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The possibility of generating a narrow spectral hole in a rare-earth doped crystal opens the gateway to a
variety of applications, one of which is the realization of an ultrastable laser. As this is achieved by locking in a
prestabilized laser to the narrow hole, a prerequisite is the elimination of frequency fluctuations of the spectral
hole. One potential source of such fluctuations can arise from temperature instabilities. However, when the crystal
is surrounded by a buffer gas subject to the same temperature as the crystal, the effect of temperature-induced
pressure changes may be used to counterbalance the direct effect of temperature fluctuations. For a particular
pressure, it is indeed possible to identify a temperature for which the spectral hole resonant frequency is
independent of the first-order thermal fluctuations. Here, we measure frequency shifts as a function of tem-
perature for different values of the pressure of the surrounding buffer gas, and identify the “magic” environment
within which the spectral hole is largely insensitive to temperature.

DOI: 10.1103/PhysRevA.107.013518

I. INTRODUCTION

Rare-earth ions doped inside a crystalline matrix, when
utilized at cryogenic temperatures, can exhibit optical features
with extremely narrow spectral width, in fact record narrow,
for certain combination of materials, when compared to other
solid state materials. Classical [1] and quantum [2–5] infor-
mation processing schemes, quantum memories [6,7], and
more recently, quantum optomechanics [8–10] are domains
that take advantage of such properties. Furthermore, high
precision laser frequency stabilization [11–14] has also been
shown in the last decade, to potentially benefit from the use
of such materials. In this latter application, even more than
others, the perturbations potentially induced by the cryogenic
environment must be sufficiently controlled in order to mini-
mize frequency fluctuations of the narrow optical structures.
Such perturbations include vibrations, which influence the
spectral hole through variations in mechanical strain [15], as
well as temperature fluctuations, which typically will give rise
to frequency fluctuations of the spectral structure. In general,
the frequency of the spectral hole has been observed to be
highly dependent on temperature (proportional to T 4 [16],
with T in Kelvin). For instance, europium ions doped into
an yttrium ortho-silicate matrix is the material that has been
explored so far for optical frequency metrology applications
due to the relative ease of obtaining kilohertz narrow spectral
features by the technique known as spectral hole burning. In
this case, the relative frequency instability of a given spectral
hole of the order of 10−15 requires a temperature instability
below 10−4 K, which is challenging to maintain durably for a
standard 4-K cryogenic system. It is, however, possible, when
surrounding the crystal in a cryogenic temperature helium
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buffer gas which is subject to the same temperature fluctu-
ations as the crystal, to identify a particular pressure of the
helium, for which the resulting frequency fluctuations due to
the temperature variations are minimized. More precisely, a
shift in the temperature gives rise both to a direct shift in
frequency, and also to a change in pressure, which in turn also
shifts the frequency (through a modification of the mechanical
strain of the crystal). For a given pressure and temperature set
point, it is possible to have these two effects compensate each
other to the first order, such that only a quadratic temperature
dependence remains [17], realizing a “magic” environment
for minimizing frequency fluctuations around the minimum
of the temperature-frequency curve. In the following, we will
study these temperature effects, and determine a suitable pair
of temperature-pressure values for which such environment is
realized.

II. THE EXPERIMENTAL SYSTEM

The rare-earth ion used in our study is the europium ion
(Eu3+) doped into a Y2SiO5 crystal (abbreviated to Eu:YSO in
the following) mentioned above. This system exhibits one of
the most narrow linewidths observed for an optical transition
in a solid state environment. We use a 0.1 at.% europium
doping density. The 7F0 → 5D0 optical transition corresponds
to a wavelength of 580 nm. This particular transition can
exhibit coherence times of the order of milliseconds [18,19].
The europium ion can be substituted in two different positions
in the YSO matrix, commonly referred to as site 1 and site 2
(with vacuum wavelengths of 580.04 and 580.21 nm, respec-
tively). In the following, we will only consider site 1, but we
expect that similar results can be obtained for site 2. Due to the
size disparity between Eu3+ and Y3+ ions, the doping causes
deformations in the crystalline matrix, that in turn gives rise
to an inhomogeneous broadening of the absorption profile of
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Eu3+ ions with a linewidth typically of the order of 2 GHz in
full width half maximum (FWHM) for a 0.1% doping level.
To take advantage of the narrow single ion linewidth, and still
exploit a large fraction of the ions, we employ the techniques
of spectral hole burning [16], which is essentially optically
pumping a subclass of ions, identified by their common reso-
nance frequency, away to a metastable state, leaving a “hole”
in the absorption spectrum. The spectral holes reproduce the
narrow features of the single ions, but possess a much larger
signal-to-noise ratio. We can achieve experimentally spectral
holes of the order of 3–4 kHz FWHM. The experimental setup
is similar to the one used in our previous studies (see, for
instance, [15,20,21]) and the reader is referred to these pa-
pers for experimental details on the laser and photodetection
system. In particular, the measurements require an ultrastable
laser, which is realized by frequency locking a laser to a
reference cavity using the Pound-Drever-Hall locking scheme.
We obtain a laser frequency instability close to 10−14 for
time constants in the range of 1–100 s, and a corresponding
linewidth of a few hertz. The absorption profiles, obtained by
first burning a spectral hole with the laser at comparatively
large optical power (≈10 µW), and later scan the frequency of
the same laser but operated at much lower power (≈100 nW),
are recorded using avalanche photodiodes and the heterodyne
method presented in [15].

We use a commercially available, low-vibrations, closed
cooling-cycle cryostat (OptiDry from MyCryoFirm), to main-
tain the crystal (cuboid 8 × 8 mm transverse dimensions,
probed along the 4-mm-long b crystalline axis with polariza-
tion along the D1 dielectric axis) at 3–6 K. Optical access is
ensured by BK7 view ports with more than 1 cm clearance
diameter. To confirm the dependence of frequency of the
spectral hole on temperature, our first series of measurements
are performed in vacuum (pressure <10−6 Pa), and the tem-
perature is controlled by positioning the crystal directly on
a copper plate, in thermal contact with the cold plate of the
cryostat but equipped with electrical heaters and thermistor
controlled by a commercial active servo loop specialized for
cryogenic systems (Lakeshore 350). We note that the temper-
ature is stabilized to better than 1 mK at each measurement
point (see Fig. 2 and discussions below).

Finally, also note that the frequency reference is provided
by the reference cavity mentioned above, whose own fre-
quency drift is always lower than 50 Hz (in absolute value)
over the course of the full measurement runs (a few minutes
each) and thus deemed negligible. This has been verified by
an independent measurement against a metrological compos-
ite reference utilizing an active hydrogen maser, an optical
frequency comb, and an optical reference cavity at 1.5 µm
wavelengths.

III. MEASUREMENT RESULTS

The results of these measurements are shown in Fig. 1,
which represents the measured frequency shift of the spectral
hole at different temperatures.

Figure 2 shows typical temperature fluctuations of the 4 K
stage of our cryostat as a function of averaging time. The tem-
perature is measured by a Carbon Ceramic Sensor (Temati)
calibrated by the manufacturer of our cryostat. Both free

FIG. 1. The thermal sensitivity of the spectral hole (crystal site
1) in a vacuum chamber. The crystal is attached to a cold copper
plate using silver lacquer. The data points represent the measured
frequency shift of the spectral hole at steady state when the tempera-
ture is changed and stabilized, with a starting temperature at 3.15 K.
The statistical error bars (for both temperature and frequency) are of
the size of the data markers, and thus appear invisible. The dashed
line is the fitting of the data with a quadratic model.

running and stabilized temperatures are shown. Without a
servo loop, we observe a slow drift at long timescales. Once
the stabilization is active, the temperature fluctuations are on
the order of hundreds of microkelvin or below for an averag-
ing time of 1 s or longer.

For the crystal in vacuum, for ions in site 1, we measure a
thermal sensitivity of 17 ± 1 kHz/K at 3.15 K, corresponding
to a linearization of the fitting curve shown in Fig. 1. This
result is situated in between measurements performed by two
different groups, yielding in one case 21 ± 2 kHz/K [16] and
in the other case 10 kHz/K [17]. These variations might be
attributed to differences in the exact mounting of the crystal.
In our case, in the vacuum configuration, the crystal has been

FIG. 2. Typical temperature fluctuations (Allan deviation) as a
function of averaging (integration) time. The circles show the free
running temperature, and the triangles show the stabilized temper-
ature (as measured by the sensor used in the servo loop, since we
do not currently have the necessary extra sensors for an independent
out-of-loop measurement). The temperature fluctuations are on the
order of hundreds of microkelvin or below for an averaging time of
1 s or longer once the servo loop is turned on.
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FIG. 3. The internal vacuum chamber for achieving the temper-
ature and pressure coupled environment. A photo of the IVC which
consists of a cylindrical cell, with a diameter of 52 mm, is shown in
(a), in which a tube allows the injection of helium gas, forming an
isotropic pressure on the crystal as illustrated in (b).

glued to the support for better thermal contact, which might
alter the effective sensitivity. This is contrary to what we do
in the following when the crystal is immersed in a helium gas,
where it is positioned directly on the support without glue, and
thus can freely expand and contract.

In order to identify and realize a “magic” environment,
we need to be able to create a controlled, isotropic pressure
around the crystal, with a temperature dependence that fol-
lows that of the crystal and which induces pressure changes
similar to that of an ideal gas at (mostly) fixed volume
and atom number. Therefore, we need a sealed environment,
which conserves the initial amount of gas (maintaining a
constant number of gas particles) such that a change in tem-
perature gives rise to a change in pressure. To do so, we add
a smaller, internal vacuum chamber (IVC) of approximately
2 × 10−4 m3, in which we can fill a variable amount of helium
gas (see Fig. 3). On the top of the IVC, a pipe connecting
the inside of the cell to the exterior of the cryostat allows for
either gas injection or for pumping of the cell through two
manual valves situated at room temperature. During our mea-
surements, both valves are closed such that the total amount
of injected helium gas is constant. The constant volume is also
achieved due to rigid tubings in addition to the IVC itself.
A pressure gauge (CERAVAC CTR100, 0.2% accuracy) is
positioned close to the injection point at room temperature.
Here, instead of a copper plate used for the measurements
in vacuum, the crystal is now put on a plastic post (which is
thermally isolating) inside the IVC, such that the temperature
of the crystal is determined by the temperature of the sur-
rounding gas. The temperature stability of the IVC is similar
to that obtained without the IVC shown in Fig. 2. Note that
we do not have direct information about the temperature of
the crystal itself as the IVC is not equipped with leak-proof
electrical connections.

The measurement sequence is given as follows: We first
pump the IVC down to vacuum, then add in helium gas to
reach the desired isotropic pressure. We subsequently measure
the frequency of the spectral hole at different temperature set
points, starting at 3.4 K. Before each measurement, we allow
the crystal to thermalize with the surrounding gas (approx-
imately 2 min, depending on the pressure). Thermalization
is confirmed by the stability in time of the frequency of the

FIG. 4. When temperature is varied, the spectral holes shift in
frequency. Data are shown for three different initial pressures corre-
sponding to a starting temperature of 3.4 K for crystal site 1. When
the temperature is increased, the pressure (not shown) is also led to
evolve (increase, in fact). Each data set is fitted using a quadratic
model (dashed lines). In the middle curve, indicated by circle-shaped
markers, a magic point at 3.7 K is identified, for which a first-order
cancellation of temperature and pressure effects is observed. The sta-
tistical error bars (for temperature and frequency) are also included
here. Since they are of the size of the data markers, they appear to be
invisible.

spectral hole. The measured frequency shift of the spectral
holes as a function of temperature are shown in Fig. 4. In
particular, one magic environment can be observed for the
middle curve, with an initial pressure of 459 Pa (circle mark-
ers). This curve presents a minimum at 3.7 K, corresponding
to a pressure of 526 Pa. This pressure value corresponds to
a direct measurement, and deviates slightly from the value
obtained by assuming that it follows the ideal gas law, in
particular due to a temperature gradient along the tubings.
The data can be fitted with a quadratic model (residual tem-
perature dependence at the magic environment), arising from
second-order development of the theoretical expression δν =
α(T0 + δT )4 + β(T0 + δT ) − ν0, where T0 is set to the initial
temperature of 3.4 K for which spectral hole imprinting oc-
curs, δν is the frequency offset of the hole with respect to
its value at T0 (ν0 therefore corresponds to the hypothetical
frequency of the hole which would be obtained at 0 K in this
model), δT is the offset temperature from the T0 value, and α

arises from the direct temperature dependence of the crystal
and β from the pressure-induced shift (with the pressure itself
assumed to be varying linearly with temperature [17] over
the explored temperature range). The obtained second-order
sensitivity is of the order of 20 kHz/K−2. In the perspec-
tive of realizing an ultrastable laser by locking to a spectral
hole, at this magic point, typical temperature fluctuations of
the order of 10−4 K (as discussed above) imply a fractional
frequency instability of the laser of 4 × 10−19, which is well
below the instability resulting from other sources of noise
currently identified in our experiment, and thus no longer a
limiting factor. We emphasize, however, that this cancellation
of temperature sensitivity is valid only provided that the state
of thermal equilibrium between the crystal, helium gas, and
mechanical enclosure is reached, which takes a finite time
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FIG. 5. The normalized FWHM of the spectral holes (with re-
spect to the initial spectral hole) as a function of temperature. The
values correspond to the measurements presented in Fig. 4.

and may not allow perfect cancellation at short timescales.
A detailed time response analysis to various sources of tem-
perature perturbation, beyond the scope of this work, may
be necessary to assess the efficiency of this method at short
timescales.

We point out that the parameters defining the observed
magic environments (starting pressure and temperature at
which the minimum is achieved) should be the same (for
the same transitions) for different samples of europium ions
doped into high-purity YSO single crystals to within the
measurement uncertainty of these values (an uncertainty in
pressure of 0.2% corresponding to 1 Pa for the 459 Pa curve
in Fig. 4, and below 1 mK for all temperature measurements).
This is due to the fact that the europium ions have the same va-
lence and approximately the same ionic radius as the yttrium
atoms they substitute, thus the observed pressure and tempera-
ture sensitivities (and their combination) vary minimally from
one sample to another.

In addition to a shift in the center frequency of the spectral
holes, we also plot the effect of the temperature on the widths
of the spectral holes, normalized to the initial width (see
Fig. 5). In the context of achieving an ultrastable laser by
locking its frequency to a narrow spectral hole, the increase
in linewidth does not in principle affect the central frequency,
but can change the response of the system (and therefore
the effective gain of the servo loop) and potentially diminish
the advantages of the narrowness of the structure, depending
on the extent to which the hole is broadened. Such effects
therefore deserve further investigation. Using a Lorentzian
model, we extract the FWHM of the spectral holes from the
measurement presented in Fig. 4. The quadratic sum of the
fitting error and 5% of the FWHM (a conservative estimate of
the effect of a slight asymmetry of the spectral hole profiles) is
used to evaluate the uncertainty for each FWHM. We verified
independently that the broadening related to repeated scans
of the spectral hole is negligible. Since the initial widths are
slightly different for each different starting pressure (5.80 kHz
for 810 Pa, 6.12 kHz for 459 Pa, and 5.82 kHz for 320 Pa) due
to variations in the experimental conditions during the initial
hole burning process, a simple normalization with respect to
the initial width of the spectral hole is carried out. The error

bar on the ratio �/�0 plotted in Fig. 5 then takes into account
that of the initial width and that of the width used for normal-
ization. For each data set, when the temperature is increased, a
broadening of up to 20% can be observed. In particular, in the
vicinity of the magic point (3.6–3.8 K), a linearization gives
a broadening of approximately 0.46 kHz/K, corresponding to
8% broadening per K. In addition, the three data sets coincide
within the error bars of the measurements, possibly indicating
that there could be a common underlying physical mechanism
that governs the broadening phenomena, which is not yet
fully understood, and may require further investigation and
modeling. Nevertheless, the impact of the observed increase
of the width in the vicinity of the magic point is negligible
in the context of the realization of an ultrastable laser. Since
the servo loop provides a temperature stabilization better than
1 mK, corresponding to 10−5 relative change in the spectral
hole linewidth, we expect a relative change in the effective
gain in the laser servo lock to be of the same order of magni-
tude, which is negligible.

IV. DISCUSSION AND OUTLOOK

In this article, we have investigated the temperature de-
pendence of a spectral hole, which is of importance in the
context of frequency stabilization by locking to a narrow
spectral hole. By identifying a “magic point” for which
the frequency shift of a spectral hole due to direct tem-
perature fluctuations and pressure fluctuations (arising from
temperature fluctuations inside a sealed environment) to first
order compensate each other, the laser stabilization will not
be limited by such fluctuations. We have also provided
evidence that the broadening of the spectral hole due to tem-
perature fluctuations around this magic point are sufficiently
small as not to influence the realization of an ultrastable
laser using this technique. As mentioned above, this statement
will hold true as long as other sources of error maintain the
instability of the achieved ultrastable laser above 4 × 10−19.
This limit is well below what can currently be achieved with
rare-earth doped systems, due to the presence of other noise
sources such as mechanical vibrations and fluctuating sur-
rounding fields, as well as detection noise [14]. It is also well
below what is currently achieved with cryogenic Fabry-Perot
cavity based laser stabilization systems [22,23]. More impor-
tantly, the need for ultrastable lasers with instabilities below
this value is fairly limited, as their main utility is to probe
atomic clocks which are currently at best at the 10−17 near
1 s timescale [24]. Furthermore, even the use of an optical
frequency comb that is required to transfer the spectral purity
from the rare-earth-doped stabilized laser to a wavelength of
interest is currently limited to a transfer at a stability level of
a few 10−18 at 1 s timescale [25].

The demonstrated technique of temperature stabilization
should in principle not be limited to Eu:YSO, but could be
applicable in other rare-earth ion-crystal matrix combinations
allowing for persistent spectral holes, and which are suffi-
ciently narrow in order to be limited in frequency stability
by temperature fluctuations. However, as the frequency shifts
due to temperature [26] and pressure [27] exhibit distinct
behaviors in different systems, the viability of the scheme
must be assessed in each individual case.
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An alternative approach to the demonstrated technique
would be to operate laser stabilization at much lower temper-
ature (below 100 mK). When approaching a zero temperature,
the slope and curvature of the T 4 dependence (assuming
no other frequency shifting mechanism occurs at such low
temperature) correspondingly decreases, making the tempera-
ture fluctuations progressively less influential. For instance,
at 100 mK, the linearized coefficient would be of the or-
der of 0.3 Hz/K. For temperature fluctuations of the order
30 µK at 1 s, readily achievable at this temperature in a
standard dilution refrigerator (in contrast to a standard 4 K
cryogenic pulse-tube system in which even a millikelvin sta-
bility is challenging to reach), this would result in a relative
laser instability of 10−20, significantly below any current
limitations. However, this approach requires a dilution re-
frigerator system, adding complexity to the experimental

setup, compared to a standard 4 K cryostat used in this
work.
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