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Losses in high quality quartz crystal resonators at cryogenic temperatures
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Measurement of the mechanical losses of quartz crystal is a topic of interest for communities dealing
with the gravitational wave detectors and also the time and frequency domain. About the latter, the
authors describe Q-factor measurements of quartz crystal resonators at cryogenic temperatures
under 10 K, thanks to a cryocooler-based experimental set-up. A Q-factor of 325 millions at 4 K, on
the fifth overtone of the quasilongitudinal mode at 15.9 MHz, has been recorded. As shown, the
acoustic wave trapping is suspected to limit the Landau-Rumer regime below 6 K [Landau and
Rumer, Phys. Z. Sowjetunion 11, 18 (1937)]. © 2011 American Institute of Physics.

[doi:10.1063/1.3559611]

Mechanical losses of quartz crystal at cryogenic tem-
peratures are still a topic of interest for at least two scientific
communities. The first community dealing with gravitational
waves uses crystalline quartz since a couple of years. Mate-
rials with high quality-factors (Q-factors) at low tempera-
tures are needed to improve the sensitivity of optical
detectors." Crystalline quartz revealed to be a good candi-
date for that use. In this context, Q-factors of about 2.5
% 107 have been measured at 6.5 K (for z-cut samples with
an excited mode close to 6 kHz at 300 K) by means of a
specific experimental method.>* The second community is
the time and frequency community for which, historically,
quartz crystal is the standard material for acoustic resonators.
As an example, within a volume lower than 10~ m?, state-
of-the-art 5 or 10 MHz ovenized quartz crystal oscillators
can exhibit fractional frequency stabilities lower than 8
X 1074 over 1 s.° Though conventional devices are designed
for working within the ambient temperature range, investiga-
tions at low temperature have also been carried out.*” Recent
Q-factor measurements of standard resonators at cryogenic
temperature are reported in the following sections. There are
two motivations: on the one hand, to implement sooner or
later a complete cryogenic crystal oscillator in order to reach
ultimate frequency stabilities with this type of references, on
the other hand, to get data and knowledge about crystal reso-
nators potentialities from these experiments.

In the frequency-source domain, high-Q resonators are
achieved with devices smaller than the samgles investigated
for the gravitational waves interferometers. 4 They are de-
signed to confine the vibration thanks to a planoconvex
shape.8 This trapping allows reducing the resonator’s diam-
eter without increasing the mechanical losses due to the
mounting. Moreover they are optimized to operate on a
thickness shear mode (namely the C-mode, usually at 5 or 10
MHz), that exhibits a frequency-temperature turnover point
close to 85 °C.

Actually, these home-made resonators (see Fig. 1) are
doubly-rotated cuts well-known as stress-compensated
(SC)-cuts,’ packaged in a so-called BVA (“Boitier a Vieil-
lissement Amélioré:” improved aging holder) structure: the
electrodeless and polished vibrating part is mechanically iso-
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lated from its surrounding part by means of bridges in the
same material.'’

When encapsulated under vacuum, such a 10 MHz third
overtone (OT) C-mode SC-cut resonator exhibits a typical
unloaded Q-factor close to 1.2X 10° at room temperature,
and its flicker noise level''™ is characterized by a mean
power spectral density of fractional frequency fluctuations of
Sy(1 Hz)=-250 dB Hz .

The experimental set up core consists of a pulse-tube
cryocooler which head is inside a vacuum chamber (see Fig.
2). Various inputs and outputs cables exist for monitoring the
temperature of the cold head or feeding the resonators under
test. The resonators are inserted into a piece of oxygen-free
copper fixed to the second stage of the pulse-tube head.

Thermal losses are minimized thanks to an antiradiation
shield, and the cables are successively temperature-
controlled at the intermediate temperatures of both stages
before going out. An external remote controller manages the
power dissipation of a heater associated to a sensor at the
second stage level. Then, the resonator temperature is locked
around the set temperature with remaining fluctuations of
*2 mK.

A network analyzer linked to a frequency reference (H-
Maser) and equipped with its impedance test adapter is used
to get directly the complex admittance of the tested resona-
tor. This simple method has been preferred to the conven-

FIG. 1. (Color online) A home-made BVA-type resonator. The planoconvex
resonator is pinched between two disks that support both electrodes. Vibra-
tion energy is trapped thanks to the resonator curvature radius.

© 2011 American Institute of Physics
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FIG. 2. (Color online) View of the experimental set up core.

tional 7 network method because of the change in the reso-
nator resistance with respect to temperature (it drops down
from 100 € at 300 K to less than 10  at 10 K). The ac-
curacy of the Q-factor measurement is evaluated to 4%. Spe-
cial precautions should be taken to cancel the feeding long
cables which effects must be compensated. For the calibra-
tion, the three conventional references (open circuit, short
cut, and 50 () resistor) are put at the end of same cables as
those of the resonator.

Moreover, resonators are excited at a low level in order
to avoid non linear effects (amplitude-frequency effect).

A batch of resonators optimized to work at 10 MHz, on
the third OT of their C mode at 85 °C, have been systemati-
cally investigated.7 As expected the QO-factors of the C-mode
(the slow quasitranverse vibration, i.e., a thickness shear
mode) is improved under 20 K,14 but this is also the case
with the B-mode (the fast quasitransverse mode), and espe-
cially with the A-mode, the quasilongitudinal mode (or ex-
tensional one, along the axis perpendicular to the thickness
of resonator). Q-factors greater than 100 millions have been
achieved at 3.3 K, at a resonance frequency of f=31 MHz,
with these 10 MHz resonators (resonator no. 1 in Fig. 3).

The vibration energy is more trapped in resonators opti-
mized to get 5 MHz on their C-mode third OT at 85 °C than
in 10 MHz resonators. Recorded data of such 5 MHz reso-
nators are shown in Fig. 3 (resonator no. 2). It exhibits the
same trend of 1/Q versus temperature 7 as 10 MHz resona-
tors but the best result is a Q-factor of 325 millions at 4 K,
still reached with the A mode fifth OT at f=15.9 MHz
mode.

Theoretically, when 27f7,>1 (7, being the thermal
phonon lifetime) as it is the case here, losses are mainly due
to the phonon—phonon scattering mechanism according to
the Landau—Rumer’s regime stating that 1/Q is proportional
to 7.1 Actually, this behavior is not strictly verified but is
closer to 1/Q=~a X T" —constant, a being a constant, with n
close to 4 for the quasitransverse modes, and 6 for the quasi-
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FIG. 3. (Color online) 1/Q vs temperature for resonator no. 1 and resonator
no. 2. Originally, resonator no. 1 is optimized to work at a resonance fre-
quency of 10 MHz at 85 °C, and resonator no. 2 at 5 MHz, both on the third
OT of their C-mode. From top to bottom of the legend, measured frequen-
cies (in MHz) are, respectively: 31.26 (A mode fifth OT), 18.77 (A mode
third OT), 18.38 (B mode fifth OT), 10.98 (B mode third OT), 16.60 (C
mode fifth OT), 9.98 (C mode third OT), for resonator no. 1, and 15.59
(A mode fifth OT), 9.19 (B mode fifth OT), 8.40 (C mode fifth OT) for
resonatorno. 2.

longitudinal mode. Losses varying as 7" with n>4 have al-
ready been observed.'®!®

The fact that the Q-factor becomes a constant as tem-
perature decreases could originate in various mechanisms of
losses'™!"” such as acoustic diffraction at the resonator’s sur-
face (due to its roughness and/or the existence of an amor-
phous layer due to machining and polishing) and/or damping
at the edge of the resonant disk (due to a default of vibration
trapping), etc. From the Stevens and Tiersten’s model,® the
computation of the ratio of vibration amplitude at the edge of
the resonant disk, in comparison with the vibration amplitude
at its center, gives the results shown in Table I: when sorting
out them from the best trapped mode to the less trapped one,

TABLE I. Calculated ratio of vibration amplitude at the edge over the one at
its center, for a device originally optimized to exhibit a resonance frequency
of 10 MHz at 85 °C. For the vibration trapping, the planoconvex resonator
used in this work has a radius of curvature of 230 mm.

A-mode B-mode C-mode

oT (quasilongitudinal) (fast quasishear) (slow quasishear)
Third 1x10714 1x 1077 3% 1077
Fifth 3x1072 7X 10712 2x 10710
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ranks are the same as 1/Q for resonator no. 1 in Fig. 3. By
the same way, a better trapped resonator like resonator no. 2
exhibits a plateau at lower level for a given mode and OT.
This proves that the trapping default is probably the domi-
nant loss mechanism at low temperature.

In addition, it can be noticed that for a given mode,
losses in resonator no. 1 are approximately the same as in
resonator no. 2, in the region where the trapping default is
not too much dominant (at 10 K, for example), i.e., the in-
trinsic Q-factor does not depend of f, in agreement with the
Landau—Rumer’s theory.

As a conclusion, a Q-factor probably close to the intrin-
sic quartz crystal Q-factor is achievable from measurements
of modes well-trapped in bulk acoustic wave resonators. It is
also verified that their behavior is ideally close to the
Landau—Rumer’s regime in the described experimental con-
ditions. Otherwise, the dominant limitation seems to be a
trapping default.

This work is partly supported by Région de Franche
Comté No. 2008C_16215, France.
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