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Developments in ultrastable lasers have fueled remarkable advances in optical frequency metrology and
quantum science. A key ingredient in further improving laser frequency stability is the use of low-noise
mirror materials such as AlGaAs crystalline coatings. However, excess noise observed with these coatings
limits the performance of cryogenic silicon cavities with AlGaAs mirrors to similar levels achieved with
conventional dielectric coatings. With a new pair of crystalline coated mirrors in a 6-cm-long cryogenic
silicon cavity operated at 17 K, we demonstrate a clear advantage of crystalline coatings over dielectric
coatings. The achieved fractional frequency stability of 2.5 x 10~!7 at 10 s is four times better than
expected for dielectric mirrors and corresponds to more than a tenfold reduction in the coating mechanical
loss factor. We also combine two silicon cavities to demonstrate optical frequency averaging for enhanced
stability. In addition, we present a long-term frequency drift record of four cryogenic silicon cavities
measured over several years. These results open up realistic prospects for cavity-stabilized lasers with 1078
fractional stability, as well as an all-optical timescale with continuously operating optical local oscillators.

DOI: 10.1103/zgrm-cjbb

Introduction—Ultrastable optical interferometers form
the backbone of optical atomic clocks [1], tabletop tests of
fundamental physics [2-5], and gravitational wave detec-
tors [6,7]. Cryogenic silicon cavities continue to push the
state of the art in optical frequency stability, reaching
thermal noise-limited fractional frequency stability of
3.5 x 10717 up to thousands of seconds [8,9]. Despite this
impressive performance, cavity-stabilized laser frequency
noise is still the limiting factor in improving optical clock
stability. To improve the frequency stability of optical
cavities even further, the fundamental Brownian thermal
noise of the mirror coatings needs to be mitigated, for
example, by going to lower temperatures [4,10-13],
enlarging the mode area, utilizing novel mirror coating
materials that exhibit lower Brownian noise [14-17], or
indirectly scaling down the noise contribution by using
a longer cavity [18-20]. While all of these approaches
are actively pursued, mirror coatings based on stacks of
crystalline GaAs/AlGaAs have recently attracted signifi-
cant attention [11,14,21-26], with possible applications
reaching as far as next-generation gravitational wave
detectors [27]. These mirrors have lower thermal noise
compared to conventional dielectric mirrors due to their
lower mechanical loss factor [28-30], and can achieve
the high finesse critically required for ultrastable optical
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cavities. These desirable qualities make crystalline mirrors
an attractive candidate to replace conventional dielectric
mirror coatings for high-performance optical cavities.

However, our previous investigations on cryogenic silicon
cavities with crystalline mirrors revealed several novel noise
mechanisms that hinder reaching the Brownian thermal
noise [21,22]. One of the excess noise sources was found
to be associated with the birefringence of the crystalline
coatings, in which two birefringently split cavity modes
showed anticorrelated noise at a level significantly higher
than the expected thermal noise. Although the birefringent
noise could be suppressed to a sufficiently low level by
averaging the frequencies of the two cavity modes, the
thermal noise floor of the crystalline coatings still could not
be reached because of yet another source of excess “global”
noise that appeared in two independent systems at JILA
and PTB. Unlike the Brownian noise, whose correlation
length is on the order of the pm-scale coating thickness, the
global noise was correlated over the mm-scale mode area
and thus could not be lowered by using a larger mode
size [22]. The origin of the excess noise is not clear and may
be related to coating impurities, defects, or variations in the
bond strength, while it could also be the thermal noise of the
mirror optical contact area and the cavity supports. Because
of this excess global noise, the frequency stabilities of
cryogenic silicon cavities with crystalline mirrors have been
limited to levels comparable to those of similar cavities with
conventional dielectric mirrors, leaving the full potential of
crystalline mirrors unfulfilled.

© 2026 American Physical Society
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In this Letter, with a 17 K cryogenic silicon cavity, we
demonstrate for the first time clear superiority of crystalline
Al 9,Gag ggAs coatings over conventional dielectric mirrors.
The frequency stability of 2.5 x 1077, expressed in modi-
fied Allan deviation, is a factor of 4 better than the thermal
noise limit of an equivalent cavity with conventional
dielectric SiO,/Ta,05 coatings. In addition, we implement
optical frequency averaging of two state-of-the-art silicon
cavities to improve frequency stability. Finally, we compare
the long-term drift rates of four silicon cavities in PTB and
JILA compiled over more than ten years.

Frequency stability—Our 6-cm-long silicon cavity uses
two 1 m radius of curvature mirrors made of alternating
layers of crystalline GaAs/AlGaAs on a silicon substrate.
The 12.0-pm-thick crystalline mirror coating comprises
48.5 repeats of quarter-wave high-index GaAs and low-
index Alj 9, Gag o3 As layers, beginning and ending with the
GaAs layer. The cavity finesse is 470 000 at the operating
wavelength of 1542 nm, corresponding to a cavity line-
width of 5 kHz. The double-cone shaped cavity is vertically
mounted from its midplane to reduce vibration sensitivity
[31]. Vibration noise from the cryostat is mitigated with the
split-plate design and an active vibration isolation table as
described in Refs. [10,32], so that vibration noise does not
degrade cavity performance at Fourier frequencies below
3 Hz except for discrete peaks at harmonics of the 1 Hz
cryostat cycle frequency. The cavity is cooled with a
closed-cycle cryostat to 17 K, where the coefficient of
thermal expansion of silicon is zero [33]. Thermal isolation
from the environment is achieved with multiple layers of
shielding, including a radiation shield, an actively controlled
outer shield, and a passive inner shield. A 1542 nm fiber
laser is locked to the cavity with the Pound-Drever-Hall
technique [34,35]. Residual amplitude modulation (RAM) is
actively suppressed well below the cavity thermal noise limit
with the AOM FM-triplet scheme described in Ref. [36],
which allows us to operate the system at shot noise-limited
signal-to-noise ratio with just 90 nW of cavity transmission.
The birefringent noise of the crystalline mirrors is canceled
by simultaneously locking to two orthogonal polarization
modes of the cavity [21,22]. Without the dual-polarization
lock, the laser fractional frequency stability is severely
degraded to low-1071° level. A technical noise budget for
the system is reported elsewhere [21], with the only differ-
ence being the RAM cancellation scheme [36].

The fractional frequency stability of the 6-cm cavity is
shown in Fig. 1. Linear drift is removed from all datasets.
The frequency stability for averaging times less than 100 s
(filled markers) is measured with the three-cornered-hat
method [37], using a 21-cm silicon cavity and a 40-cm
ultralow-expansion (ULE) glass cavity as the other two
references [9,38,39]. The trace shown is the average
of 10 separate three-cornered-hat measurements each last-
ing 5 h, and the shaded area marks the full range of
observed values. For averaging times longer than 100 s,
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FIG. 1. Fractional frequency stability of the 6-cm silicon cavity

with crystalline mirrors at 17 K. The use of crystalline mirrors
results in a significant reduction of the cavity thermal noise (from
red dashed line to blue shaded area, see text). For averaging times
less than 100 s, the average of ten three-cornered-hat measure-
ments each lasting 5 h is shown (filled markers). The gray shaded
area shows the full range of these ten independent measurements.
For averaging times longer than 100 s, the cavity frequency is
measured with a Sr lattice clock (empty markers). Linear drift is
removed in all datasets.

the three-cornered-hat method yields unreliable results
due to the relatively high instability of the ULE cavity,
so a Sr lattice clock is used for long term measurements
(empty markers) [40]. The measured frequency stability of
2.5 x 107!7 around 10 s of averaging is four times lower
than the expected Brownian thermal noise of conventional
dielectric coatings, clearly demonstrating the superior noise
performance of crystalline mirrors. The short term perfor-
mance of the 6-cm cavity (< 1 s averaging time, see End
Matter) is worse than that of the 21-cm cavity [9,41], due to
excess technical noise sources such as cryostat vibrations.

The expected thermal noise level of crystalline mirrors
has a large uncertainty because the mechanical loss factor
of the coatings is not well characterized, especially at the
17 K operating temperature of our cavity. Published loss
factors from mechanical ringdown measurements range
from 6 x 107 to 5x 107> in this temperature range
[42—-44], with the correspondingly large uncertainty range
of thermal noise displayed as the blue shaded area in Fig. 1.
The observed modified Allan deviation of 2.5 x 107!
around 10 s places an upper bound on the 17 K loss of
crystalline coatings at 2.3 x 107>, which is more than a
factor of 10 lower than the 17 K loss of conventional
dielectric coatings of 3.2 x 107* [45].

Our previous work on crystalline mirrors confirmed the
well-known room temperature loss factor of 2.5 x 107> at
124 K by measuring the differential Brownian thermal
noise between the HGy, and HG; spatial modes of the
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FIG. 2. Optical frequency averaging of light using two silicon cavities. (a) Schematic diagram of the setup. By phase locking fy.a
the beat note between the comb and the 21-cm silicon cavity, to a separately generated (g cm — V21 cm)/2, the comb is stabilized to
the average frequency of the two silicon cavities. A 698 nm laser locked to the 40-cm ULE cavity is further stabilized to the comb
and interrogates Sr atoms. (b) Frequency record of the lasers locked to the 21-cm cavity, 6-cm cavity, and the averaged laser,
measured with the Sr clock. (c) Modified Allan deviation of the three lasers computed from the data in (b) (solid lines). The
relatively high instability at short averaging times is from Dick noise, which is verified by operating the clock with a shorter dead

time, hence less Dick noise (dotted lines).

same cavity [22,28]. We however identified excess global
noise, which was measured in two independent silicon
cavities operated at 124 and 17 K [21,22], that was nearly
identical when expressed in terms of displacement noise
after scaling the fractional frequency noise by the respec-
tive cavity lengths. This leads us to attribute this noise
source to the mirror coatings.

We do not observe the excess global noise in the current
6-cm cavity system, which is nominally identical to the one
used in our previous publications but with different mirrors.
The crystalline mirrors used in Refs. [21,22], manufactured
in 2017, were replaced with a new pair of crystalline
mirrors in 2023. No modification was made to the
composition of the coating material and the growth process,
so the change in global noise is not understood and further
investigation is needed to uncover the origin of the global
noise of the 2017 coating. The new crystalline mirrors have
a lower transmission than the previous mirrors by using a
GaAs/AlGaAs stack with three more periods, increasing
the coating thickness from 11.3 pm to 12.0 pm. As optical
loss from scattering and absorption remains the same at
approximately 5 ppm per mirror, finesse increases from
290 000 to 470 000. The birefringent mode splitting also
changed from 770 to 890 kHz with the new set of mirrors.

Optical frequency averaging—With two state-of-the-art
cryogenic silicon cavities online at JILA, we improved the
laser stability even further by averaging the two cavities.
While the idea of combining two or more oscillators to

achieve better performance is not new [41,46-48], it is
especially valuable when applied to state-of-the-art silicon
cavities because building a new cavity with improved
performance is not trivial when the cavity is already at
the record performance level.

Figure 2(a) shows how optical frequency averaging is
implemented. A 1542-nm laser stabilized to the 21-cm cavity
is heterodyned with a self-referenced Er:fiber frequency comb
such that the nearest comb mode frequency can be written as
UN = Usi em + freat» Where vy is the optical frequency of the
N™ comb mode, v, ., is the optical frequency of the laser
locked to the 21-cm silicon cavity, and f, 1S the rf beat note
between the two optical frequencies. For normal operation,
Jreat 18 phase locked to a synthesizer by feeding back to the
comb, thereby transferring the stability of the 21-cm silicon
cavity to the comb. A 698-nm laser prestabilized to the 40-cm
ULE cavity is then phase locked to the comb and interrogates
Sr atoms. For optical frequency averaging, a simple modi-
fication is made to the phase locking scheme. Instead of
locking f,. to a synthesizer, itis locked to (vg cm — V21 em)/2
generated with an rf frequency divider, where vg .y
is the optical frequency of the 6-cm silicon cavity. With
this modification, the comb mode frequency becomes
vy = (Va1 em + Ve em)/2, 1.€., the average frequency of the
two cavities. The comb can also be locked to the 6-cm cavity
by bypassing the divide-by-two operation.

The frequencies of the lasers locked to the two silicon
cavities and their average frequency, measured with the
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Sr lattice clock are shown in Fig. 2(b). The laser frequen-
cies are measured with three independent, interleaved
feedback loops that steer the laser frequencies to the Sr
clock transition. The interleaving is achieved by switching
the laser that interrogates the Sr atoms for consecutive
cycles of the Sr clock. The action of the averaging operation
is clearly seen in the cancellation of the opposite-sign drifts
of the two cavities. The solid lines in Fig. 2(c) show
the modified Allan deviation corresponding to the data in
Fig. 2(b). The averaged laser is more stable than the two

similar individual lasers by approximately v/2, consistent
with expectation. The measurement at short averaging
times is limited by Dick noise due to the long dead time
inherent to interleaved measurements [49]. To verify this,
we reduce the dead time by measuring the three lasers
independently against Sr atoms without interleaving,
shown in dashed lines. As expected, the Dick noise
contribution is reduced at shorter averaging times.

A more stable local oscillator corresponds to improved
clock stability for a Dick noise-limited clock such as ours,
evidenced by the reduced Dick noise of the averaged laser
in Fig. 2(c). Because of the improved clock stability,
evaluation of systematic clock uncertainties can be per-

formed twice as fast with a v/2 times lower instability of the
local oscillator. Furthermore, the longer laser coherence
time allows a longer clock interrogation time, reducing the
instability due to quantum projection noise [50,51].

Drift of silicon cavities—The drift rate of cryogenic
silicon cavities is orders of magnitude lower than that of
ULE cavities. While typical ULE cavities drift a few
kilohertz per day, cryogenic silicon cavities drift only a
few hertz per day. It is currently unknown where this small
amount of drift comes from. Unlike ULE cavities whose
spacers are made of amorphous glass material that can relax
over time, silicon cavities are made of crystalline material
and therefore should not drift at all in principle. Silicon
cavities with crystalline coatings are especially interesting
because even the mirror coatings are crystalline, making the
entire cavity crystalline. To shed light on the origin of the
drift, we report the long-term drift rates of four silicon
cavities currently operating at PTB and JILA, accumulated
over more than ten years. The naming convention of the

TABLE I. Four cryogenic silicon cavities at JILA and PTB
whose drift rates are reported in this Letter.

Name Length Temperature Mirror material References
Si2 2l cm 124 K Si0,/Ta, 05 [9]
Si3 2l cm 124 K Si0,/Ta, 05 [8,9]
Si5 2l cm 124 K GaAs/Alyg,GagogAs  [21,22]
Si6" 6 cm 17 K GaAs/Algg,GaggAs  [21,22]

*As noted in the main text, the results reported in this Letter are
obtained with a new set of crystalline mirrors than the ones used
in Refs. [21,22].

four cavities and their relevant features, as well as previous
publications, are summarized in Table L.

Figure 3(a) shows the coefficient of thermal expansion of
silicon over a range of temperatures [33,52]. To suppress
cavity length changes from temperature fluctuations, the
silicon cavities operate at zero crossings of the coefficient
of thermal expansion. Three of the four cavities reported
here (Si2, Si3, Si5) operate at the 124 K zero crossing.
Si6, on the other hand, operates at the 17 K zero crossing
[Fig. 3(a) inset], where the much gentler slope of the
coefficient of thermal expansion significantly relaxes the
requirements on temperature stability.

The long term drift rates of the silicon cavities are shown
in Fig. 3(b). The origin of the horizontal axis is chosen to
be the day each cavity was assembled by optical contact
bonding the mirrors to the spacer, as a representative for the
“age” of the cavity. The absolute frequencies of the cavities
are tracked with hydrogen masers or optical clocks. For
Si2, Si3, and Si5, the drift rates are calculated by first
computing a ten-day binned average of the cavity fre-
quency and then taking the derivative. For Si6, the system
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FIG. 3. Coefficient of thermal expansion of silicon and long-

term drift rates of the four cryogenic silicon cavities in Table 1.
(a) Coefficient of thermal expansion of silicon. The data between
1.5 and 24 K are from Ref. [33] and between 24 and 300 K are
from Ref. [52]. (b) Drift rates of the four silicon cavities (Black:
Si2; Red: Si3; Blue: Si5; Purple: Si6). All four cavities exhibit
very low drift rates in the tens of microhertz per second range.
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was still being optimized for a large portion of the dates
plotted here such that 10-day averaging was not appro-
priate. The Si6 drift rate is therefore calculated over
durations ranging from 1 to 24 days. After several years,
all of the silicon cavities settle to drift rates in the tens of
microhertz per second range. Some distinguishing features
can be observed in the drift rate of the 6-cm cavity Si6,
although the record to date spans less than two years. First,
the sign of the drift rate is opposite from that of all the other
silicon cavities. The effective cavity length of Si6 is getting
shorter over time, similar to the drift behavior of glass and
ceramic cavities [19,53-57]. Second, the drift rate of Si6
settles to a low value much faster than the other cavities. All
three other cavities took several years until the drift rate
reached tens of microhertz per second level whereas Si6
took less than two years before reaching a similar drift rate.

To put these drift rates into context, we note that the
absolute frequency of Si2, the cavity whose frequency has
been tracked the longest, has drifted only —44 kHz in the
past ten years. Converted to cavity length change, this
corresponds to an overall lengthening of the 21-cm cavity
by 48 pm, which is approximately 1/11 of the silicon
lattice constant. The recent drift rates of —50 pHz/s
(=2.6 x 107" 57! in fractional units), —15 pHz/s
(=77 x 10720 571, =20 pHz/s (—=1.0 x 107" s71), and
10 uHz/s (5.2 x 10720 s71) of Si2, Si3, Si5, and Si6,
respectively, are nearly competitive with typical fractional
drift rates of active hydrogen masers in the 1072!-10720 5!
range [58—60]. Further stability improvements in the range
of 10* to 10° s will open up the possibility of an all-optical
timescale using optical cavities and optical clocks [61-64].

As mentioned previously, the mechanism that causes the
drift in cryogenic silicon cavities, let alone its sign and
settling behavior, is currently unknown. Possible mecha-
nisms include slow relaxation of the stress induced by
cavity mounting structure, optically contacted surfaces
[54,65], or mirror coatings [66]. Further investigations
and new cryogenic silicon cavities at different operating
temperatures might provide more insight into the origin of
this drift behavior [4,13].

Conclusion—The fractional frequency stability of cavity-
stabilized lasers now reaches an impressive 1077 level, yet
still limits the stability of optical clocks. An important step
towards next-generation optical cavities is the development
of low mechanical loss semiconductor crystalline mirrors.
In this Letter, we demonstrate a record fractional frequency
stability of 2.5 x 1077 for any optical reference cavity.
This corresponds to mirror displacement stability of
1.5x 107" m for a 6-cm cavity length, and we extract
an upper bound on the mechanical loss factor of 2.3 x 107>
at 17 K, confirming expectations on the superior mechanical
properties of crystalline AlGaAs coatings over dielectric
coatings. We also demonstrate optical frequency averaging
of two silicon cavities, resulting in an optical frequency that
is more stable than its constituents both at short and long

averaging times. In addition, the long-term drift rates of four
silicon cavities over several years are reported. By combin-
ing the key properties already realized in this and other
silicon cavities, namely, 21 cm length, 17 K operation, large
radius of curvature mirrors, and crystalline coatings, we
anticipate a cryogenic silicon cavity with low-10""% perfor-
mance to be practically feasible.
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End Matter

Thermal noise calculation—For cryogenic silicon
cavities, the spacer and substrates contribute a negligible

amount of noise to the total thermal noise, leaving the
coating Brownian noise as the only dominant term. We
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TABLE II. Symbols used in Eq. (Al).
Symbol Description Value
Sy(f)  Fractional frequency noise

Power spectral density (Hz™!)

f Fourier frequency (Hz)

kg Boltzmann constant 1.38 x 1072 JK~!

T Temperature 17 K

deoat Coating thickness 12.0 pm

w Beam radius at the mirror 293 pm

L Cavity length 6.02 cm

Y coat Young’s modulus of coating * 100 GPa (crystalline)
91 GPa (dielectric)

Yo Young’s modulus of substrate b 188 GPa

Ocoat Poisson’s ratio of coating © 0.32 (crystalline)

0.2 (dielectric)
Oaub Poisson’s ratio of substrate 0.26
Deoat Mechanical loss factor of coating see Table III

[45] for dielectric, [14] for crystalline.
lfAlong the (111) direction of silicon.
°[45] for dielectric, [14] for crystalline.

use the formula from Ref. [6], also wused in
Refs. [14,45], to calculate the coating Brownian noise:

S (f) _ 4kBTdcoat¢coat |:Yc0al (1 + Usub)z(] B 20_sub)2
! ”2 W2 Ysubsz Ysub I Ggoat
Ysub (1 + o-coat)z(l B 2ocoat):|
+ 2 9
Ycoat 1 - Ocoat

(A1)

where the meaning of each symbol and its value are
summarized in Table II. The mechanical loss factors for
dielectric and crystalline coatings are listed in Table III.
The 1/f dependence of S,(f)=h_f' leads to a

constant

v/0.936h_; [68], shown in Fig.

noise limit.

modified Allan deviation of mod oy~

1 as the thermal

Phase noise power spectral density—Figure 4 shows
the phase noise power spectral density of the beat note

TABLE III.  Mechanical loss factors of dielectric SiO,/Ta,0s
and crystalline GaAs/Alj9,GajogAs coatings.
Temperature Dielectric Crystalline
300 K 4 x 107 [29] 2.5 x 1073 [28]
124 K 2.4 x 107 [45] 2.5 x 1073 [22]
<17K 3.2 x 107* [45] 5% 107 [42]

6 x 1076 [43]

4 x 107 [44]

< 2.3 x 107 [this Letter]

between two lasers stabilized to the 6-cm cavity (Si6)
and the 21-cm cavity (Si3). Below 1 Hz Fourier
frequency, both cavities contribute similar amounts of
noise to the measured noise. Above 1 Hz, the noise of
the 6-cm cavity dominates. The phase noise between 10
Hz and 2 kHz is from vibrations and the noise above
2 kHz is from Pound-Drever-Hall lock in-loop noise.
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FIG. 4. (black trace, left axis) Phase noise of the beat note

between two 1542 nm lasers stabilized to the 6-cm cavity
(Si6) and the 21-cm cavity (Si3). (red trace, right axis) Integrated
phase noise.
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