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C. Damping coe�cient �n(T )
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FIG. 14. Dissipation �n for flexion modes n = 1 to 10. The continuous lines are fits of the data with the ansatz of eq. 3, except

for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are data obtained from fit of thermal

noise spectra, while circles are data from ring down studies of mode 1.
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FIG. 15. Dissipation �n for torsion modes n = 1 to 6. The continuous lines are fits of the data with the ansatz of eq. 3, except

for mode 6 where it is an extrapolation of the behaviour of other modes.

As shown in Figs. 14 to 17, �n(T ) presents a maximum for each mode n as a function of temperature, and this

maximum is increasing as a function of mode number n. The horizontal position of the maximum also increases with

n. We have no specific model for the dependency, so we’ll just use an ansatz with a generic function of f , T with few

•Sample: Tantala coated cantilever

•Cryogenic differential interferometer

•Thermal noise measurement

•Measurement of internal damping
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Sample : Si cantilever, Ta205 coating, annealed
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Sample : Si cantilever, Ta205 coating, annealed

741µm 90µm
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Sample : Si cantilever, Ta205 coating, annealed

935nm

Coating thickness: 2x140nm



C. Schonenberger and S. F. Alvarado, Review of Scientific Instruments 60, 3131–3134, 1989.

Quadrature Phase Differential Interferometer
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P. Paolino, F. Aguilar, L. Bellon, Review of Scientific Instruments 84, 095001, 2013.

Quadrature Phase Differential Interferometer
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Quadrature Phase Differential Interferometer
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Cryo-QPDI

Sample : 
µcantilever array

Cold plate
Ø = 180 mm

Cryogenic sample
holder

Aberration corrected
Savart Plate
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Cryo-QPDI

Pulse tube Cryostat
Minimum

temperature
6K

Heating rate
(strong inertia)
1K/7min

Vacuum
10-8mbar
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Thermal noise measurement
T=90K
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Thermal noise measurement
T=90K
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Thermal noise measurement
T=90K
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Thermal noise measurement
T=90K
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Thermal noise measurement
T=90K, flexion mode 2



L. Bellon - GRASS 2019 - oct. 2019

Thermal noise measurement
T=90K, flexion mode 2

m

�

F

F (!) =
⇥
k(1 + i�)�m!2

⇤
�(!)

<latexit sha1_base64="6hQFJ+hQdPb5zkV0rjrH7MWHwsg="></latexit>

�
<latexit sha1_base64="ZZGb9G3ruvzj8llBqVC9dTpn7pI="></latexit>

k
<latexit sha1_base64="PMu5LwHr7DkBnuoH9dnlDPS0QZE="></latexit>

Saulson model

S�(!) =
2kBT

⇡!k

�

(1� !2/!2
0)

2 + �2
= �2kBT

⇡!
Im


�(!)

F (!)

�

<latexit sha1_base64="yG0KD3H6YnsOVn/gQ0uBbH/z5Xs="></latexit>

Fluctuation-Dissipation Theorem
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Thermal noise measurement
T=90K, flexion mode 2
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Fluctuation-Dissipation Theorem Fit
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Thermal noise measurement
T=34K, flexion mode 2
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Thermal noise measurement
T=49K, flexion mode 2
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Thermal noise measurement
T=90K, flexion mode 2



L. Bellon - GRASS 2019 - oct. 2019

Thermal noise measurement
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Thermal noise measurement
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Thermal noise measurement
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Thermal noise measurement
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Thermal noise measurement
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Fits of resonances
7

FIG. 7. Psd of thermal noise for flexion modes 1 to 10, for temperature between 10K and 150K, and superposed Saulson

model fit.
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FIG. 7. Psd of thermal noise for flexion modes 1 to 10, for temperature between 10K and 150K, and superposed Saulson

model fit.
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Fits of resonances
7

FIG. 7. Psd of thermal noise for flexion modes 1 to 10, for temperature between 10K and 150K, and superposed Saulson

model fit.
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Resonance frequency fn
9
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FIG. 9. Resonance frequency of flexion modes 1 to 10 as a function of temperature. The continuous line is simply a projection

of mode 2 dependency on temperature at the other modes frequencies, showing that they all share the same behaviour.
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FIG. 9. Resonance frequency of flexion modes 1 to 10 as a function of temperature. The continuous line is simply a projection

of mode 2 dependency on temperature at the other modes frequencies, showing that they all share the same behaviour.

Young’s modulus dependency on temperature
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Resonance frequency fn
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FIG. 9. Resonance frequency of flexion modes 1 to 10 as a function of temperature. The continuous line is simply a projection

of mode 2 dependency on temperature at the other modes frequencies, showing that they all share the same behaviour.

Young’s modulus dependency on temperature
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Internal damping       �
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FIG. 16. Dissipation �n for flexion modes n = 1 to 10 (split of all curves of figure 14). The continuous line is a fit of the data

with the ansatz of eq. 3, except for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are

data obtained from fit of thermal noise spectra, while circles are data from ring down studies of mode 1.
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FIG. 16. Dissipation �n for flexion modes n = 1 to 10 (split of all curves of figure 14). The continuous line is a fit of the data

with the ansatz of eq. 3, except for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are

data obtained from fit of thermal noise spectra, while circles are data from ring down studies of mode 1.
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Internal damping       �
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FIG. 16. Dissipation �n for flexion modes n = 1 to 10 (split of all curves of figure 14). The continuous line is a fit of the data

with the ansatz of eq. 3, except for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are

data obtained from fit of thermal noise spectra, while circles are data from ring down studies of mode 1.
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C. Damping coe�cient �n(T )
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FIG. 14. Dissipation �n for flexion modes n = 1 to 10. The continuous lines are fits of the data with the ansatz of eq. 3, except

for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are data obtained from fit of thermal

noise spectra, while circles are data from ring down studies of mode 1.
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FIG. 15. Dissipation �n for torsion modes n = 1 to 6. The continuous lines are fits of the data with the ansatz of eq. 3, except

for mode 6 where it is an extrapolation of the behaviour of other modes.

As shown in Figs. 14 to 17, �n(T ) presents a maximum for each mode n as a function of temperature, and this

maximum is increasing as a function of mode number n. The horizontal position of the maximum also increases with

n. We have no specific model for the dependency, so we’ll just use an ansatz with a generic function of f , T with few
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For flexion and torsion, the data gather along a line in this lin-log scale, hinting at an Arrhenius law for both:

fn =
1

2⇡⌧0
e
� Ea

kBTmax
n (5)

with Ea = 50meV both for flexion and torsion. The prefactors are very similar for both family of modes: ⌧0 =

2.7⇥ 10
�12

s.

From this observation we can infer the expected value of dissipation for modes 1 and 10 in flexion (the fit of which

are noisy), and 6 for torsion (which has a low snr for small T ). Combining equations 3, 4 and 5, we have a generic

extrapolation of dissipation at any frequency and temperature:

�(f, T ) = �max
0 (f/f0)

↵�(0.6e�0.2(1+2⇡f⌧0kBT/Ea)�0.8
p

0.04+(1+2⇡f⌧0kBT/Ea)2 + 0.4) (6)
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FIG. 18. (top) �max
n as a function of the resonance frequency fn of the corresponding mode. In the log-log scale, data gathers

along a line both for flexion and torsion. (bottom) fn as a function of 1/Tmax
n . In the lin-log scale, data gathers a line for both

families of modes, hinting at an Arrhenius law. We can extrapolate from these fits the value of � for the modes where data are

noisy.

D. Ring-down study

As mentioned in Fig. 5, some data sets are discarded because of large amplitude deflections, which are probably

triggered by external random kicks or self-oscillations. Taking a closer look at those recordings, we find a significant

fraction of them displaying a clear ring-down behaviour, as illustrated in a few example on Fig. 19. The envelope

of the deflection around the first mode frequency f1 can be fitted in its exponentially decaying part to extract a

characteristic relaxation time ⌧1, which is related to the dissipation by

�ring�down
1 =

1

⇡⌧1f1
(7)
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Bonus: ring downs       



L. Bellon - GRASS 2019 - oct. 2019

Internal damping       �
<latexit sha1_base64="pSBXJ7AsI7YSWZAuZ0w0XG4Q0Ow=">AAAB83icdZA9SwNBEIb34leMX1FLRYJprI67KKhd0Ea7RMwH5I6wtxmTJbt7y+6eGo6UtrYKdmJrn7+if8E/4SVR5Ai+1cP7zgwzE0hGtXGcDyszN7+wuJRdzq2srq1v5De36jqMFIEaCVmomgHWwKiAmqGGQVMqwDxg0Aj65+O8cQtK01Bcm4EEn+OuoDeUYDO2PNmj7XzRsUunR657UpgF13YmKpZ3R9Wvh71RpZ3/9DohiTgIQxjWuuU60vgxVoYSBsOcF2mQmPRxF1oJCsxB+/Fk11QYY671gAczJsemlza7Ciebkvv0cCwlA46JH1MhIwOCJLkCAXck5ByLTuxd8mHsjecpHic8k1/BX57wMHnG78WF/6Fest1Du1RNvnKGpsqiHbSPDpCLjlEZXaAKqiGCeugRPaFnK7JerFfrbVqasX56tlFK1vs3IpKZWw==</latexit>

14

0 50 100 150
0

2

4

6

8

10-4

0 50 100 150
2

3

4

5

6 10-4

0 50 100 150
2

3

4

5

6 10-4

0 50 100 150
2

3

4

5

6 10-4

0 50 100 150
2

3

4

5

6 10-4

0 50 100 150
2

3

4

5

6 10-4

0 50 100 150
2

3

4

5

6

7 10-4

0 50 100 150
2

3

4

5

6

7 10-4

0 50 100 150
2

3

4

5

6

7 10-4

0 50 100 150
2

4

6

8

10-4

FIG. 16. Dissipation �n for flexion modes n = 1 to 10 (split of all curves of figure 14). The continuous line is a fit of the data

with the ansatz of eq. 3, except for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are

data obtained from fit of thermal noise spectra, while circles are data from ring down studies of mode 1.
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FIG. 16. Dissipation �n for flexion modes n = 1 to 10 (split of all curves of figure 14). The continuous line is a fit of the data

with the ansatz of eq. 3, except for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are

data obtained from fit of thermal noise spectra, while circles are data from ring down studies of mode 1.



18

FIG. 20. Psd of thermal noise for flexion mode 1 down to low frequencies, for temperature between 10K and 150K.

modes, we have however another way to estimate the thermal noise according to the Saulson model: the sti↵ness is

set by eq. 1, and we use the extrapolation of eq. 6 for � (either at all frequencies – �(f), or to estimate the dissipation

of mode 1 only and use the Saulson model with frequency independent dissipation – �(f1)).
We see that the lowest part of the psd, between the external disturbances peaks, indeed reach the prediction of the

Saulson model for those extrapolated values of the dissipation. The di↵erence between �(f) and �(f1) is weak (at

most 25% at 100Hz). Though the spectra are too noisy for a direct exploitation, they are however a good indication
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C. Damping coe�cient �n(T )
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FIG. 14. Dissipation �n for flexion modes n = 1 to 10. The continuous lines are fits of the data with the ansatz of eq. 3, except

for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are data obtained from fit of thermal

noise spectra, while circles are data from ring down studies of mode 1.
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FIG. 15. Dissipation �n for torsion modes n = 1 to 6. The continuous lines are fits of the data with the ansatz of eq. 3, except

for mode 6 where it is an extrapolation of the behaviour of other modes.

As shown in Figs. 14 to 17, �n(T ) presents a maximum for each mode n as a function of temperature, and this

maximum is increasing as a function of mode number n. The horizontal position of the maximum also increases with

n. We have no specific model for the dependency, so we’ll just use an ansatz with a generic function of f , T with few

•Sample: Tantala coated cantilever

•Cryogenic differential interferometer

•Thermal noise measurement

•Measurement of internal damping
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Internal damping of Ta2O5, more to come !       
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FIG. 14. Dissipation �n for flexion modes n = 1 to 10. The continuous lines are fits of the data with the ansatz of eq. 3, except

for modes 1 and 10 where it is an extrapolation of the behaviour of other modes. Crosses are data obtained from fit of thermal

noise spectra, while circles are data from ring down studies of mode 1.
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FIG. 15. Dissipation �n for torsion modes n = 1 to 6. The continuous lines are fits of the data with the ansatz of eq. 3, except

for mode 6 where it is an extrapolation of the behaviour of other modes.

As shown in Figs. 14 to 17, �n(T ) presents a maximum for each mode n as a function of temperature, and this

maximum is increasing as a function of mode number n. The horizontal position of the maximum also increases with

n. We have no specific model for the dependency, so we’ll just use an ansatz with a generic function of f , T with few


