High resolution spectroscopy of thulium atoms implanted in solid noble gas crystals.
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Optically active defects in solid-state systems have many applications in quantum information and
sensing. However, unlike free atoms, which have fixed optical transition frequencies, the inhomoge-
neous broadening of the transitions in solid-state environments limit their use as identical scatterers
for such applications. Here we show that crystals of argon and neon prepared in a closed-cycle
cryostat doped with thulium atoms at cryogenic temperatures are an exception. High resolution
absorption and emission spectroscopy show that the 1140 nm magnetic dipole transition is split
into multiple components. The origin of this splitting is likely a combination of different classes
of trapping sites, crystal field effects within each site, and hyperfine interactions. The individual
lines have ensemble widths as small as 0.6 GHz, which temperature dependence and pump-probe
spectroscopy indicate is likely a homogeneous effect, suggesting inhomogeneity is well below the

GHz scale.
I. INTRODUCTION

With the advancement of quantum technologies, new
sensing applications are emerging that offer new ca-
pabilities as well as the ability to probe new systems
and environments. Various types of quantum sensors,
including clocks! 3, interferometers and gyroscopes* %,
and magnetometers,”-8 are being developed from isolated
atoms in vapor phase. However, building such sensors
with isolated atoms requires a hermetically sealed en-
vironment, often within ultra high vacuum, and yields
low atomic density. Alternatively, one can use solid-
state platforms, including superconducting quantum in-
terferometer devices (SQulIDs)? 12 and color centers in
diamond!* 7. However, such systems typically experi-
ence material inhomogeneity effects that lead to vari-
ation between fabricated devices or between individual
color centers'®!?. A third alternative is atoms embed-
ded in solid noble gases. Compared to atoms in typical
vapor cells, these so-called “matrix-isolated” systems of-
fer higher density, can be deposited arbitrarily close to
the surface of any desired substrate or device, and can
be co-deposited with molecules of interest. We are inter-
ested in such systems with narrow linewidths for detec-
tion of the environment (for example, DC or AC fields)
surrounding the target atoms. In the majority of matrix
isolation work with atoms, however, alkali atoms have
been used where the optical transitions suffer broaden-
ing at the THz level?>?!. Similarly, large broadening
is observed in other species where the optically active
transitions involve valence electrons, including atoms in
groups I, II, and II1%2.

Narrower transitions in the matrix environment can
be observed in lanthanide atoms?3 2°. In fact, for inner
shell transitions, narrow features occur in both liquid
and solid helium?%3'. In previous work, we observed
that when thulium atoms are trapped in argon and neon
crystals, the magnetic dipole transition between the fine
structure levels of the ground state (2F7/2 > 2F5/2)

was split into at least two components with linewidth
less than 1 nm, far narrower than in alkali metals,
and limited by the spectrometer itself. The transition
was studied by excitation of higher energy levels with
visible light and detection of fluorescence on the infrared
transition near 1140 nm>?2. In this work, we perform
both absorption and emission spectroscopy with far
better resolution using laser-induced fluorescence at
1140 nm, revealing that this line in fact splits into many
components with linewidths down to 0.6 GHz, likely
due to a combination of multiple host trapping sites and
crystal field effects at each site. Furthermore, we use the
temperature dependence of the linewidth and the lack
of spectral hole burning to argue that this linewidth
is homogeneously broadened, suggesting MHz-scale
population linewidths are possible in the solid state if
this system is cooled further. If this prediction proves
correct, the Tm:Ar system could contend for the least
inhomogeneously-broadened solid-state optical emitter
known. Even the currently obtained value of 0.6 GHz
full-width half-maximum (FWHM) for an ensemble
width is significantly below most other solid-state
systems; for example, Eu®* in Y503 thin films (5.1 GHz
at temperatures < 100 mK?3?), NV centers in diamond
(5.6 GHz'?) and Yb3+:YAG ( 3.6 GHz**). Comparison
to solid-state platforms that can resolve individual color
centers (such as SiV!®) is less direct, but considering
the distribution to be normal with a standard deviation
of 300 MHz, we estimate an ensemble line would be
Gaussian with FWHM of 0.7 GHz.

II. EXPERIMENTAL SETUP

A schematic of the cryostat chamber and the basic
beam paths for the excitation lasers used in the matrix
isolation experiment is shown in Fig. 1, similar to that
used in®2. However, unlike in previous work, here the
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FIG. 1: (a) Setup for spectroscopy of thulium atoms
trapped in argon or neon crystals. (b) Mount for
clamping the fiber tip, which is glued into a small
copper tube. The orange line represents the incoming
excitation beam. The copper tube is then clamped
between two copper pieces. The circular groove is for
holding an annular permanent magnet.

inert gas (argon or neon) is condensed directly on a mul-
timode optical fiber tip (50 pm core diameter, NA 0.2).
The thulium atoms are co-deposited with the matrix by
ablation with a pulsed laser. The fiber tip is glued with
thermally conductive epoxy into a copper tube with outer
diameter 1.6 mm. A purpose-built mount attached to the
second stage of the cryostat, shown in the inset of Fig. 1,
holds the tip-tube assembly clamped with indium metal
into a V-shaped groove. This mount also can hold an
annular permanent magnet (dimensions: 25.4 mm O.D.,
7.9 mm L.D., 6.4 mm thickness) if needed for doing ex-
periments with magnetic field near the atoms.

In the beginning, when the setpoint temperature is
reached, there is a period of 30-60 seconds when only un-
doped argon or neon is deposited. During this period, the
deposition rate of the noble gas can be recorded in situ
using a diode laser. A diode laser with wavelength 630
nm illuminates the fiber at the other end of the sample,
and the reflected beam spot is detected as it comes out
from the fiber and separated from the incident light by a
beam splitter. As the thickness of the crystal increases,
the reflected light intensity undergoes Fabry-Perot oscil-
lations as shown in Fig.2. The thickness (¢) of the sample
is given by 2tn,, = mA, where n,4 is the refractive index
of the rare gas used, and A the wavelength of monitoring
laser. By fitting the data to a sinusoidal curve with an
exponentially decaying term, the crystal growth is calcu-
lated and extrapolated for 30 minutes of sample growth
to determine the total thickness of the sample. Using
the period of Fabry-Perot oscillation, the deposition rate
of the crystals calculated for our case is about 100-200
nm/s.
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FIG. 2: Oscillations in the monitor laser as the neon
flow begins. The period of oscillation is used to monitor
the growth rate of the sample.

After this initial period of undoped crystal growth,
which also helps in protecting the fiber from becoming
coated with thulium, the pulsed laser is turned on to
dope the remaining growth with thulium atoms. The
ablation is done for 10-30 minutes with 4-6 ns pulses of
4 mJ at 532 nm and 20 Hz repetition, yielding a total
thickness of 60 — 360 pm. At the end of the growth, the
temperature is 5 K at the cold head and 6.9 K on the
lower part of the clamp. The sample may be hotter than
either of these, as the cooling path to the sample runs
through friction mounts, adhesive, optical fiber, and the
rare gas matrix itself. We estimate the density of the
thulium atoms is in parts per thousand.

The sample is excited by an external cavity diode laser,
tunable in the range 1130-1150 nm with a nominal spec-
tral width of 100 kHz. The fluorescence signal is col-
lected through the fiber and detected using an InGaAs
single photon avalanche diode (SPAD). The experiment
and data acquisition sequence are synchronized by an
internal clock from a microcontroller. To perform ab-
sorption spectroscopy, a function generator sweeps the
laser frequency by modulating the cavity length via a
triangle wave voltage to the piezoelectric actuator. This
scans the laser continuously over a mode-hop-free range
of about 0.01-0.02 nm. While the laser frequency is be-
ing scanned, the laser is turned on/off by the TTL pulses
generated by the microcontroller and amplified to get
the required logic output for use with a radio frequency
switch and the AOM. The light is on for a period of
4.9 ms, and the counting begins 200 ps after the laser
is turned off and continues for another 5.1 ms. In our
argon matrix, we observe a typical lifetime following IR
excitation of 30 ms, longer than previously measured un-
der visible wavelength excitation??, and reduced from the
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FIG. 3: The timing sequence for the absorption
spectroscopy.

vacuum value of 140 ms®>. A synchronized TTL signal

triggers the microcontroller to begin acquisition at the
start of each sweep. For detailed scans, we sweep every
22 s; for faster scans, we sweep every 2 s. In the latter
case a falling sweep of 4 GHz (0.02 nm) takes 1 second,
implying a resolution limit of 120 MHz due to the life-
time. The acquisition is done while the excitation light
is switched off, and the timing sequence for absorption
spectroscopy is shown in Fig. 3. One scan is completed
after a set number of pulses, which occurs slightly before
the next trigger is received. The acquired data is av-
eraged for multiple such scans. Usually, only the second
half of the acquired data is used, thus discarding the data
where the wavelength of the laser is decreasing. Intensity
for spectroscopy is typically a few W/cm?, with a total
incident power of up to 40 mW.

Emission spectroscopy involves a similar sequence syn-
chronized to the motion of a linear translation stage,
forming a Michelson interferometer and allowing us to
operate as a Fourier transform spectrometer as described
in36.

For performing spectral hole burning experiments, we
use sequences with three different variations, allowing us
to use only a single laser. All sequences are divided into
three 5 ms time windows: pump, probe, and count. Dur-
ing the pump window, the triangle wave is disconnected
from the piezo and the laser is at a fixed wavelength,
while for the probe and count windows, the piezo scans
as normal. To be consistent, the piezo control always fea-
tures these three windows; however, we switch the AOM
to be on for only the pump, only the probe, or both, as
shown in Fig. 4. In fact, there is a lag of 200 us after
the laser turns off before counting so that the excitation
is not directly detected.

III. RESULTS AND DISCUSSION

Using absorption spectroscopy and detecting all emit-
ted infrared light, we obtain the spectrum shown in Fig.
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FIG. 4: Timing sequence for the spectral hole burning
spectroscopy. The duration AOM is turned on/off is
shown by the black lines for three experiments with
both pump-probe, pump-only, and probe-only light.

5. Because the mode-hop-free tuning range of the cat-
eye laser is small, each of the color traces in the in-
set represents a separate 0.01 to 0.02 nm scan of the
laser. Since large scans must be pieced together from
many small scans, conditions vary slightly between acqui-
sitions. Such conditions include laser power and precise
alignment but may include other environmental factors.
In order to present a more consistent spectrum, we have
manually adjusted the spectra to overlap one another,
which requires only very small corrections (by scaling up
to 15%). In both argon and neon, multiple narrow peaks
are resolved. The presence of multiple peaks can be due
to a multiplicity of trapping sites or a splitting of the
’F, /2 and 2Fy /2 states into sub-levels. Such sub-levels
could result from the crystal field environment breaking
rotation symmetry (crystal field splitting), from vibra-
tional states of the trapped atom with its host “cage”, or
from hyperfine interactions with the nucleus. To estimate
vibrational energies, we can make a rough estimate of the
potential energy landscape of a trapped thulium atom
with the Ar-Ar Lennard-Jones potential®”. This is a con-
servative estimate given that Tm should be more polar-
izable than Ar, and the trapping site geometry should
include multiple Ar neighbors contributing to the poten-
tial. Nonetheless we obtain a vibrational frequency of 275
GHz or 1.2 nm, which is already too large to explain our
results. Multiple peaks may also be due to the presence
of other species - for example, ionized Tm™ or Tm?T,
thulium dimers, clusters, or other compounds. However,
Tm™ has a different ground state fine structure due to
coupling of the 6s electron with the f shell, which splits
J levels so that the only nearby line would be a dipole-
forbidden J =4 — J = 2 transition at 1140.3 nm.
Crystal field effects from a solid argon matrix have
been identified in level splitting at the scale of 100-150
cm ™! in europium?®3?, which is larger than the splitting
observed here. In helium, where both the solid and lig-
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FIG. 5: (a)Absorption spectrum of thulium trapped in
neon. The inset shows a zoomed in view of the
spectrum near 1140 nm, where each color represents one
of the individual scans that are stitched together. (b)
Absorption spectrum of thulium atoms trapped in an
argon sample as grown (black) and in another sample
after annealing (red). The inset shows a zoomed in view
of the annealed sample showing features near 1140.02
nm. The data from the annealed sample is scaled by a
factor of 3 for better comparison.

uid forms can be used as a matrix, these effects can be
explained in terms of a “bubble” surrounding the excited
atom, where in the solid state the bubble distorts accord-
ing to the lattice symmetry. This leads to similarly large
~ 100 cm ™! shifts for cesium 6p states??, but also to a
shift of 5 cm™! on a forbidden transition in copper in
solid helium?’. Therefore, it is not unreasonable to at-
tribute splitting to crystal field effects at this scale on a
forbidden, inner-shell transition.

We find good evidence for both trapping site multi-
plicity and crystal field effects. In argon, the spectrum
changes substantially as the temperature is raised and
subsequently lowered (annealing) (see Fig. 5), favoring
the existence of multiple trapping sites that reconfigure
during the anneal. Some variation of the spectrum with
growth temperature is also observed, further supporting
a model of multiple sites*!. Although Fig. 5 compares

data between different samples, samples grown under the
same conditions have reproducible spectra. Our emission
spectrum (described below) reveals that excitation at one
wavelength can yield emission at several others, suggest-
ing the presence of sub-levels within the 2F5 /2 and 2Fs /2
states. However, considering each of the levels should
be Kramers doublets, a maximum of 12 lines could be
obtained - but more than these are apparent, possibly
because each trapping site has its own set of crystal field
levels. Unfortunately, due to the dense packing of so
many lines, we could not identify specific sub-levels or
measure their energy spacing.

The inset to Fig. 5b shows the region near 1140.02 nm
in detail. At this scale, additional structure is seen, with
four identifiable peaks spaced by 0.5-1 GHz (0.002-0.004
nm). Such separations are comparable to the 1.5 GHz
ground state hyperfine splitting in vacuum*? and may be
provisionally assigned to a hyperfine origin. In a sim-
ple picture, both the ground and excited state Kramers
doublets are split into two levels by the coupling to the
nuclear spin, and there are then four transitions between
them in a roughly symmetric pattern.

To further investigate the sources of broadening, we
performed spectroscopy near 1140.02 nm at different
temperatures. The results are shown in Fig. 6. At
each temperature, the spectrum is fit to a sum of three
Lorentzians and a background (the fourth peak observed
in the inset of Fig. 5b is just outside the scan). Note
that the fit is constrained to have the locations of each
peak fixed at all temperatures, and equal linewidth for
all three peaks at a given temperature. This linewidth is
plotted as a function of temperature in Fig. 6b, which
shows the linewidth decreasing as temperature is reduced
and supports our hypothesis that the linewidth is homo-
geneous thermal broadening from phonons. At tempera-
tures much below the Debye temperature (67 K and 93
K for Ne and Ar, respectively*?), the temperature de-
pendence of the linewidth is expected to be T744%5. Tt is
not clear why the narrowing appears to saturate at lower
temperatures or why this high power law dependence is
not observed. While this could be an unknown additional
broadening source, it may also be related to thermome-
try, as the two thermometers on the cold head and clamp
bottom begin to deviate strongly as the temperature is
reduced below 15 K, so the sample temperature may be
significantly above either reading under the coldest con-
ditions. We observe only minor heating (20 mK increase)
with 40 mW of incident laser power.

We also attempted to find evidence for inhomogeneous
broadening using a spectral hole burning strategy. For
this experiment, the laser was jumped to a “pump” wave-
length, then subsequently to a probe wavelength, then
the light was turned off and the fluorescence recorded.
These data are shown in Fig. 7. We focus on the sup-
pression caused by the pump on the probe fluorescence
(and vice versa, since they are the same intensity), so we
show the fluorescence of the probe alone (minus back-
ground), compared against the pump and probe together
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FIG. 6: (a) Detailed spectrum in argon near 1140.02
nm taken at various temperatures (cold head
temperature indicated). This sample was annealed to
25 K prior to the experiment, so the temperature
dependence shown is reproducible. Solid lines are fits to
a Lorentzian model. In this dataset only, a periodic
noise source affected the detector, so a filter was applied
to remove it. (b) Linewidth (FWHM) from the
Lorentzian model as a function of temperature (both
cold plate temperature and clamp temperature are
shown). At the lowest temperatures, the thermal
conductivity between components is limited and the
sample temperature can’t be precisely known.

minus the pump alone (labeled pump/probe). For ease
of comparison, we also show a scaled-up version of the
pump/probe data. In the case of dominant inhomoge-
neous broadening, we expect the saturation to only affect
those sites with nearby transition frequencies, leaving a
suppressed signal, or “hole,” in the spectrum at the pump
wavelength. However, no such effect is observed, and all
lines are suppressed greatly over their entire width. This
is observed for two different excitation powers. In fact,
the line being pumped is actually suppressed less than
neighboring lines, suggesting the dynamics are beyond
a two-level model. This is also consistent with observa-
tion of significant saturation effects (four times the power
gives only twice the fluorescence even without the pump)
but rather small power broadening (linewidth increases
in the fit by about 15% as the power quadruples). Con-
sidering these facts, we conclude that these particular
lines are split due to sub-levels (likely hyperfine) rather
than multiplicity of trapping sites, and that the inhomo-
geneous broadening is too small to detect with present
methods.

Finally, we performed Fourier-transform spectroscopy
on the fluorescence light. Fig. 8 shows the emission
spectra for four different excitation wavelengths. As can
be seen, excitation at one wavelength yields emission at
many others, supporting the existence of sub-levels from
crystal field splitting. Both red- and blue-shifted lines
are observed because the energy difference between these
sub-levels is within the thermal spread. Common pat-
terns are visible as well, as emission at 1140.6 nm occurs
more strongly for excitation at 1139.88 nm or 1140.20
nm, and these wavelengths are also detected in the emis-
sion pattern when exciting at 1140.6 nm. If the only
source of multiple lines were a multiplicity of trapping
sites, then frequency-shifted emission would not be ex-
pected. Even if the neighboring atoms could exchange
excitation by some inelastic mechanism, we would ex-
pect such a mechanism to predominantly occur for atoms
with similar energies, yet for 1140.6 nm emission, one ob-
tains stronger emission by exciting at 1139.88 nm than at
1140.01 nm. This pattern makes perfect sense in a com-
bined trapping-site/sub-level model if there are trapping
sites with sub-levels responsible for both 1140.6 nm and
1139.88 nm emission, while 1140.01 nm emission involves
another site.

Although the sample is excited by infrared light, there
is emission at visible wavelengths as well, and the sample
can be seen by eye. This is likely due to atoms in the long-
lived 2F; /2 state being further excited and decaying by
an electric dipole allowed transition in the visible range.
The majority of these emission wavelengths match known
transitions in the 570-597 nm range, but an unknown
emission line near 770 nm is present when the sample
is excited with 1140.0 nm light. This could possibly be
coming from a transition out of the 4f2(*Hg)5d5/565>
configuration with J = 9/2 into the ground 2F7/2 state,
which would have a vacuum wavelength of 762 nm.



IV. CONCLUSION

Thulium atoms were embedded in crystals of argon and
neon and we obtained laser-induced fluorescence spec-
tra by excitation with infrared light. By exciting the
magnetic dipole transition, it was observed in both the
absorption and emission spectra that the transition was
split into multiple components. These splittings likely
come from the crystal field of the argon or neon host,
which breaks the rotational symmetry at the trapping
site. The splitting of the 2F7/2 and 2F5/2 levels will de-
pend on the detail of the symmetry breaking at the trap-

ping site, which is not currently known. However, by
a simple counting argument, we believe at least some
lines originate from different trapping sites. Further-
more, we believe most of the linewidth is accounted for
by homogeneous broadening, and there is no evidence
from pump-probe experiments of any significant inhomo-
geneous broadening. This means that it should be pos-
sible to obtain still narrower lines by lowering the sam-
ple temperature. This, together with more sophisticated
pump-probe experiments, should enable a complete char-
acterization of the sub-levels of matrix-isolated thulium,
paving the way for sensing and quantum information ap-
plications requiring a high density of identical emitters.
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FIG. 7: Spectral hole burning experiment in argon,
performed with two different incident intensities
(intensities are increased in this experiment by using a
tighter focus, 600 W/cm? corresponding to 40 mW
total power). The yellow band indicates the wavelength
of the pump. Note that the pump and probe are
distinguished by the pump being applied first (each is
applied for 5 ms), and are equal in power. We show
three curves for each of two power levels: probe only
(with background subtracted), pump/probe (the
fluorescence from both together minus the pump-only
fluorescence), and a rescaled version of pump/probe to
compare with probe only. Solid lines are fits to a
Lorentzian model.
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FIG. 8: Emission features in Tm:Argon obtained by
excitation at wavelengths given in each panel (shaded
orange). Inset shows the emission observed near 770 nm
for the same excitation as the main panel.
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