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outline

» thermo-elastic damping of Si disks

» direct measurement of coating thermal noise
« coating structure and mechanical loss
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thermo-elastic damping of Si disks
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unexpected results

Si disks used for coating characterization

» Gentle Nodal Suspension (GeNS)
Cesarini & al., Rev. Sci. Instrum. 80, 2009
Cesarini & al., Class. Quantum Grav. 27, 2010
R. Flaminio & al., GWADW, Elba, 2013

« isotropic thermoelastic loss does not explain the measured loss

M. Granata & al., GWADW, Elba, 2013
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models

Z
* isofropic material 1 3
» developed mainly for MEMS
» from beams to disks
Lifshitz & Roukes, Phys. Rev. B 61, 2000 4
sun & Tohmyoh, J. Sound Vib. 319, 2009 -
h
0-1=2 Im(w)
Re(w)
DV*V?wo 4+ D(1 +v)arV> M1 — pho*wy = 0 o
]2 1/ £
> Mro=— Yoz dz
0% . 9 _ic 2 h J_np
K 32 = 1wpcydy — 1P TozV-wy

— thermoelastic damping only depends on frequency
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patterns
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patterns
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patterns
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patterns
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mode families

Substrate loss [rad]
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Substrate loss [rad]

mode families
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mode families

Substrate loss [rad]
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evidences

GeNS o
* high repeatability

BX

* high reproducibility ; x X
Af/f~ 104

4.0E+04 — o <& X ©25/02/2013

A Q/Q < ] O% § ﬁ ) a g [026/02/2013

2.0E+04 A02/05/2013

D 03/05/2013

- very low excess loss af low temperature e 7 e

Q0,2 = 2.2 x108
Q1,4 =8.3 x10/
Q22=1.1x108
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evidences

GeNS

* high repeatability

* high reproducibility
Af/f~ 104
AQ/Q<10%

» very low excess loss at low temperature

Q0,2 = 2.2 x108
Q1,4 =8.3 x10/
Q22=1.1x108

» iIndipendent simulations
ANSYS + analytical
COMSOL

modes and loss confirmed

— mode families are for real

crystalline nature of Si ¢
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CuBe

« 3" isofropic sample -t =1 mm
* simulations predict mode families

 discrepancy with measurements
lower frequency — lower measured l0ss
higher frequency — higher measured loss
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next steps

* thin Si disks show mode-dependent thermoelastic damping

« analytical models do not predict mode families

— new model is under developement

* NO clear outcome from CuBe disk = new samples and simulations
— 0.5-mm thick CuBe disk

— 0.5-mm thick «@-brass disk

yyvarena, GWADW - Takayama, May 28th 2014
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direct measurement of coating thermal noise
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technique

E'(1+e'*)(x+2) E')(1-e'*%)(x—-2)
pr——————————

quadrature-phase differential interferometer
Bellon et al., Opf. Commun. 207, 2002
Paolino et al., Rev. Sci. Instrum. 84, 2013 Bio{l-a"~"3(x-5)

calcite

* suitable to study coating thermal noise
v direct measurement
v simple setup

E,x+E,e'’z

Polarization :

Y
» key point 1 — micro-cantilevers ;—lx
low rigidity K £ 1 N/m
high resonances fo > 14 kHz <p=2TTr2d
low dilution factor Tc ~ fs S —
— thermal noise ~ 101 m/VHz Bellon,Cillberto e sues, Opt. Comm. (202 —

» key point 2 — polarization
inear response of several pm

nearly-common-path Michelson
high noise rejection
very low drift

M&Qﬁ&“&iﬁé&iﬁi GWADW - Takayama, May 28th 2014 ] 8

AVANCES



results

10—21

exp. PSD: Sicas

* measure — — - PSD fit: Sy | I
average of 102 spectra of ~10s 10722 | exp. background noise: Spg i
—~ —21 |
— w10 |
EN 10723 ¢ NE L0-22 \ | 1
« band from 10 Hz to 20 kHz 5 £ /\ |
\f 10—24 L i) 10_23 / \ .
S 0N
w0 A /- A\ |
2 25 h ~ 0N 1024 = o = |
e analysis S N -\ f |
SN 1
. ~
fit of resonance | S ]
background subtraction Sa /"L
. . 10_27 N 1 i
measured dilution factor D e - > e 00

— OcC (w)

» metallic coatings
Paolino & Bellon, Nanotechnology 20, 2009
Li & Bellon, Europhys. Lett. 98, 2012

» optical dielectric mono-layer coatings
Cagnoli et al., 22nd ICNF, IEEE, 2013
Li et al., Phys. Rev. D 89, 2014

Frequency f (Hz)

1-D ~ (fs/fcc)? ps/ (Us+uc)

Sample D

Dculc

Sample Si 0.40 £0.02
Sample Si, 0.41 £0.02
Sample Ta, 0.45£0.02

0.40 £ 0.02
0.41 £ 0.02

YToQOS 2

V= GWADW - Takayama, May 28th 2014
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SIO2 and Ta205

. . 1020
* 1/f noise — Saulson model confirmed ool
. . ~ —22
- f-independent loss after annealing g
107
\é/ 10—24
Coating D ¢. x 10* g 10-25
Si0, as coated 0.40 + 0.02 6.0 +0.3(£0.5) =N
Si0, annealed 041+£0.02  0.62 0.43) .
Ta,Os annealed 0.45 + 0.02 4.7 +0.2(+0.4) =
S — 10—28
in agreement with resonant method T 1077 5
— GeNS -
10~21 _e_ Smeas — Sbg T . 6
— — Syit
10—22 L
S 1073 <
~ | .
Ei 1072 ¢ =
© <
S 10 3
= 10726 ¢ %
=N
% 10727 &
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® 0 —<— ¢xk — Sample Tap|

@ ¢po —S— ¢k — Sample Si ﬂ

Frequency f (Hz)

8 AG =3 -K LABORATOIRE
M&E Yy MATERIAUX
y—r, AVANCES

102 103
Frequency f (Hz)

GWADW - Takayama, May 28th 2014

20



« quarter-wavelength coating
plain Ta205 and SiO2 layers
A =1064 nm, 10 doublets

SURFACE PROFILE DlSPLﬁY
WS /3 in

NNNNNN

Step: 1

Villeurb

— straight coated canfilever —

technigue developed at LMA both surfaces

coated

U\&ﬁ WaTEnasx GWADW - Takayama, May 28th 2014 2 ]



results

» before coating — T
fo=14280.33+0.01 Hz 10

* after coating
fo=21619.79 £+ 0.03 Hz

O 1

measured |oss
dc=3.86x104

PSD [m~/Hz]

expected loss
®c =2.73x104

[linear combination ]0-30
of mono-layer loss] 10"

Frequency [Hz]

loss higher than expected

same phenomenon observed with macro-cantilevers 2
M. Granata & al.,, GWADW, Waikoloa, 2012

M%gf&“&i?gﬁggg GWADW - Takayama, May 28th 2014 22



next steps

« quadrature-phase differential interferometer
very powerful tool to study out-of-resonance coating thermal noise
— additional informations on present optical coatings

— enhance R&D programs on new materials

 mono-layer dielectric optical coatings characterized
* LMA developed a technique to deposit stacks on micro-cantilevers

— multi-layer coatings under study

» 2nd setup being assembled at LMA

to be coupled to a cryostat

LN\ ﬂ\‘i’l\h‘,:.magfgﬂggg GWADW - Takayama, May 28th 2014 23



coating structure and mechanical loss

\ S GWADW - Takayama, May 28th 2014
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mechanical loss

due to structural relaxation of materials

— investigation of microscopic structure

« TIO2T0205  * Y Memanicalloss 15
B i echanieal - reduced density functions
0.40 |- 1 o
2 ossl l 1" g Bassiri & al., Acta Mater. 61, 2013
" H ; |, Bassiri & al., LIGO-G1400271, 2014
2 036} K 1° £
5 % . | 8
0341 1, talk in this session
0.32 ' : ! : ! :
0 20 40 60

Ti consentration (cation %)

* Ta205
— Raman spectroscopy aft Institut Lumiere Matiere

« SIO2 ® L

INSTITUT LUMIERE MATIERE

_al‘, SRR GWADW - Takayama, May 28th 2014 25



Raman in a nutshell

laser E=Eocos(2xr fot) = dipole p=«a E

polarizability & normal coordinates a (Qk) ~ a0+ Qk oo /oQk
~ harmonic vibration of atoms Qk = Qko cos(2 7 fk 1)

Anti-Stokes Rayleigh Stakes

— p = p(fo) + p(fo-fk) + p(fo+fk) ' 1l !

N T/

Virtual
states

Intensity (arbitrary unils)

‘
-y

Vibrations and
rotations at

Ground state E 7R b\

Rayleigh Stokes Anti-Stokes —— T T T T T T T
scattering  scattering  scattering -500 -400 -300 -200 100 0 100 200 300 400 500
Raman wavenumbar (cm™')

wavenumber w = (fo-f)/c

— spectrum of vibrational fransitions (W] = o

P. Vandenabeele, Practical Raman Spectroscopy, Wiley, 2013
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Ta205

1,3E-03
: L1608 O o 9 = 0/
- annedadling decreases losses by a = _"
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2 /\ M. Granata & al., Amaldil0, Warsaw, 2013
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AU W
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i BT y, Ono & al., Thin Solid Films 381, 2001
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warning

lon-beam-sputtered SIO2 used in this study
Is not the same
as that of detector mirrors

golden rule:
different deposition parameters give different coatings

| L,‘(':;:’;\3,3;‘,i.ma‘:‘ifg%ggg GWADW - Takayama, May 28th 2014
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SIO2

* bulk
o= 1.62 A
250 @
o~ B
200 1 ouk
—film
eSi-O-Si= 144° — —dens@18GPa
120°<6<180°] ¢ 3 ™o
> 150 A
bosi0=109.7° 5
<
S 100 A
5
Jin & al., Phys. Rev B 50, 1994~
] - 50 1
g5
é 20 i 0 T T T T T T 1
o B 200 400 600 800 1000 1200
& 1:' H H Raman shift [cm-']
T T4 s e 7 s 8 w1 'peOkidenﬁﬁCOﬁOH
Ring size Galeener, J. Non-Cryst. Solids 71, 1985

’f»?jf\‘\zx(\‘rﬁi\j i.LA&gfgﬁggg GWADW - Takayama, May 28th 2014 29



SIO2

e film
different R-band — different 6 distribution
shiffed peaks 250
higher D2 intensity
N
200 - /\ :?”lrik
— similar to densified bulk 3 ™o - denselsero
"~ 150 - ‘
§ 100 -
* in agreement with 5
density measurements =0 -
o buk = 2.20 g/cm?3
O fim = 2.47 g/cm3 0

200 400 600 800 1000 1200
Raman shift [cm1]

LN\ ﬂ\‘i&‘,".magfgﬂggg GWADW - Takayama, May 28th 2014 30



annealing

1200 -
as deposited
ann. t1 478 -
1000 - ann. t1+t2 i u

ann. t1+12+t3 =
gy ann. t1+12+t3+t4 g 474 -
S 800 - ~§
EL E 472 -
2 £
@ 470
2 600 - c
Q 5 468 |
£ g _

[a'4
c
@ 400 . . .
5 :
o \ 464 —
u\_. 0 t1 t2 t3 tg
= SN Annealing time [a. u.]

\4

. I B I . I B I s I . I . I . I . I s |
300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

« remarkable differences wrt to cumulated annealing time
evolution of the R-band — different 8 distribution
clear reduction of D2 peak

QJ}g{gfi;%a‘gfgéggg GWADW - Takayama, May 28th 2014
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SIO2 structure and loss

D2 Raman intensity (a.u.)

800 —
7,604
°
750 — - 6,E-04 -
g 5,E-04 1
700 — g
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600 2,E-04 A .
°
°
7,E-05 T . . . ' .
550 - o remanmensvioan Y
500 —
|
450 - i " - =
]
1 1 A 1 1 L] 1 1

Annealing fime [a. u.]

e loss measured on 3 cantilever blades

 close correlation between D2 spectral evolution and loss

GGGGGGGG
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next steps

« Roman spectroscopy used to investigate Ta205 and SiO2 coatings
» No clear outcome from Ta205 — new set of samples

v first observation of structure/loss correlation in SiIO2

— repeat with advanced-detector SiO2

yyvarena, GWADW - Takayama, May 28th 2014
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conclusions
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conclusions

« mode-dependent thermoelastic damping observed on Si disks
— new model under developement

relevant for other planar structures (ribbons and blades)

» simple out-of-resonance measurement of thermal noise is now possible
— opftical mono-layer coatings characterized
— first results from high-reflectivity coatings (stacks)
excess mechanical loss observed, study ongoing

— additional cryogenic setup being assembled for R&D

« Roman spectroscopy used to investigate coating structure
— measured SiO2 relaxation wrt annealing time

— first observation of SiO2 structure/loss correlation

R GWADW - Takayama, May 28th 2014 35



