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Mechanical losses lower than 10�9 have been demonstrated on quartz crystal acoustic cavities at

liquid helium temperature. In addition, such cavities could rather easily be adapted to be used as

optical cavities. This paper addresses the optomechanic devices that could merge from, while

highlighting the major assets of each option and showing some preliminary results, including tests

on quartz and CaF2 samples. It is shown that the mechanical displacement can be actuated optically

by radiation pressure according to proper designs. Published by AIP Publishing.

https://doi.org/10.1063/1.5042058

I. INTRODUCTION

Bulk acoustic wave (BAW) cavities in quartz crystals

can exhibit very low mechanical losses at liquid helium tem-

perature if swept premium quality synthetic crystals are used

and the acoustic energy is properly trapped by the cavity

geometry.1,2 In addition to the easy availability of very pure

synthetic quartz crystals, its piezoelectricity offers a conve-

nient way to couple electronics and mechanics. Quartz is

thus an ideal candidate to explore the use of optomechanics3

to extend traditional applications of quartz BAW cavities to

non-piezoelectric but possibly lower-mechanical-loss materi-

als such as calcium fluoride (CaF2), sapphire, and diamond.

In this scenario, the mechanical modes of a BAW resonator

are coupled to an optical field by reflecting a laser beam off

a mirror coated on the low-mechanical-loss substrate. This

allows low-noise measurement and actuation with free-space

optics and without cables or electrodes. However, for techni-

cally convenient laser powers, the radiation pressure pro-

vided by a single reflection is too weak to significantly drive

the motion of a typical BAW mode, and an optical cavity

formed by two mirrors is necessary to enhance the interac-

tion between the light and the mirrors. When the laser fre-

quency is tuned to an optical cavity resonance, light is

trapped between the two mirrors and the mean intracavity

photon flux I ¼ 2
p
F Iin, where Iin denotes the mean incident

flux and F is the finesse of the optical cavity. The finesse

can be seen as a measure for the typical number of round

trips of light between the two mirrors, and can become very

large, i.e., F � 2p=L, provided that the total round-trip loss

of the cavity L, i.e., the sum of the transmissions and optical

losses of both mirrors, is small compared to one.4 With a suf-

ficiently large finesse, such high-Q acoustic cavities would

enable the combination of the most coherent mechanical

system known to date with quantum-limited optical readout

and actuation, yielding a very attractive system for various

experiments in fundamental physics,5 as well as for hybrid

quantum systems6 and optomechanics.3

This paper explores different strategies to construct

optomechanical devices from BAW cavities. In particular,

we will focus on the canonical choice to co-localize an opti-

cal and a mechanical quasi-Gaussian mode along the BAW

cavity axis by coating optical mirrors on both sides of the

substrate. The tested devices are first described according to

their original use, as acoustic cavities. Then, they are exam-

ined as optical cavities before finally merging both points of

view in various optomechanical systems.

II. CRYOGENIC QUARTZ ACOUSTIC CAVITIES:
FEATURES

Usual trapped-energy BAW quartz devices have the

shape of plano-convex lenses (see Fig. 1). Like in any aniso-

tropic material, three thickness vibration modes can propa-

gate along the normal axis, y often denoted 2, of the lens

plane: both fast and slow (quasi-)shear modes, usually called

B and C modes, respectively, and a (quasi-)longitudinal one,

called the A-mode. The A-mode usually exhibits the highest

quality factors with values up to several billion,2 and will be

the only one considered hereinafter in the context of optome-

chanics. Figure 2 shows typical quality factors measured at

4K for a set of doubly rotated SC-cut quartz resonators, with

SC referring to Stress-Compensated. It might remind that

losses in BAW cavities are obviously the sum of losses com-

ing from various origins including engineering losses and

intrinsic ones. The engineering process developed for state-

of-the-art quartz crystal devices during tens of years reduces

the former in such a way that they can become negligible in

comparison with the latter: two-level-system losses due to

impurities are avoided by sweeping the crystal, surface scat-

tering is rejected by chemical-mechanical polishing, and

losses through holders are minimized by using a monolithic

structure with an isolated rim and also mainly by trapping
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the acoustic energy. Among the remaining intrinsic losses, it

can be shown that the thermoelastic ones—irrelevant for shear

waves but which might exist for longitudinal waves—become

negligible at the operating frequencies, f> 5MHz. As a conse-

quence, the dominant remaining losses come from the interac-

tion of the acoustic wave with thermal phonons. At room

temperature, an acoustic resonator vibrating on a mechanical

mode at a frequency f exhibits a quality-factor Q, i.e., the

inverse of losses, limited by Q� f ¼ constant � 1013Hz. This

relationship is derived from the Akheiser regime.7 When the

temperature goes down below 10K, mechanisms of phonon-

phonon interactions are different from those at 300K because

of the increase in the thermal phonon lifetime (2pfsph � 1,

where sph is the thermal phonon lifetime): the Q behavior is

changed and theoretically does not depend on f anymore,

according to the Landau-Rumer theory predicting that the

absorption coefficient a(f) is proportional to f, more precisely

a(f) is proportional to T4 � f, with T being the temperature.8,9

Actually, quality factors for the observed mode orders display

a trend to increase for higher longitudinal mode orders (see

Fig. 2), which is expected due to the better lateral confinement

of the acoustic energy for modes with shorter wavelength in a

realistic, imperfect plano-convex geometry. Moreover, typi-

cally beyond 200MHz, scattering due the surface roughness

leads to a decrease in the Q-factor according to the f�1 law.

The expected normalized eigenvector components for

the A-mode in SC-cut quartz are ~u ¼ ð0:24; 0:97; 0:07Þ, such
that the displacement occurs primarily in the longitudinal

direction,10 along the symmetry axis of the device (y-direc-

tion). For simplicity and clarity of the argument, we will sub-

sequently neglect the non-longitudinal components. The

normalized standing-wave mechanical displacement in the

longitudinal direction at the angular mode frequency Xnmp

exhibits a Hermite-Gaussian profile11 and can be written in

the form

unmpðx; y; zÞ ¼ e�
anx

2þbnz
2

2 Hm

ffiffiffiffiffi

an
p

x
� �

Hp

ffiffiffiffiffi

bn
p

z

� �

sin
np

t
y

� �

;

n ¼ 1; 3; 5;…; m; p ¼ 0; 2; 4;…; (1)

in the Cartesian coordinate system (depending on the cut

angles), where Hm and Hp are Hermite polynomials, n

FIG. 1. Quartz crystal resonator with electrode holders (Photo: L. Godard,

UFC Besançon, France). The plano-convex BAW cavity located in the cen-

ter of the structure, in the middle of the photography, is partly isolated from

external mechanical disturbances by means of four “bridges” linking the

active part to its rim. The two metalized quartz parts at the top and bottom

of the photography are optional actuating electrodes which can be placed at

a distance of about 1 lm on both sides of the BAW cavity when the central

structure is sandwiched between these electrode holders. Alternatively, the

BAW cavity part can be metallized itself to form an optical cavity co-

localized with the mechanical one.

FIG. 2. Top: quality factors versus n00 eigenfrequencies of the thickness

(quasi-)longitudinal A-mode of a set of 7 quartz plano-convex acoustic cavi-

ties at 4K. The resonators are SC-cuts, which is likely the most commonly

used doubly rotated cut in a quartz crystal, 1mm thick, 18mm in diameter,

and with a typical radius of curvature close to 250mm (see Fig. 1). Bottom:

effective mass versus eigenfrequencies, calculated from Eq. (6).
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denotes the longitudinal mode order (values limited to odd

numbers are dictated by the electrical boundary conditions

that do not make sense anymore in the case of nonpiezoelec-

tric materials), and m and p transverse orders

an ¼ np

ffiffiffiffiffiffiffiffiffiffiffiffiffi

Ce

Rt3Mn

r

; bn ¼ np

ffiffiffiffiffiffiffiffiffiffiffiffi

Ce

Rt3Pn

r

; (2)

with R denotes the radius of curvature, t the cavity thickness

at the center, Ce the effective stiffness, andMn, Pn the disper-

sion coefficients of the mode considered among the three

existing modes, and depending on the selected quartz cut.

The corresponding angular eigenfrequencies for the n-th lon-

gitudinal overtone with the fundamental transverse order,

i.e., a Gaussian profile, are given by

X
2
n00 ¼

n2p2Ce

t2q
1þ 1

np

ffiffiffi

t

R

r ffiffiffiffiffiffi

Mn

Ce

r

þ
ffiffiffiffiffi

Pn

Ce

r

( )" #

� n2p2Ce

t2q
;

(3)

where q is the density. The approximation in (3) is possible

in the case of the A-mode of a typical SC-cut quartz cavity

with parameters as in Fig. 2, where typical values for high-

order trapped overtones are Ce � 121 � 109 Nm�2 and Mn

� 40 � 109 Nm�2, Pn � 50 � 109 Nm�2.

Equation (1) can be rewritten in a more convenient form

by using the same notations as for an optical mode in the par-

axial approximation as

unmpðx; y; zÞ ¼ e
�x2
ffiffiffi

Pn
p

w2n Hm

ffiffiffi

2
p

P1=4
n

wn

x

 !

e
�z2
ffiffiffiffi

Mn
p

w2n

� Hp

ffiffiffi

2
p

M1=4
n

wn

z

 !

sin
np

t
y

� �

; (4)

where w2
n is the acoustical waist defined by

w2
n ¼

2t
ffiffiffiffiffi

Rt
p

np

ffiffiffiffiffiffiffiffiffiffiffi

MnPn

p
ffiffiffiffiffi

Ce

p : (5)

While these modes can be driven by a moderate electric

field along the y axis in piezoelectric materials such as quartz,

it may be harder to provide a sufficient force through

radiation-pressure in an optomechanical setting. To be able to

consider this quantitatively in Sec. III, it is useful to map the

three-dimensional shapes of the optical and mechanical modes

to a one-dimensional optomechanical toy-model, consisting of

a mass on a spring reflecting a laser beam circulating inside a

Fabry-Perot cavity.12 The effective mass in this model depends

on the location of the mechanical mode probed by the laser

beam. We will only consider the optimal case of a laser beam

propagating along the axis of a BAW resonator that is reflected

by its outer surface. The effective mass of a given n00-type

overtone, whose waist wn is much larger than the optical beam

waist, can then be approximated by integrating (1) or (4) over

the cavity volume and multiplying with the density q

mn00 ¼
qt2

ffiffiffiffiffi

Rt
p

2n

ffiffiffiffiffiffiffiffiffiffiffi

MnPn
4
p
ffiffiffiffiffi

Ce

p ¼ qpw2
nt

4
ffiffiffiffiffiffiffiffiffiffiffi

MnPn
4
p : (6)

The effective mass is inversely proportional to the overtone-

order n because the lateral dimension of the acoustic mode is

defined by wn, whose scaling with 1=
ffiffiffi

n
p

can be seen as a

consequence of the acoustic wavelength being proportional

to 1/n, in full analogy to the optical case. Typical effective

mass values for longitudinal modes in a 1mm thick cavity in

a SC-cut quartz crystal lie in the sub-mg range and are

shown in Fig. 2.

III. ACOUSTIC CAVITIES USED AS OPTICAL CAVITIES:
FEASIBILITY

The shape and dimension of usual plano-convex BAW

cavities are fully compatible with the requirements of optical

Fabry-Perot cavities. The only modification required to

convert these mechanical cavities into optical ones is an

improvement of the reflectivity of both the flat and convex

surfaces in order to trap light within the mechanical mode

volume. The low optical absorption of many crystalline

materials13 and the low surface roughness of the BAW cavi-

ties under consideration (typically from 0.3 nm rms to 30 nm

rms) should enable high finesse (F � 104 might ideally be

reached) provided high enough reflectivities are achieved.

The simplest way to obtain an optical cavity is to coat

metal electrodes on both surfaces of a plano-convex sub-

strate, the center part in Fig. 1, which then act simulta-

neously as mechanical and optical mirrors. This is actually

the most widely used configuration for radio-frequency

BAW resonators, where metallic electrodes are commonly

made of gold, or sometimes of silver or aluminium that

should be passivated. Nevertheless, while the room tempera-

ture mechanical quality factor of a gold-coated quartz acous-

tic cavity is essentially unaltered by the presence of the

electrodes, the gold layers have caused a 4-fold reduction of

the Q-factor at 4K in previous experiments.14 Typical

150 nm thick metal electrodes would exhibit reflectivities

close to 95%–98% at a wavelength k ¼ 1550 nm, resulting in

an expected (acceptable) finesse F on the order of 100.

Preliminary experiments at room temperature have shown that

a metal-coated plano-convex acoustic cavity in quartz crystal

exhibits optical resonances, but results were not the expected

ones. Indeed, gold electrodes used on conventional quartz reso-

nators turn out to be a poor option as optical reflectors.

Although such electrodes are basically 100–150 nm thick gold

layers, actually they can adhere onto the quartz substrate by

means of an additional light veil of chromium. As a conse-

quence, even if the latter is much less than 50 nm thick, the

light supposed to be trapped inside the quartz cavity between

both electrodes sees these chromium layers first, i.e., very poor

reflectors, instead of gold. Tests have also been carried out

without the chromium layers but the formation of small bub-

bles have been observed: gold alone can undergo delamina-

tion.15 Silver looks likely to be a more efficient solution: it

exhibits a reflectivity similar to, and even better than that of

gold in the near-IR range, and in addition can be directly

coated onto quartz without an extra underlay. Very first tests

with silver coatings demonstrate that the 1mm thick plano-

convex quartz lens operates well like a Fabry-Perot optical

cavity with a measured resonance frequency width just slightly
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lower than 10GHz. This value, larger than expected, might

result from the overlay of a set of various modes around the

desired one. Parasitic modes are still better to be rejected:

the optimization of metal coatings, thickness, and diameter of

both mirrors, is currently in progress.16 Nonlinearities caused

by thermal expansion of the quartz resonator that is triggered

by the resonant absorption of light is also an issue to be

investigated.

The mirror reflectivity can be improved further by coat-

ing Bragg-type mirrors instead of simple metal layers. For

example, coatings made of alternating k/4-layers of SiO2 and

Ta2O5 allow for reflectivities greater than 99.99%, and con-

sequently a finesse well above 104. However, the mechanical

quality factors are lowered even more by these coatings: at

4K, a Q-factor decrease in one to two orders of magnitude

has been measured with quartz acoustic cavities.14 The high

mechanical loss of dielectric coatings is well-known in the

community of gravitational-wave interferometers,17 and

future improvements might arise from the use crystalline

mirror coatings18 or photonic crystal mirrors.19

Figure 3(a) shows the measured reflection spectrum for a

BAW cavity made from CaF2 that was coated with highly

reflective dielectric mirrors on both sides. With a refractive

index of n¼ 1.42, the measured optical linewidth translates to

a finesse of F ¼ 135 000 and an optical loss of L < 40 ppm.

The achieved very high finesse shows that bulk absorption and

surface roughness are indeed low enough to make BAW cavi-

ties an attractive alternative to conventional optomechanical

systems.

IV. OPTOMECHANICAL CAVITIES: OPTIONS

Thus, acoustic cavities can definitely be converted into

optical cavities starting from the basic solution discussed

above, but optimal optomechanical performance requires a

tradeoff between mechanical and optical performance (see

Fig. 4). To mitigate this tradeoff, a more sophisticated option

is to combine a separate dielectric mirror with the plano-

convex resonator as shown in Fig. 4(b), which allows coating

of only one of the two surfaces with a mirror and achieves

optimal optical and mechanical performance on the other

surface. While technically even more challenging, the piezo-

electric “sandwich”-scheme from Fig. 1 can also be applied

to optomechanics: embedding the acoustic cavity inside an

optical cavity with two separately mounted dielectric mirrors

as shown in Fig. 4(c) fully removes the tradeoff between

optics and mechanics and allows for optimal performance in

both domains.

The last two options involve one or two uncoated surfa-

ces inside the optical cavity, which might result in significant

optical loss. To study the impact of uncoated crystal interfa-

ces, the scheme proposed in Fig. 4(b) has been tested with a

1-mm thick plano-convex lens made of CaF2. The convex

surface was coated with a dielectric mirror with transmission

and absorption below 1 ppm. A separate concave dielectric

mirror with a transmission of 100 ppm was placed at a vari-

able distance from the plano-convex mirror to form a Fabry-

Perot cavity surrounding the flat crystal surface. Figure 3(b)

shows measurements of the round-trip loss for variable

cavity length. The lowest optical loss is expected when the

wavefront of the optical beam matches the shape of the

uncoated crystal surface (at a length of 7.1mm in this case).

However, it was impossible to avoid small angular misalign-

ments of the uncoated crystal surface with respect to the

cavity axis in this experiment, which is expected to induce

additional loss. To study this effect as well, Fig. 3(c) shows a

scan of this interface angle. While the data display a broad

loss minimum around the expected zero angle, the measured

values are significantly scattered. This could be explained by

small but unavoidable alterations of the orthogonal interface

angle and cavity length during the angular scan.

The separation of the mirror from the mechanical surface

in the last two options [as in Figs. 4(b) and 4(c)] also removes

the momentum exchange between light and mechanics asso-

ciated with the reflection by that surface, and should therefore

be accompanied by a lower or even zero optomechanical cou-

pling. However, in practice, an appreciable coupling is pro-

vided by thermal or photoelastic effects, where the volume

overlap integral of mechanical strain and optical intensity

defines the coupling strength, opposed to the surface overlap

FIG. 3. (a) Reflection across a Fabry-Perot resonance of a 1-mm thick CaF2 plano-convex lens coated with dielectric Bragg mirrors on both surfaces [geometry

as in Fig. 4(a)], operating in air at room temperature. The measurement record (black) displays two phase modulation sidebands (fmod ¼ 10MHz) which allow

to extract the resonance linewidth j ¼ 780 kHz from a Lorenzian fit (red). (b) and (c) Measured cavity round-trip loss for a cavity made from a plano-convex

CaF2 crystal with the geometry as in Fig. 4(b) as a function of cavity length (b) and interface angle for a cavity length of 7.1mm (c). The independently mea-

sured input coupler transmission (100 ppm) was subtracted from the data for better visibility, and the remaining transmissions and absorptions of both mirrors

are expected to be negligible (sum < 5 ppm) with respect to scattering loss due to mirror surface roughness (about 20 ppm), interface-related scattering, and

clipping on an aperture inside the cavity.
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integral between mechanical displacement and optical inten-

sity in conventional “moving-boundary” optomechanical

coupling. A redefinition of the effective mode mass can be

used to link these modified situations to the canonical opto-

mechanical formalism.

V. OPTOMECHANICAL CAVITIES: ACTUATION
AND READOUT

The laser beam is assumed to be along the y-axis, i.e.,

along the thickness of the acoustic/optical cavity. The light

intensity I being the number of photons per unit of time, lim-

ited to its average part in the analysis below, the laser power

can be expressed as Plaser ¼ hc
k
I. Furthermore, when neglect-

ing the influence of the spatial pattern of the electric field at

the level of a mirror plane, the radiation-pressure force onto

the latter is Frad ¼ 2�hkI, where 2�hk is the photon impulse

transfer (k is the wave-number). Thus, when a laser beam of

power Plaser is incident on the cavity, the circulating intra-

cavity power, for a resonant laser, is given by

Pcavity ¼ Plaser

2F
p

T

T þ P
; (7)

when the input “coupler”-mirror is assumed to have a power

transmission T and the “loss-port” mirror to lose a fraction P

of the power reflected off it. The first fraction in (7) describes

the finesse enhancement and the second fraction describes

the “impedance matching.” In addition, when neglecting

photoelastic coupling in the following and considering only

the standard optomechanical coupling, i.e., the moving

boundaries, the radiation-pressure force from the intracavity

beam is then given by

Frad ¼
2Pcavity

cc
; (8)

where cc is the light speed inside the cavity (the speed of light

in vacuum c divided by the refractive index of the material).

A cavity interacting with a laser beam is then submitted

to the radiation-pressure force in addition to the Langevin

force due to random thermal fluctuations according to the

fluctuation-dissipation theorem. The latter will not be taken

into account. The radiation-pressure force, that includes also

a random part coming from the laser, can efficiently be

related in the Fourier domain to the mirror displacement y(t)

as dy½X� ¼ vn½X�dFrad½X� for a given mode n00 (denoted n

for simplicity), where vn[X] is the mechanical susceptibility

close to the resonance

vn X½ � ¼ 1

mnðX2
n � X

2 � iX2
n/ðxÞÞ

; (9)

with /ðxÞ ¼ X

QnXn
being the mechanical loss of the overtone n

(for n00) in the case of viscous damping. Thus, from previous

equations and with the approximations mentioned above, the

relationship between the mechanical displacement and the

modulation of the laser power dPlaser[X] can be expressed as

dy X½ � ¼ 4

cc

F
p

T

T þ P
vn X½ �dPlaser X½ �; (10)

which yields at the mechanical resonance angular frequency

Xn, when divided by 2, it yields the effective mass because

the optical beam probes the mechanical displacement twice

per round-trip in the cavity, but assuming that T�P

dy Xn½ �
dPlaser

	

	

	

	

	

	

	

	

� 4F
pcc

Qn

mnX
2
n

¼ Kn

Qn

n
; (11)

with Kn ¼ 2F
p3cc

ffiffiffiffi

Rt
p 1

M
1=4
n P

1=4
n C

1=2
e

. Thus, the displacement sensitiv-

ity to laser power is proportional to the ratio Qn/n. The sensi-

tivity calculated by means of (11) from data shown above

(see Fig. 2) is illustrated in Fig. 5, for a finesse F ¼ 80. As a

result, an acoustic quartz cavity simply metal coated, would

exhibit displacement values on the order of 1.3 10�10 m per

mW of actuating laser modulation.

Furthermore, the detection noise floor is given by the

shot noise of the laser beam and can be estimated from4

dyshot X½ � ¼ 1

16F

ffiffiffiffiffiffiffiffiffiffiffi

2hck

Plaser

s

: (12)

This yields to a displacement noise floor, assuming for exam-

ple a perfect homodyne detection for a laser resonant with an

FIG. 4. Different strategies to convert plano-convex BAW devices into optical cavities. The blue line shows the Gaussian distribution of mechanical displace-

ment and the red lines indicated the spatial shape of the laser beam inside the cavity. (a) Acoustic device used as an optical cavity with gold electrodes coated

on both surfaces, acting as optical mirrors. (b) Optomechanical system made of a gold-coated plano-convex acoustic cavity combined with a dielectric super-

mirror. (c) Optomechanical system made of two separate dielectric mirrors on both sides of the acoustic cavity.
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optical cavity mode, of 2� 10�17 m=
ffiffiffiffiffiffi

Hz
p

for a 1 mW laser

power at 1550 nm. One of the main motivations of using

mechanical modes with ultrahigh mechanical quality factors

is to keep thermal displacement noise, which is related to the

mechanical quality factor via the Fluctuation-Dissipation-

Theorem, as low as possible to achieve maximum coherence

for quantum state preparation and measurement. It is well-

known in the community of optomechanics that optome-

chanical cooling cannot improve the signal-to-thermal-noise

ratio, but only trades a lower effective temperature for lower

effective mechanical quality factor. Therefore, the solution

for keeping thermal noise low is to use mechanical resona-

tors with the highest mechanical quality factors that are

available. Actually, the previous calculation, with T�P and

a finesse F ¼ 80, has neglected optical loss and other techni-

cal limitations when probing the displacement as space

matching of the beam with the cavity, the filter effect of the

cavity, and the photodiode efficiency. So, this assessment

should likely be increased but nevertheless shows that prob-

ing the displacement of the cavity actuated optically is

realistic.

VI. PROGRESS AND CONCLUSION

Very promising preliminary tests have been carried out

on quartz as well as CaF2 plano-convex bulk cavities and

alternative solutions discussed. Although optically excitation

is theoretically available, issues still arise to know how pho-

toelastic and thermal effects for example are involved in the

interaction process of optics to and from mechanics, in com-

parison with radiation effects. While the options discussed

above are going to be investigated, studies on quartz

temperature-compensated cuts are also in progress in par-

allel. Indeed, since the elastic coefficients, density, and

thickness of the acoustic cavity depend on temperature, the

acoustic-resonance frequency is also temperature depen-

dent, and it becomes mandatory to select the appropriate

cut angles exhibiting a frequency-temperature turning

point in the [3 K–15K] range. The temperature coefficients

of the stiffness coefficients have recently been measured20

and frequency-temperature compensated cuts have then

been identified: devices are currently under test to check

the angle sensitivity.
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