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We have grown crystals of solid parahydrogen using a single closed-cycle cryostat. We have
doped the crystals with rubidium atoms at densities on the order of 107 cm™ and used optical
pumping to polarize the spin state of the implanted atoms. The optical spectrum of the rubidium
atoms shows larger broadening than previous work in which the rubidium was implanted in solid
argon or neon. However, the optical pumping behavior is significantly improved, with both a larger
optical pumping signal and a longer longitudinal relaxation time. The spin relaxation time shows a
strong dependence on orthohydrogen impurity levels in the crystal, as well as the applied magnetic
field. Current performance is comparable to state-of-the-art solid state systems at comparable spin

densities, with potential for improvement at higher parahydrogen purities.

PACS numbers: 32.80.Xx, 32.30.-r, 07.55.Ge

Experimental systems with localized electron spins are
of interest for applications such as qubits [1] and mag-
netic sensors [2-4], for exploring many-body physics [5],
and for fundamental physics experiments [6]. Key perfor-
mance requirements for these applications are the ability
to efficiently prepare and detect the spin states, and the
ability to achieve long coherence times (T3) at high den-
sities.

A promising, relatively unexplored physical system for
achieving those criteria is atoms implanted in a cryo-
genic parahydrogen matrix. In this work, we investigate
rubidium atoms implanted in parahydrogen at densities
on the order of 107 em™3. We demonstrate the ability
to prepare and detect the Rb spin states, and measure
the longitudinal relaxation time of the spin (Ty). Ty is
important because it provides a fundamental limit on the
coherence time (although we note that many systems fall
short of that limit) [7, 8].

There are many other systems attempting to attain
these same goals. For example, gas phase atoms and
ions may be localized in magnetic, electric, or optical
traps. While these systems can achieve excellent coher-
ence times, they are currently unable to attain compara-
bly high densities. The only systems capable of achiev-
ing such high densities are those that “trap” spins in
the solid phase. Two well-developed solid-phase systems
are NV centers [1] and phosphorous donors in silicon [9].
The spin state of NV centers may be optically prepared
and measured with high efficiency. For cryogenic sam-
ples with NV densities of 5 x 107 ecm™3, T; ~ 17 s
[7]. Phosphorous donors in silicon have shown both high
efficiency readout and electron spin relaxation times of
T; ~ 3 x 103 s at low densities and cryogenic temper-
atures [8, 10]. However, the relaxation time degrades
rapidly with increasing density, and drops to T1 ~ 1 s at

densities of 1017 cm™3 [9, 10].

We note that longer relaxation times and coherence
times may be achieved at even higher densities when em-
ploying nuclear spins: rare-earth ions in cryogenic crys-
tals exhibit decoherence times on the order of 10% s at
densities of 101 ecm™3 [11, 12]; liquid ?°Xe has longi-
tudinal and transverse relaxation times on the order of
103 s at densities of 10*? cm™3 [13].

Another promising route for achieving high densities
of addressable electron spins are matrix isolation experi-
ments, where atoms or molecules of interest are trapped
inside a cryogenic matrix of an inert material. Tradition-
ally, noble gases are chosen for this role. High densities of
dopant atoms can be achieved, and because of the weak
interaction with the host matrix, the dopant atoms re-
tain many of the favorable properties of gas-phase atoms
[14].

Optical pumping of the spin state of rubidium atoms
in a solid argon matrix was previously demonstrated [4].
However, T, times were not competitive with NV centers,
and polarization signals were small, indicating that either
state preparation or readout (or some combination of the
two) was poor. Rubidium atoms implanted in solid neon
demonstrated even worse behavior [15]. Much better re-
sults were obtained for Cs atoms in solid helium, where
optical pumping and readout was significantly more ef-
ficient, and T; times of ~ 2 s were observed [16, 17].
However, no one has yet been able to achieve high den-
sities of implanted alkali atoms in solid helium [18].

In this work, we show that Rb atoms implanted in
parahydrogen are able to achieve polarization signals and
T; times roughly one order of magnitude higher than
what was accomplished in argon. Surprisingly, T; times
superior to that of alkali atoms in either solid [16, 17] or
superfluid [19] helium were observed at densities many



orders of magnitude higher. Parahydrogen shows results
competitive with what has been achieved with NV cen-
ters and phosphorous donors in silicon, with the poten-
tial for improvement and the possibility of working with
a wide variety of dopant atoms.

We grow our samples by co-condensing parahydrogen
and atomic rubidium on a cold substrate, as described
in the Supplemental Material [20], which includes Refs.
[21-28]. The fraction of orthohydrogen impurities is <
1%. An optical spectrum of a typical crystal is shown in
Fig. 1; the section doped with rubidium was 1 mm thick.
From the absorption spectrum in Fig. 1, we determine
the Rb density to be 1 x 107 cm™3.
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FIG. 1. (Color online) Spectra of rubidium-doped parahydro-
gen crystals, before and after exposure to broadband light, as
described in the text. Both spectra show enormous broad-
ening when compared to gas-phase Rb atoms, which has two
strong, narrow absorption lines at 780 and 795 nm. The trans-
mission T" of the crystal is determined by comparing spectra
before and after crystal deposition; T' = e~ °P

Two spectra are shown in Fig. 1. Both were taken at
the base temperature of our cryostat, two days after crys-
tal growth. In the first spectrum, the crystal had minimal
exposure to light during and after its growth. This spec-
trum was similar to the spectrum immediately following
crystal growth, indicating that changes to the spectrum
in the absence of applied light are slow or nonexistent.
The second spectrum shows the same crystal after expo-
sure to broadband light from a halogen lamp for roughly
5 hours at an intensity of ~ 1 mW /cm?. The second spec-
trum shows a dramatic change due to exposure to light;
indicating a strong light-induced change in the structural
configuration of the Rb atom defects in the parahydrogen
matrix.

The existence of multiple “trapping sites” has been
long understood to be a feature of cryogenic matrices [29)].
A notable exception to this rule is solid *He, in which

all trapping sites are equivalent [18, 30]. IR spectra of
molecules in parahydrogen indicated that the same was
true for parahydrogen crystals [31]. However, Fig. 1
suggests the existence of multiple possible trapping sites
for Rb atoms in parahydrogen: one which gives rise to
absorption peaks in the 650—800 nm range, and others
which give rise to absorption peaks in the 500—650 nm
and 800—950 nm ranges. The data of Fig. 1 suggests
that the application of light causes the majority of the
latter trapping sites to reconfigure into the former. This
is similar to what was previously observed with alkali
atoms in noble gas matrices [4, 15, 32].

More investigation is likely needed to conclusively de-
termine how the Rb and parahydrogen lattice are mod-
ified by optical excitation. We speculate that the mul-
tiple trapping sites may be due to the size of the Rb
atom [33], which is relatively large compared to the in-
termolecular distance of the parahydrogen crystal [34].
Consequently, it is likely that the Rb atoms occupy a
double-substitutional site or a single-substitutional site
with a vacancy next to it. Various possible orientations
of double-substitutional sites would result in different ex-
citation energies. The energy imparted to the crystal by
optical excitation of the Rb atoms may allow a local “an-
nealing” to form the most stable trapping structure.

We note that additional exposure to the light source
produces negligible change in the spectrum. All subse-
quent data in this paper will be for crystals after exposure
to the light source.

We optically pump the implanted Rb atoms using a cir-
cularly polarized laser at 755 nm. We monitor the spin
polarization of the atoms with a weak “probe beam” at
the same frequency. Typical pump and probe intensities
are 10* mW /cm? and 10! mW /cm?, respectively, with
beam waists on the order of 200 ym. After the linearly-
polarized beam is sent through the sample, waveplates
and a Wollaston prism are used to separate the probe into
its LHC and RHC-polarized components, which are mea-
sured on two photodetectors. Both the pump and probe
beams are controlled with mechanical shutters. Typically
the probe is chopped at a low duty cycle to minimize its
optical pumping effects.

Data from the photodetectors is shown in Fig. 2 for
two different magnetic fields, after pumping by a LHC
pump beam. For the intensity used, the atomic spin state
is pumped on a timescale < 10 ms; the pumping rate is
limited by the laser intensity. In Fig. 2, the crystal
was pumped for a duration of 80 ms, to saturate the
polarization.

We see negligible spin polarization after optically
pumping in the presence of a magnetic field which is
transverse to the direction of light propagation: the ab-
sorption of LHC and RHC light is the same. This is ex-
pected, as the transverse field causes the atoms to precess
rapidly, thus preventing the accumulation of significant
polarization. For a longitudinal magnetic field, this is not



the case, and we see a clear signature of spin polarization
in the differential absorption of LHC and RHC light (i.e.
circular dichroism).
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FIG. 2. (Color online) Measurement of optical pumping for
a transverse field of ~ 0.5 G and a longitudinal field of 80 G.
The crystal was optically pumped at ¢ = 0. The transmission
signals are normalized to a level of 1 before optically pumping.
This parahydrogen crystal had a Rb density of roughly 2 x
10'% cm ™3 and a peak OD of 1.5.

Of particular note in Fig. 2 is that we observe lit-
tle “bleaching” of the crystal by the pump light: the
transmission of unpolarized light through the crystal is
affected only slightly by the pump beam. This stands
in stark contrast to earlier work examining rubidium in
neon, argon, krypton, and xenon, in which the applica-
tion of resonant light would severely reduce the optical
depth of the crystal [4, 15, 32].

Fig. 2 shows typical behavior for data taken after
recent prior exposures of the crystal to pumping light.
However, we note that the first exposure of the crystal
to the pumping light decreases the OD by roughly 10%.
Once this occurs, additional application of pump light
has negligible additional effects on the transmission, as
seen in Fig. 2.

We also note that over the timescale shown in Fig. 2,
there is a slight overall increase in the transmission due to
optical pumping by the probe. By varying the duty cycle,
we verify that — for the data presented in this paper —
this pumping by the probe has a negligible effect on the
longitudinal relaxation time.

To extract a spin polarization signal, we calculate the
ratio of the (normalized) transmission of the LHC and
RHC beams, as shown in Fig. 3. The polarization signal
is larger than prior work in argon by an order of mag-
nitude [4]. However, it is still smaller than in solid He,
where 50% contrast was reported [35].

The decay does not fit well to exponential decay with
a single lifetime. We suspect that different trapped Rb

atoms decay at different rates, depending on their imme-
diate environment. As a compromise, we fit the data to
the sum of two exponentials, as shown in Fig. 3, and
extract two time constants for T;.
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FIG. 3. (Color online) Spin polarization signal, as described
in the text. The longitudinal field data is fit to a double
exponential. Experimental conditions were the same as Fig.
2.

We have measured T; as a function of crystal tem-
perature, magnetic field magnitude, Rb density, and the
parahydrogen purity of the crystal. Working with a lon-
gitudinal field of 80 G and our lowest orthohydrogen frac-
tion (see Supplemental Material [20]), no dependence on
temperature (to within +£10%) is seen over a tempera-
ture range from 2.7 to 4.2 K. Similarly, no dependence
on Rb density (to within £10%) is seen over a range from
2% 10 cm™3 to 1 x 1017 cm 3. However, T; shows dra-
matic changes with the applied field and parahydrogen
purity, as discussed below.

Fig. 4 shows the time constants obtained from the
double-exponential fit as a function of the longitudinal
field. There is a strong dependence on the applied field,
with significantly longer relaxation times at high field.

Similar behavior was observed in NV centers at cryo-
genic temperatures [7], in which it was attributed to
“cross-relaxation” effects. This behavior was also ob-
served in optical pumping of Cs in solid helium in the
hexagonal phase [36]. In that work, the lengthening of
T; with increasing magnetic field was attributed to the
Zeeman interaction decoupling the spins from their inter-
action with the anisotropy of their local trapping site. We
speculate that similar phenomena may be happening in
the parahydrogen system: spin relaxation may be driven
by interaction of Rb with the anisotropic crystal field of
the solid hydrogen matrix. By increasing the strength of
the Zeeman interaction, this may effectively decouple the
spin from the crystal field anisotropy.
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FIG. 4. (Color online) Longitudinal relaxation times as a
function of the applied longitudinal magnetic field.

Fig. 5 shows the relaxation time as a function of crystal
purity. To obtain this data, we have grown crystals with
varying orthohydrogen fractions by varying the tempera-
ture of the ortho-para converter. The optical spectrum of
the implanted Rb atoms shows little dependence on the
orthohydrogen percentage over this range. Neither does
the size of the polarization signal. However, T; shows a
strong dependence, as seen in Fig. 5.
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FIG. 5. (Color online) Inverse relaxation time as a function
of the orthohydrogen fraction. The orthohydrogen fraction is
calculated assuming the hydrogen has reached thermal equi-
librium in the ortho-para converter, as discussed in the Sup-
plemental Material [20]. The inset shows the same data, plot-
ted as relaxation time vs. the ortho-para converter tempera-
ture.

The orthohydrogen impurities in the crystal clearly
play a significant role in the relaxation time. We spec-

ulate that this may be due to an increased anisotropy
of the crystal field if there is a nearby orthohydrogen
molecule. However, further study is needed for a con-
clusive understanding of this effect, as well as the field
dependence.

Regardless of the mechanism, the data strongly sug-
gests that performance superior could be achieved with
parahydrogen crystals of higher purity. We note that
orthohydrogen fractions < 10~* have been achieved in
prior work [37].

In conclusion, we believe that atoms implanted in solid
parahydrogen host are a promising experimental plat-
form for many applications. Even in this exploratory
work, we have demonstrated T;’s and optical state prepa-
ration and readout that are comparable to the best exist-
ing systems at comparable spin densities. We believe this
system merits further exploration, including the measure-
ment of coherence times, the preparation of crystals of
higher parahydrogen purity, and the exploration of other
atomic dopants.
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