
deposition and doped at high densities [16]. Unlike parahy-
drogen, rubidium trapped in solid neon has demonstrated LIF
and has been measured to emit frequency-shifted light with a
high quantum efficiency [15].
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II. SAMPLE GROWTH

The samples are grown by simultaneous vacuum depo-
sition of neon and rubidium onto a cryogenically cooled
sapphire window substrate. The apparatus is identical to that
previously used for growing rubidium-doped parahydrogen
samples [5]. A schematic is shown in Fig. 1. The neon gas
is introduced through a precooled line that is typically held
at ≈20 K during deposition, and rubidium is produced from
an oven. Typical neon deposition rates are 0.1 mm per hour,
and the dopant density in the solid is determined by the rela-
tive fluxes of rubidium and neon. Typical sample thicknesses
range from 0.2 to 0.6 mm. The substrate temperature during
growth is measured by a silicon diode thermometer directly
mounted to the sapphire window; the stated diode accuracy is
±0.1 K. The substrate temperature is controlled during growth
using a resistive heater. After sample growth the substrate is
cooled to its base temperature of 2.9 K and measurements are
performed.

III. OPTICAL PROPERTIES

We measure the optical transmission of our sample via
white-light absorption spectroscopy using a halogen lamp and
a fiber-coupled grating spectrometer. The transmission of the
sample is determined by comparing spectra taken before and
after sample deposition. We express the transmission T in
terms of the optical depth OD using the definition T ≡ e−OD.
The optical spectrum of the sample is highly dependent on
the substrate temperature during sample growth, as seen in
Fig. 2. Compared with gas-phase rubidium atoms, these spec-
tra exhibit more complicated structure as well as significant
line broadening, as is typical for alkali atoms trapped in solid
noble-gas matrices [17].

The spectrum varies most dramatically with substrate
temperature, but there are changes due to other growth pa-
rameters. Increasing the oven temperature (so as to increase
the rubidium flux) resulted in changes to the spectrum qualita-
tively similar to increasing the substrate temperature. Varying
the neon flow rate by a factor of ≈2 produced little observable
change in the atomic absorption spectrum, but increased neon

2469-9926/2021/104(3)/032611(7) 032611-1 ©2021 American Physical Society

https://orcid.org/0000-0002-0554-5048
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.032611&domain=pdf&date_stamp=2021-09-21
https://doi.org/10.1103/PhysRevA.104.032611
http://www.weinsteinlab.org


DARGYTE, LANCASTER, AND WEINSTEIN PHYSICAL REVIEW A 104, 032611 (2021)

FIG. 1. Schematic of the experiment. The static magnetic field is
created using permanent magnets outside the vacuum chamber. The
rf magnetic field is generated by a wire a few mm above the window
surface (to the left in the diagram).

flow rates resulted in significantly larger background scatter-
ing from the matrix.

All optical pumping and probing of the spin state is done
with narrow-band light generated by a tunable continuous-
wave (cw) diode laser and a tunable cw titanium-sapphire
laser. We optically pump the spin state of the trapped atoms
with a pulse of circularly polarized light. After pumping we
probe the spin state using circular dichroism: we measure
the ratio of the transmission of left-hand-circular (LHC) and
right-hand-circular (RHC) probe beams [4]. We define the
polarization signal as the fractional change in this ratio after
optical pumping. Pump beam intensities are on the order of
tens of mW/cm2, and typical pump pulse durations are on the
order of tens of ms. Probe beam intensities are on the order of
hundreds of μW/cm2.

Figure 3 shows the polarization signal obtained for differ-
ent combinations of pump and probe wavelengths. The sample
was grown at a substrate temperature of 3.3 K and doped at
a rubidium density of 1.5 × 1016 cm−3. The measurements
were performed at a magnetic field of 119 G. Outside of the
wavelength range shown in Fig. 3, no polarization signal was
observed when probing the absorption feature further to the
infrared. No polarization measurements were made at shorter
wavelengths than those shown in Fig. 3 due to laser limita-
tions. As seen in Fig. 3 the polarization signal exhibits a triplet
structure which closely matches that seen in the absorption
spectrum, with peaks slightly redshifted from the absorption
spectrum.

We refer to the absorption lines between 750 and 800 nm as
the “red triplet.” A similar triplet was observed by Kupferman
and Pipkin for rubidium atoms trapped in solid argon [18].
They attributed the triplet structure to the splitting of the
L = 1 excited state due to its “crystal-field” interaction with
the trapping matrix. Consequently, all three lines of the triplet
were believed to originate from a single “trapping site” in the
matrix.

The data of Fig. 3 confirm this interpretation. Pumping
on the rightmost line produces a polarization signal when
probing at either of the other two transitions. Consequently,
the different lines cannot come from different atomic popu-
lations. From the data of Fig. 3 we can similarly conclude
that the broadening of each of the three lines is homogenous
broadening.

FIG. 2. Absorption spectra of samples grown at different sub-
strate temperatures, labeled by the growth temperature. The back-
ground scattering from the matrix is subtracted under the assumption
that it is a linear interpolation between the OD at 550 and 920 nm.
Typical background ODs from scattering by the neon substrate are
on the order of 1 in this wavelength range, as seen in the spectrum
of Fig. 3. For clarity, the spectra are vertically offset with higher
temperatures plotted above lower temperatures. An undoped sample
is shown for reference at the bottom.

However, as seen in Fig. 2, varying the growth conditions
causes the height of the red triplet to vary relative to the other
absorption features. From this, we conclude that the other
lines correspond to a separate population, likely additional
trapping sites in the matrix.

Also of note in Fig. 3 is that pumping on the rightmost peak
of the red triplet pumps the spin state in the opposite direction
as pumping on the middle peak. This indicates that optical
pumping is primarily depopulation pumping for at least one
of these lines [19]; this is confirmed by the distribution of mF

states produced, as discussed below in Sec. V.
For the ≈20 samples we have grown and measured, we

see a wide variety of polarization signal amplitudes when
optically pumping and probing on the rightmost peak of the
red triplet. For the samples grown at temperatures from 3.0
to 4.5 K, we observe that the polarization signal amplitude
is linearly proportional to the background-subtracted optical
depth of the rightmost peak, to within a standard deviation
of ±20%. (At higher temperatures the background-subtracted
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FIG. 3. The sample polarization signal, as described in the text,
as a function of the probe wavelength. Shown are the data for two
cases of fixed pump beam frequency (open symbols), as well as the
case of degenerate pump and probe beams (filled symbols). At the
top, the sample optical depth is plotted for comparison.

optical depth of the red triplet is too small to accurately
measure; as expected, the polarization signal is also much
smaller than for samples grown at lower temperatures.) This
observation indicates that the ability to optically pump and
probe the spin state of atoms in the red triplet trapping site is
independent of the growth temperature, but that low growth
temperatures are advantageous because a greater fraction of
the implanted rubidium atoms are in the red triplet trapping
site.

For the remainder of the paper, we pump and probe on
the rightmost peak of the red triplet with degenerate beams
generated from a single laser. Because such measurements
will only interact with rubidium atoms in the red triplet trap-
ping site, all rubidium densities quoted in this paper are for
that subset of dopant atoms. Densities are calculated from the
sample thickness and the absorption spectrum from ≈744 nm
to ≈794 nm under the assumption that the background is a
linear interpolation of the optical depths at the endpoints of
that range, and under the assumption that the Einstein A coef-
ficient is unchanged from the free-atom case [20]. We estimate
a typical factor of ≈2 uncertainty in measured densities, as the
actual background from the neighboring peaks is unknown.

IV. T1

We measure the longitudinal spin relaxation time T1 by
optically pumping to induce a spin polarization and then
observing the polarization signal as the spin states return to
equilibrium. Typical data are shown in Fig. 4.

As seen in Fig. 4, the decay of the polarization signal is
poorly described by a single exponential, which we attribute to
inhomogeneous T1 times in the sample caused by inhomoge-
neous trapping sites [4]. We model our atomic ensemble as a
uniform distribution of longitudinal relaxation rates from zero
to a maximum value, fit the data to determine the maximum
relaxation rate, and take the ensemble T1 to be the inverse of

FIG. 4. Decay of the polarization signal after the optical pump-
ing beam is turned off at t = 0. This data are for a sample with a
rubidium density of 1.5 × 1016 cm−3 at a magnetic field of 120 G.
Fit as described in the text.

the average relaxation rate of the fit [7]. As seen in Fig. 4, this
simple model fits the data reasonably well. The data and fit
shown in Fig. 4 yield an ensemble T1 of 0.6 s.

Our primary interest in the current work is the coherence
time of the trapped rubidium atoms. Because T1 is signifi-
cantly longer than the coherence time, it is not an important
limit on the spin coherence, and we did not investigate the
details of the physics limiting T1.

V. ENSEMBLE SPIN DEPHASING TIME T ∗
2

We measure T ∗
2 using rf spectroscopy: after optically

pumping, we continuously monitor the polarization signal as
we sweep the frequency of a rf magnetic field across the
resonant transitions of 85Rb, as described in Ref. [6]. We work
at a sufficiently large magnetic field such that the nonlinear
Zeeman effect allows us to resolve all the single-photon tran-
sitions between adjacent mF levels, as seen in Fig. 5. The level
structure of the electronic ground state of 85Rb is shown in
Fig. 5 for reference.

We determine the magnetic field from the resonant fre-
quencies of the Zeeman transitions under the assumption that
the Zeeman splittings are unchanged from the free-atom case
[21,22]. The relative shifts of the different Zeeman transitions
suggest that this is the case to within the measured line broad-
ening.

We can spectrally resolve transitions within both the F = 2
and F = 3 manifolds of 85Rb. From the spectra, we find that
atoms in the F = 3 manifold are optically pumped towards the
mF = −3 level and atoms in the F = 2 manifold are pumped
towards mF = +2. We conclude that optical pumping of Rb in
Ne is primarily depopulation pumping [5,19]. This is similar
to what was previously reported for Rb atoms trapped in
solid helium [23] but contrary to the behavior of Rb in solid
parahydrogen, where the optical pumping of spin was found
to be predominantly repopulation pumping [5].
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FIG. 5. At top, the Zeeman structure of gas-phase 85Rb in its
ground electronic state [21], labeled by the low-field quantum num-
bers. The relevant Zeeman transitions are shown as arrows (the
arrows are placed at a higher magnetic field than used in the ex-
periment to make the nonlinear Zeeman splitting easier to observe).
At bottom, a rf spectrum of the Zeeman transitions of 85Rb, taken
at a magnetic field of 95 G, showing a subset of the transitions
observed. The fits are used to determine the FWHM linewidths [6].
The transitions are labeled by their mF levels and the corresponding
F manifold.

Figure 6 shows the measured linewidths for the single-
photon transitions between mF states in the F = 3 manifold.
The corresponding ensemble spin dephasing time T ∗

2 (in
seconds) can be determined from the FWHM linewidths
(in Hz) via T ∗

2 = (π × FWHM)−1. Because the T2 values
measured with dynamical decoupling (discussed below) are
orders-of-magnitude longer than T ∗

2 , we conclude that T ∗
2

is predominantly limited by inhomogeneous broadening. By
varying the rf power we find that power-broadening effects
in the data of Fig. 6 are at a level �2 kHz. By comparing
with the linewidth of a narrower two-photon transition [6],

FIG. 6. The full-width-at-half-maximum (FWHM) linewidths of
the transitions between adjacent mF states in the F = 3 hyperfine
manifold of 85Rb, labeled accordingly. Taken at a magnetic field of
95 G.

we measure the magnetic-field inhomogeneity effects to be
at a level �7 kHz. The linewidths are slightly narrower than
what was previously reported for rubidium trapped in parahy-
drogen, but the “pattern” of linewidths is qualitatively similar
[5,6]. This suggests that, as was the case with parahydrogen,
T ∗

2 is limited primarily by inhomogeneous broadening due to
electrostatic-like interactions with the host matrix [5,6].

We found no dependence of T ∗
2 on the sample growth

conditions over the range explored. We also observed no de-
pendence on the magnetic field: measuring T ∗

2 at a magnetic
field of 119 G gave results similar to those of Fig. 6.

It is interesting to compare these measurements to prior
T ∗

2 measurements of the Zeeman transitions of alkali atoms
trapped in other noble gas solids. Cesium atoms trapped in
the hexagonal-close-packed (hcp) phase of solid helium have
a linewidth on the order of 104 Hz [3], comparable to our
observations of Rb in Ne. However, cesium trapped in the
body-centered-cubic (bcc) phase of solid helium exhibit a
much narrower linewidth, on the order of 101 Hz, thanks to
the symmetry of the bcc phase [1,3,24]. Unfortunately, neon
and the heavier noble gas solids generally exist in the face-
centered-cubic (fcc) phase, although there are predictions that
the bcc phase can be obtained at high pressures [25]. Elec-
tron spin resonance measurements of alkali atoms trapped in
heavier noble gases report broader linewidths than what we
find for Rb in Ne, typically by one to two orders of magnitude
[22,26–28]. It is unknown whether these differences are due
to the matrix species or to other differences in experimental
conditions.

VI. ENSEMBLE COHERENCE TIME T2

To extend the coherence time we use a dynamical de-
coupling pulse sequence to reduce the sensitivity of the spin
state superposition to inhomogeneous broadening in the ma-
trix and to environmental noise. As described below, we use
the alternating-phase Carr-Purcell (APCP) sequence [29,30],
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FIG. 7. Schematic of the APCP sequence, as described in the
text. Shading denotes the relative phase of the pulse: the shaded
pulses are 180◦ out of phase with the unshaded pulses. We vary the
phase of the first pulse as described in the text.

which is of particular interest because it can be used to create
an AC magnetometer sensitive to a single frequency (and
harmonics) [10,31].

We measure the coherence lifetime of 85Rb atoms in a su-
perposition of the mF = −1, 0 levels of the F = 3 manifold.
The experimental sequence is as follows: First, we optically
pump the atoms as described above and then apply a rf sweep
to maximize the population in the F = 3, mF = −1 state. We
then apply a π/2 pulse on resonance with the mF = −1 ↔ 0
transition to create the desired superposition state. This is fol-
lowed by the APCP sequence: ( τ

2 − π − τ − π − τ
2 )N , where

the τ terms denote waiting times, π denotes a π pulse on res-
onance with the mF = −1 ↔ 0 transition, and the sequence is
repeated N times. The phase of sequential π pulses alternates
by 180◦ to correct for rotation errors, as shown in Fig. 7.

All rf pulses in the sequence are generated by a sin-
gle arbitrary waveform generator for phase accuracy. When
taking data, we observe that the transition frequency drifts
on a timescale of tens of hours, which we attribute to
magnetic-field instabilities in the laboratory. We perform rf
spectroscopy of the transition every few hours to remeasure
the transition frequency and ensure that the APCP pulses are
on resonance.

The APCP sequence generates a series of spin echoes,
which we observe optically as in Ref. [7]. To ensure that we
are measuring the echoes of the original π/2 pulse, and not
some artifact of imperfect pulses, we repeat the experimental
sequence for opposite phases of the initial π/2 pulse, and sub-
tract the two resulting signals. The resulting data are shown in
Fig. 8.

We fit the decay of the echo amplitude to extract the
ensemble spin coherence lifetime T2. As seen in Fig. 8, the
decay curve fits poorly to an exponential. This is similar to
what was observed for prior work measuring the Rb spin
coherence in solid parahydrogen [7]. This is not surprising
because we expect an inhomogeneous distribution of trapping
sites (and distances to nearest-neighbor magnetic impurities
in the matrix) giving rise to an inhomogeneous distribution of
decay times for the atoms in the ensemble.

Similar to the analysis of T1 in Sec. IV, we model our
atomic ensemble as a uniform distribution of decoherence
rates from zero to a maximum value, fit the data to determine
the maximum decoherence rate, and take the ensemble T2 to
be the inverse of the average decoherence rate in the fit [7].
As seen in Fig. 8, this simple model fits the data reasonably
well, with some systematic deviations at early times (likely
due to atoms with decoherence rates larger than the maximum
of the model’s flat distribution) and late times (likely due to
an absence of atoms with near-zero decoherence rates).

FIG. 8. APCP signal, as described in the text. The data were
taken at a magnetic field of 119 G, the π -pulse duration was 2.5 μs,
and the π -pulse repetition rate was 0.3 MHz. The fit, as described
in the text, gives an ensemble T2 of 0.14 s. The density of rubidium
atoms in the red triplet trapping site was 5 × 1015 cm−3.

The measured coherence times are longest at high π -pulse
repetition rates; Fig. 8 shows some of the highest-repetition-
rate data we were able to obtain, limited by the Rabi
frequencies achievable in our current apparatus. We explore
the dependence of the coherence time on the pulse repetition
rate in detail in Sec. VII. We note that this T2 is comparable
to the longest spin-coherence times previously observed for
alkali-metal atoms trapped in solid parahydrogen [7] or he-
lium [1,3].

We also note that achieving long T2 times requires working
at low rubidium densities. Repeating the measurements of
Fig. 8 with a sample doped at a higher density (2 × 1016 cm−3

of Rb atoms in the red triplet trapping site) demonstrated a
significantly shorter T2 of 0.01 s.

VII. ALTERNATING-PHASE CARR-PURCELL
SPECTROSCOPY

The APCP sequence enables us to use the rubidium spin as
a narrow-band AC magnetometer [10]. If the π pulses of the
sequence repeat at a frequency fAPCP = 1/τ (using the termi-
nology of Fig. 7), the spins are sensitive to magnetic fields at
a frequency of fAPCP/2, as well as odd harmonics (3 fAPCP/2,
5 fAPCP/2, ...). By repeating the APCP measurement of Fig. 8
at different values of fAPCP, we obtain a spectrum of the
magnetic noise in our sample, in addition to other sources of
decoherence. This data are shown in Fig. 9 for two different
magnetic fields.

From prior work with NV centers in diamond [32], rubid-
ium in parahydrogen [7], and other systems [33,34], we expect
nuclear spins within the solid neon to be a major source of
magnetic noise and decoherence. 21Ne is the only naturally
occurring isotope of neon with I �= 0. 21Ne (I = 3/2) has
a natural abundance of 0.25% and a gyromagnetic ratio of
3.36 MHz/T [35]. Due to its quadrupole moment, 21Ne has
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FIG. 9. APCP spectra from the same sample at two different
magnetic fields. The dashed vertical lines mark the APCP frequen-
cies at which we would expect to be sensitive to the NMR precession
of 21Ne. The error bands represent the standard deviation of measure-
ments taken over multiple days.

a short nuclear spin T2 and T ∗
2 in the solid: on the order of 1

ms at low temperatures [36,37].
Looking at the data of Fig. 9, at both magnetic fields we

observe an overall increase in T2 with fAPCP, indicating the
presence of significant noise and sources of decoherence at
low frequencies. This is commonly observed for solid-state
electron-spin systems [38]. More notable are the “dips” in T2.
Each spectrum shows two dips corresponding to the NMR
precession frequency f of 21Ne: the fundamental frequency
at fAPCP = 2 f and a harmonic at fAPCP = 2 f /3.

The dip linewidths are wider than would be expected from
prior measurements of T ∗

2 of 21Ne [36,37] or from the Rb T2.

We attribute this to inhomogeneous broadening in the matrix
and expect narrower lines for individual Rb atoms interacting
with individual 21Ne spins [39].

VIII. CONCLUSIONS

When grown under appropriate conditions, rubidium-
doped neon samples have favorable properties for the optical
pumping and detection of the Rb spin state. By using dynami-
cal decoupling techniques, ultralong spin coherence times can
be obtained. This creates an AC magnetometer of sufficient
sensitivity to perform NMR spectroscopy of the co-trapped
(unpolarized) 21Ne nuclear spins, even in ensemble measure-
ments.

In future work we hope to use this system to perform
NMR measurements of single molecules co-trapped within
the matrix. This will require reducing the rubidium density so
as to optically resolve single rubidium atoms in the matrix.
Due to the large broadening of the optical transition (and
accompanying reduction in the light-scattering cross section),
this will likely require transitioning from optical readout via
absorption to optical readout with laser-induced fluorescence
(LIF). Fortunately, it is known that rubidium atoms trapped
in neon emit LIF with high quantum efficiency and are highly
resistant to bleaching [15]. Additionally, prior work has shown
that it is possible to optically detect single atoms and single
molecules trapped in solid noble gases through LIF [40–42],
although state-sensitive detection has yet to be demonstrated.
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