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We explore the properties of ultra-narrow spectral holes in ensembles of solid-state emitters in crys-
tals over a range of sub-kelvin temperatures, with a focus on their potential application in frequency
stabilization schemes as an alternative to ultrastable cavities. We investigate how the parameters
used to burn the spectral hole impact its shape, and how these factors determine the minimum
achievable linewidth. In addition to the stability of the hole’s center frequency, the linewidth and
contrast play a crucial role in frequency locking. At sub-kelvin temperatures, the temperature-
dependent T7 broadening from two-phonon Raman scattering is expected to be negligible, and the
spectral hole’s linewidth should therefore remain constant in this interval. We observe however a
linear broadening with increasing temperature, highlighting the need for further investigation into
the mechanisms governing the linewidth at ultra-low temperatures.

PACS numbers: 42.50.Wk,42.50.Ct.,76.30.Kg

Highly coherent optical solid-state emitters play an
essential role in scalable quantum technology. Among
these, rare-earth ions doped into crystal matrices have
long been recognized for their exceptional optical coher-
ence properties [1, 2], positioning them as key compo-
nents in a wide array of novel applications. Recent ad-
vancements have highlighted their potential as quantum
memories [3-5] and quantum interfaces for photons [6, 7],
as well as their integration with other qubit systems, such
as solid state nuclear spins [8] or superconducting qubits
[9]. Furthermore, rare-earth ion systems have emerged
as a compelling platform for optomechanics [10-12] and
have demonstrated promise as an alternative to ultra-
stable cavities in the realm of optical frequency metrol-
ogy [13-17]. Here, we will highlight their applications in
optical frequency metrology, though our findings also are
of general importance across much broader areas of their
use.

Frequency stabilization relies on the fact that by selec-
tively burning a spectral hole in the inhomogeneous ab-
sorption profile of these ions, an ultra-narrow and tem-
porally stable spectral feature can be created. Despite
involving 10'2 ions or more, this spectral hole effectively
mimics the homogeneous linewidth of a single ion, pro-
viding a strong signal while retaining excellent coherence.
This stable spectral structure can then serve as a reli-
able reference for locking a laser, enabling the generation
of an ultra-stable optical frequency reference — partic-
ularly valuable for probing optical atomic clocks, which
demand high short-term stability, typically over 1 sec-
ond. The performance of such frequency references de-
pend critically on the stability of the spectral hole over
time, not only in terms of its central frequency but also its
linewidth, both of which are key to robust frequency lock-
ing. One major challenge is mitigating shifts in the cen-

tral frequency caused by temperature fluctuations. These
fluctuations induce a significant frequency shift, propor-
tional to 7%, due to two-phonon Raman processes [18].
We have previously demonstrated the use of a helium
buffer gas to minimize temperature-induced frequency
drifts in the 3-4 K range [19]. Another approach is to
further lower the temperature to the sub-kelvin range, us-
ing a dilution refrigerator. In our recent work, we showed
that this approach effectively renders temperature fluc-
tuations a non-limiting factor for frequency stability in
all practical applications [17].

In this article, we investigate the behavior of spec-
tral hole shapes, a critical factor for enhancing frequency
locking performance, at sub-1-kelvin temperatures. This
ultra-low temperature regime represents a promising new
frontier for applications requiring exceptional frequency
stability. More specifically, the optical phase versus fre-
quency dispersion curve corresponding to the spectral
hole’s absorption profile can be used to produce an er-
ror signal suitable for frequency locking. The narrower
the spectral hole, for a given contrast, the steeper the
slope of this dispersion signal at its center frequency.
As the efficiency of detection noise rejection is propor-
tional to this slope [20], this parameter warrants special
attention. Furthermore, we investigate how the spec-
tral hole shape is directly influenced by temperature in
this regime. These measurements not only aid in evalu-
ating the impact of temperature on frequency stabiliza-
tion but also offer valuable insights into the crystal struc-
ture. Such insights could prove beneficial for future crys-
tal fabrication processes aimed at creating ultra-narrow
linewidth emitters.

We employ a system consisting of Eu?* ions doped
into a Y5SiO5 host matrix (Ew:YSO), using the optical
transition “Fy — ®Dy. This system offers a linewidth



potentially down to 122Hz at 1.4K, as deduced from
photon-echo measurements performed with 100G bias
magnetic field [2]. The Eu®* ions can substitute the Y3+
ions in two different crystallographic sites, referred to
as site 1 and 2, with vacuum wavelengths of 580.04 nm
and 580.21 nm, respectively. As the site 1 holds promise
for better frequency stability [17], we will in the follow-
ing concentrate on this site alone. Our crystal, made by
a Czochralski process followed by annealing, contains a
0.1 at.% europium doping concentration, and has the di-
mensions 8 x 8 x4mm? and is probed perpendicular to the
square facet and parallel to the crystallographic b axis.
Spectral holes are created within the ~ 2 GHz inhomo-
geneous line by resonantly optically pumping Eu?* ions
from the “F, to the ®Dy state. The ions then decay ra-
diatively to the "F} state [18], followed by non-radiative
decay into the three hyperfine states of the "F, mani-
fold. Optical pumping prevents population accumulation
in the particular hyperfine level resonant with the pump
beam, generating a transparent window at this specific
frequency within the inhomogeneous profile. By scanning
the probe laser near the pump-laser frequency, the shape
and frequency of the spectral hole are recorded.

The main elements specific to the work described here
are shown in Fig. 1. More detailed information con-
cerning our basic experimental setup, including laser-,
cryogenics- and control system and can be found in for-
mer publications [15, 16, 21]. In brief, an extended cav-
ity diode laser at 1160 nm is prestabilized, with a con-
trollable offset, onto a room-temperature Fabry-Perot
cavity, achieving a fractional frequency instability of
~2x1071 at 1s. After frequency doubling to reach
the resonances of the Eu®t ions, the laser beam is fur-
ther manipulated with an acousto-optic modulator for
spectroscopy. Differential measurements, with and with-
out the crystal, are carried out by collecting data from
avalanche photodiodes placed in the respective paths. A
software-defined-radio-based frequency control and data
collection system [16] steers the offset frequency and am-
plitude of the laser and generates the desired frequency
modes for spectroscopy. In this work, to reach temper-
atures below 3.5K, we use a dilution refrigerator stage
inserted into our pulse-tube-based system, allowing for
temperatures in the 100 mK to 1K range [17].

Operating at a few hundred millikelvin or lower
not only reduces temperature-induced frequency fluctu-
ations [17], but also sharpens the definition of the spec-
tral holes. As mentioned above, this enhancement is es-
pecially beneficial for reducing the impact of detection
noise, thereby contributing to improving frequency sta-
bility. We therefore focus on determining the critical pa-
rameters in this context, i.e. the spectral hole linewidth
and, more importantly, the center slope of the associated
dispersion signal, which quantifies its capability to dis-
criminate small frequency detunings, essential for effec-
tive frequency locking. This quantity, which we will refer

to as the phase discriminant, is defined as the phase shift
that an optical probe undergoes when it is tuned near the
center of a narrow spectral hole, as a function of the small
detuning from the exact position of the center, as defined
by the phase-shift zero-crossing optical frequency. Note
that the spectral hole linewidth alone is therefore not the
most relevant performance metric: the actual key param-
eter for frequency locking is the phase discriminant, of
which the linewidth is only a component. For example,
a very narrow but shallow spectral hole performs less ef-
fectively than a slightly broader yet much deeper one.
The increased depth of the latter enables a more precise
determination of its center, as quantitatively expressed
by the phase discriminant. Typical examples of spectral
holes and discriminants are presented in Fig. 2 (a) and
(b).

First, to reach the optimal phase discriminants at
different temperatures, we determine the range of
suitable parameters (intensity and duration) for the
spectral hole burning sequence, as these can influence
the outcome through instantaneous spectral diffusion in
the Eu:YSO crystal [18, 22] which in turn can broaden
the spectral hole, and consequently also reduce the
phase discriminant. We find that for optical powers
delivered to the crystal of 100nW (and below), we ob-
serve no effects of spectral hole broadening. This value
corresponds to a Gaussian beam of about 3mm waist
(1/€? radius) and peak intensity of ~ 710nW/cm?. The
results are shown in Fig. 2 where we plot the spectral
hole widths and phase dispersion signals measured for
different temperatures as a function of burn duration
(¢ and d), and examples of the corresponding hole
transmittances and phase dispersion signals from which
these values are extracted (a and b). Note that all burn
durations are sufficiently long to prevent any additional
broadening potentially caused by the Fourier limit.
As expected, the spectral hole widths decrease with
decreasing temperature, whereas the phase discriminant
increases. The optimal burn duration is found in the
interval from 4 to 6 seconds, within which phase dis-
criminant reaches a maximum. For temperatures in the
100 mK to 300 mK range, we were able to obtain phase
discriminant values as high as (0.64 £+ 0.06) mrad/Hz,
which is more than a two-fold improvement compared
to our previously reported work at 3.5K [15]. This
can immediately decrease the impact of detection noise
in particular, by a factor of two or more compared to
our previous assessment [16]. We emphasize that this
result is obtained without the use of strong polarizing
magnetic fields, which are commonly utilized in other
work [23] and which could also improve our result even
further. It is also interesting to note that such a high
phase discriminant corresponds to a group delay of
approximately 100 us, i.e. a speed of the light going
through the 4mm long crystal as slow as 40 m/s,
which is comparable to complex, specifically engineered
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Figure 1: Schematics of the main experimental elements for the study of spectral holes in Eu:YSO at dilution refrigerator
temperatures specifically used in this work. The laser system, which includes frequency pre-stabilization and frequency doubling
(not shown), is indicated in the top left. The setup for optical probing using two avalanche photodiodes (APD), with a zoom
on the crystal, is shown on the top right, as well as examples of recorded spectral holes and corresponding dispersion profiles
(bottom right). Temperature setpoint and temperature readout are also indicated (temperature abbreviated by T).

systems such as those based on electromagnetically
induced transparency [24, 25].

After establishing the optimal parameters for burning
duration and optical power to create the best discrimi-
nants at various temperatures, we proceed by studying
the linewidth as a function of temperature alone to gain
deeper insight into the physical mechanisms governing
linewidth behavior. The linewidth of spectral holes in
Euw:YSO as a function of temperature has previously been
studied above 1.5 K. We here extend these measurements
to the sub 1-kelvin regime, and the results obtained are
shown in Fig. 3. In the first experiment, Fig. 3(a),
a single narrow spectral hole with a discriminant of
0.41 mrad/Hz was burned at 100 mK, then progressively
heated in 100 mK steps up to 1K, followed by cooling
in the same increments. As the data demonstrate, the
hole’s linewidth returns to its initial value upon cooling,
indicating that no significant temperature-independent
broadening occurs, such as broadening caused by re-
peated probing, which potentially could result in over-
burning of the spectral hole as a cumulative effect. Note
that in this first experiment, we have probed the same
spectral hole, burned at 100 mK, across different temper-
atures. Therefore, these linewidths do not correspond to
holes which are burned at the different temperatures in-
dicated in Fig. 3(a). As there exists a possibility that
the dynamics of the hole-burning process may depend on
the instantaneous temperature at the moment of burn-
ing, the temperature could also indirectly influence the
linewidth due to this effect. Thus, in order to assess the
linewidth behaviour corresponding to holes burned at the

given temperatures as well, we conducted a second ex-
periment in which we burned independent holes at each
temperature and immediately probed them at that same
temperature. This approach ensures that the linewidth
reflects the crystal’s temperature at the moment the hole
is burned. Additionally, this method eliminates poten-
tial contributions strain-induced linewidth modifications
[26, 27] that could result from temperature changes. As
an example, we show in Fig. 3(b), black circles, the case
of holes burned independently at different temperatures,
where, in each case, we created the hole with the mini-
mal linewidth possible which still maintains a sufficient
signal-to-noise ratio for reliable detection. This was done
by adjusting the burn duration to 0.1s and the power
to 10nW. Finally, as an alternative approach, we also
extrapolated the fits in Fig. 2(c) to zero burn duration
in order to determine a minimum linewidth for differ-
ent temperatures. The result is shown in Fig. 3(b), red
squares.

For all curves, we observe a clear linear dependence of
linewidth as a function of temperature. According to the-
ory and verified experimentally at higher temperatures
[18, 23], the two-phonon Raman broadened linewidth of
a spectral hole follows the I'g +a x T7 relation, where I'y
is the zero-temperature linewidth, and a was measured
by other groups to be 0.0072 Hz/K” [18] or 0.044 Hz/K"
[23] (according to Ref. [23], the difference between these
coefficients is possibly due to the varying measurement
techniques). In our case, even using the highest reported
« value, the linewidth increase from the two-phonon Ra-
man from 0 to 1K amounts to just 0.044 Hz, which is
not only negligible compared to the zero temperature
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Figure 2: Top: Measured spectral hole absorption profiles (a) and phase dispersion curves (b) at different temperatures, with
the inset corresponding to a zoom on linear fits of the central part of the dispersion curves (centered in frequency and all
temperatures superposed). Bottom: Measurements of spectral hole linewidths (¢) and corresponding phase discriminants (d)
for different temperatures, as a function of hole burn duration. The black circles around data points correspond to the hole
profiles and phase dispersion curves plotted in (a) and (b) above. The dashed lines in (c) correspond to ad hoc fits (az® + o),
which allows us to extrapolate the linewidth to zero burn duration. The dashed lines in (d) connect the data points and are
only for guiding the eye. All holes have been burned with 100 nW laser power, and all data corresponds to the crystallographic

site 1.

linewidth, but also negligible compared to the increase
we observe (see dotted lines in Fig. 3). Thus, no sig-
nificant two-phonon Raman induced broadening is ex-
pected to be visible within this temperature range. In-
stead, we observe in all three cases a linear increase in the
linewidth with temperature, although the prefactors dif-
fer significantly. In Fig. 3(a), the coeflicient obtained is
(0.48 + 0.04) kHz/K, while in Fig. 3(b), we obtain (0.82
+ 0.05) kHz/K, and (0.95 + 0.06) kHz/K for the black
circles and red squares, respectively. Note that we do
not expect a quantitative agreement among the three ob-
tained coefficients, as the procedures differ significantly.
Nevertheless, the shared linear behavior combined with

coefficients of the same order of magnitude strongly sug-
gests an underlying mechanism that warrants further in-
vestigation.

Interestingly, a linear behavior, observed in photon-
echo experiments, has previously been reported in eu-
ropium [28-30] and other rare-earth-doped crystals [31]
at higher temperatures (1.5 to 5.5 K), and below 1 K in
silicon-vacancy centers in diamond [32]. The authors of
these studies primarily attribute the linear dependence
to disorder modes or two-level systems (TLS), generally
only observed in amorphous materials. These TLS give
rise to a broad spectrum of excitation frequencies, with
an approximately constant density of states [28]. In ref-
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Figure 3: Measurements of the Full Width at Half Maximum (FWHM) of spectral holes as a function of temperature with
linear fits. In (a), a single hole was burned (using 100 nW laser power) and then subjected to heating and cooling cycles, while
in (b) independent holes for each new temperature are used — either by adjusting the burn parameters (10 nW laser power)
to achieve minimal FWHM for each new temperature (black circles) or by extrapolating the data in Fig. 2(c) (100 nW laser
power) to zero burn duration (red squares). Thus, panel (a) tracks the evolution of the same hole, whereas panel (b) ensures
that each FWHM measurement is independent of previous thermal history. The dotted (near-horizontal) lines represent the
expected linewidth based on two-phonon raman broadening alone. All data correspond to crystallographic site 1.

erence [29], the authors observed this linear dependence
only in some of their Eu:YSO samples, which they re-
ferred to as anomalous crystals, based on their general
properties. However, based on the properties of our
crystal, such as its inhomogeneous linewidth, it seems
unlikely that our sample qualifies as anomalous based
on this definition, and yet we still observe a linear de-
pendence. This suggests that the presence of TLS may
be a matter of degree, dependant on exact crystal fab-
rication process, rather than an absolute all or nothing.
Further complementary investigations are needed to fully
understand the physical mechanisms responsible for the
linewidth variation at these very low temperatures. For
instance, a highly resolved measurement of the crystal’s
specific heat capacity as a function of temperature be-
tween 100 mK and 1K should be able to reveal the pres-
ence of TLS [33], if such features exist.

In this article, we investigated spectral holes in Eu®* :
Y,Si05 at sub-1 kelvin temperatures. By carefully opti-
mizing the burning duration and power, we demonstrated
the ability to produce ultranarrow holes with high con-
trast, enabling phase discriminants that are more than
twice as sensitive as those previously observed at 3.5 K.
The best value achieved (0.64 mrad/Hz) corresponds to
an effective light speed through the crystal as low as 40
m/s. Additionally, we examined the temperature depen-
dence of the linewidth and found a linear relationship in
this low-temperature regime. This finding, although re-
quiring further investigation, may contribute to a deeper
understanding of thermodynamic effects at the micro-
scopic level, and could be of benefit for improving further

the crystals in the future.
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