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Mechanical oscillators as probe for nanoscale phenomena it
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Quartz tuning

Control of the quantum state of mechanical
systems is challenging

High environmental n.,, = g T > 1

occupation " Ay,

Posiion-sengive
Phitopdatedtve

Sensitive readout required AX7pp =

\ 2mfil,,

Atomic forc
gan Jose)

Image: NIST D. Rugar (Nature)



Quantum control in Atomic Physics

W 1970: Arthur Ashkin demonstrated radiation pressure
ot trapping of dielectric particles

,/,T

Ii-ﬂ'::-tc.rn

1975: Hansch et Schawlow, Dehmelt et i T

Wineland “Laser Cooling by Radiation m"ﬁf‘“‘_‘
Pressure” iy

1989: Ground state cooling of
ions (Wineland)

-
Can quantum control be extended to

NEMS / MEMS?
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Parametric transducers — optomechanical coupling (I‘l!
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INVESTIGATION OF DISSIPATIVE PONDEROMOTIVE EFFECTS OF
ELECTROMAGNETIC RADIATION

V-'B. BRAGINSKIf, A. B. MANUKIN, and M. Yu. TIKHONOV
Moscow State University
Submitted October 17, 1969

V.B. Braginsky
ﬁarametric, optomechanical coupling\

(a) w = w;+ G x(t)
dw W
Sin(t) a(t) G=—=——
Sout(t) Hamiltonian description (K.C. Law)
N B

||1||-||||r| \ H\lntthaTa°5C\

X(t)
MAX-PLANCK-INSTITUT | 7 *
Braginsky, Manukin, Tikhonov, JETP 1970 FUR QUANTENOPTIK .

GARCHING ]

Braginsky, Manukin: Measurement of Weak Forces in Physics Experiments (1977) MPQ




Radiation pressure dynamical backaction
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d2 " 1 dx +wi1$ _ Frp(x(t— 1))
dt2 ZTm dt meff
(0. Q)

(a)

5:’;?“—' a(t)

e

Sr.mtf” F

= rp(X(t — 7))
x(t)

Velocity dependent term
Amplification: Blue detuning
Cooling: Red Detuning

Predicted for more than 30 years,
but cnly recently observed.

Ay < 0= Amplification
Ay > 00—  Cooling 77)



Radiation pressure effects on test masses

For a Fabry Perot:
dw W
dx L

Optical readout:

Radiation pressure ip\ — F =
back-action: dt



Parametric transducer — optomechanical coupling e
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Gravitational wave interferometric
Photo credit: Hanford observatory

VB Predictions:
-Standard quantum limit for position detection
- Amplification and Cooling of Mechanical Motion &




Linearized optomechanical Hamiltonian

Linearization around the driven cavity
a=a-+da

X =X+ X;pm(6b + 5bT)

Quantum theory of optomechanical cooling and strong coupling:

I. Wilson-Rae, Nooshi, Zwerger, Kippenberg, PRL 99, 093901 (2007)
J. Dobrindt, Wilson-Rae, Kippenberg, PRL, 101, 263602 (2008)

F. Marquardt, Chen, Clerk, Girvin, PRL 99, 093902 (2007)

linearization:

¢
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Linearized optomechanical Hamiltonian

H = aAdat 6a + hQ,,6bT 5ba
+hGx,pra(Sh + 6bT ) (8a + sat)

Resolved sideband regime, A=-Q_:

[ H.,.=hQ,./2@@" b + abt) }

O./2 = Gxzpra

Corresponds to state swapping between optical and mechanical mode



Linearized optomechanical Hamiltonian

Resolved sideband regime, A=-Q_:

H.. = hQ./2(at b + abt)

Qc/2 = Gxzpra

Corresponds to state swapping between optical and mechanical mode



Weak coupling: optomechanical cooling el
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] {2 AT Sh A5hT
H., = h7 (6a' 6b + daodb') 0, > K

Mechanical oscillators Optical fields

_ — Coupling rate between light
(e =290 +/Mp and mechanical oscillator

Weak coupling ). < K Coolingoccursif K >> I},

— N2
Quantum theory : Fe f f — 'QC / K
I. Wilson-Rae, Nooshi, Zwerger, Kippenberg, PRL 99, 093901 (2007)
F. Marquardt, Chen, Clerk, Girvin, PRL 99, 093902 (2007)




Dynamical backaction cooling

_ Q. . o~
H., = h7 (6aT 5b + §asht)
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B
e _ Cavity
- A Laser ( mode
l‘:‘ /
>
‘B
c
@
o
= Qi
o | o ey >
2 /%L—
Qn w “o
Resolved sideband coolin — 2
9 Feff — 'QC /K
Quantum theory : Tlf = K2/16.Q.72n Only for: Q'm > K

Wilson-Rae, Nooshi, Zwerger, Kippenberg, PRL 99, 093901 (2007)
Marquardt, Chen, Clerk, Girvin, PRL 99, 093902 (2007)



Coupling mechanical mation to an optical field

_ 9 R R
[ H., = h% (6at b + sadht) ]

Mechanical oscillators Optical fields

Wi,

o (70,) 27 y=I,,(n,+1)7 K(ﬁp +1) ~k

Environment ~ anm Environment
kT : kT
n, = > 1 uantum coherent couplin n —_B°
Yo Q piing " T ho

Qc > (v, k)
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* Exploring cavity optomechanics with
microresonators



D. K. Armani, T. J. Kippenberg, S. M. Spillane, K. J. Vahala.
Nature 421, 925-928 (2003).




Optomechanical coupling in optical microresonators it
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Insight: Mechanical vibrations also apply to the microscale* optical
microresonators

-> Enabled a new class of cavity optomechanical devices

*T. J. Kippenberg, H. Rokhsari, T. Carmon, A. Scherer and K.J. Vahala Physical Review Letters 95,
Art. No. 033901 (2005)



Optomechanical coupling in microresonators
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optical mechanical
whispering-gallery-mode (WGM) radial-breathing-mode (RBM)
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=~ N\ N\ 'R N
= ta(ht

Hi,. = hGxzpra'a(b™ + b) O, DK

go = Gxzpr < Oy /2
LinewidLlh Hy
Cquality factor ", = B N CALATILY  dC LT ey T
Finesse F =l 10% [ ffactive mass TiAa ] 2210 kg
Iree spectral rangse 1512 = 1T e Fero=pnnt fluctuations Ao sz LSO Aam

T.J. Kippenberg, Rokhsari, Carmon, Scherer, K.J. Vahala, PRL 95, 033901(2005)



Examples of optomechanical devices

Nass

Gravity wave

detectors
(LIGO, Virgo, GEOQ,..)

Harmonically
suspended
gram-scale mirrors

Mirror coated

AFM-cantilevers

- Micromirrors

SIN, membranes

Hz

fauanbayy eaueyospy

ra

Optical microcavities

. CPW-csonators
' coupled 1o nano-
- . resonators

. e——1l0pm

MH2

Kippenberg, Vahala Science (2008) «Cavity Optomechanics»
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Cavity optomechanics in
micro and nano-optical
systems



Cavity optomechanical systems (2011)

Whispering-gallery-m
resonators:
Caltech, EPFL, MPQ

Movable mirrors and membranes:
\Caltech, MIT, Paris, UCSB, Vienna, Yale

P @ 5 0 2 & & ® 9
SROROR _ . 28382010

- - - - - = . N e -

- R Nanophotonic systems:
Cold atoms (simulators): Caltech, Ghent, EPFL
Berkeley, ETHZ, MIT

Microwave systems:

Caltech, JILA, NIST, UCSB
< J

Reviews: Kippenberg, Vahala, Science 321, 1172
(2008) “Cavity Optomechanics”

Marquardt, Girvin, Physics 2, 40 (2009) H int — g() hCLT a (a;‘:n, _I_ am )



Optomechanical coupling in 2 D photonic crystal cavities
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2-D defect cavity = 00

Photonic crystal cavity

Optical mode
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E. Gavartin, Braive, T.J. Kippenberg, I. Robert (Physical Review Letters 2011)
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Mechanical mode

Collaboration LPN (CNRS)/EPFL



Optomechanical coupling in a toroidal microcavity vt s e

( jxm
E.n(t) Emn(t)

S ———

>

G/2m = 10°GHz/nm

Critical coupling K,,, = K

Int . 1 a2 ) Quantum limited
ntracavity ! / Homodyne Detection
power a8 ¥ LO

Phase of the l

Transmitted field |-

wn = & + e T(f} w ;@ !'(Trﬁ'



Optomechanical coupling in a toroidal microcavity s
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'x(t)
G/2m = 10°GHz/nm

Ein(t) ~__ ~ Eout(t)
| > > |

kBTeff — fmeff|x[Q]|2Q2dQ

E 450 Y o
- EgL &
= 1 - 4
0 1 2 i
- ..
Time (us) g [
o
: i1
é ' .
g {f %
I
é’!

b74 578 578 58 582
Frequency (MHz2)



Example: noise spectral density of a toroid microresonator

Displacement noise spectral density (10™'* m/iHz"?)
o

100 E

—
o

ECOLE POLY I ECHNIQU
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L . v

Joneiq)ed

30
Frequency (MHz)

A. Schliesser et al. NJP 2009

A -PLAMCK-IMETITUT | (ﬁf‘

FLIR UAMTENOPTIE 3
GARCHING Loy
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Example: noise spectral density of a toroid microresonator e
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!

100

—
o

g
—

Displacement noise spectral density (10™'* m/iHz"?)

thermorefractive noise (model)
full model

Joneiq)ed

10 20 30

Frequency (MHz)

A. Schliesser et al. NJP 2009

MAGC-PLAMCK-IMSTITUT (|~
FLIE QLAMNTEMCPT K '
GARCHING || e



Example: noise spectral density of a toroid microresonator
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:

" thermorefractive noise (model)

LA A AL

—
o
LA |

&
—
L)

Displacement noise spectral density (107'° m/Hz"?)

100 k full mo¢—

Thermorefractive noise

g
(AT = "8l

T gl
\.

Lo . K 4+ G- v
3 Do w1 ' ' ¥ 'I
Sitn P} rﬁ_'.: Jr., i - - ( er ) ri r 1
s Lot | f ANV A THgt + 323,

v i ¥

Landau, Lifshitz, Statistical Physics, Pergamon Press (1980)
Gorodetsky, Grundinin, JOSA B, 21, 697 (2004)

A. Schliesser et al. NJP 2009

A -PLAMCK-IMSTITUT
FLIE QLAMNTEMCPT K
GARCHIMG
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Observing Brownian motion of toroid microresonators rryiiathe

Signal (dBm)

Frequency (MHz)

measured
mechanical
spectrum

zoom on
individual peaks

mode patterns
obtained from
finite element

modeling



Displacement sensitivity below that at the SQL

* Vacuum coupling strength Nf

N

L

R df2 €

('iu"’z} — / S (1) — = 2(“'}93 3

Jicsin 27 ©

g

a

« Peak displacement spectral density 5

e

— )5 zZpm &

g

« spectral density of Zero Point Motion |

Szpm . h
XX 2mQm,Tm
( th )
Sxx [Qm] — _ kgT
Zpm > V2n N, =

Sxx [m] M

(.
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Frequency (MH2)

A. Schliesser et al. NJP (2008)

Applied phase modulation signal

ML Gorodetsky, A. Schliesser, TJ Kippenberg (Optics Express 2010)



Displacement sensitivity below that at the SQL

‘0') e .

1w"

-

10 4 | A L | n

76 78 8.0 rl
Frequency (MHL)\ -

Anetsberger et al. Nature Physics (2009)
Collaboration: J.P. Kotthaus, E. Weig
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» Cavity Optomechanics with silica
microresonators
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Coherent probing: Optomechanically Induced Transparency Errmee

f
/ On A \ Two laser scheme is similar to atomic
EIT

Wy = Wa —

control

Harris, PRL

probe

Zhang, Peng, Braunstein, PRA 68, 013808 (2003)
Schliesser, LMU PhD thesis (2009)
Agarwal, Huang, PRA 81, 041803 (2010)
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Coherent probing: Optomechanically Induced Transparency Fiee

f
/ On A \ Two laser scheme is similar to atomic
EIT

W = W —

control

Harris, PRL

probe

Zhang, Peng, Braunstein, PRA 68, 013808 (2003)
Schliesser, LMU PhD thesis (2009)
Agarwal, Huang, PRA 81, 041803 (2010)



Optomechanically induced transparency

A1

H, = (cYaJr 8b + 8a6bT)

5a(t) = A=e~moat

5b(t) = Xe Pmoat

Wi — We — fzm
control

W + -Qmod
probe

Zhang, Peng, Braunstein, PRA 68, 013808 (2003)
Schliesser, LMU PhD thesis (2009)
Agarwal, Huang, PRA 81, 041803 (2010)

(=il + k/2)A™ = —i(Qe/2)X + \KorOSin
(—id + T, /2)X = —i(Q,/2)X

(e

LCOLL POLY TS llhl‘!ulVle
FEDERALE DF LAUSANNE



Optomechanically induced transparency

/
On A 2 1 0+ +2

Intracavity
probe power

L A A i ——

- O

Mechanical
oscillation
amplitude

Wi — We — fzirH'

control
= " ) _ .
| -g (—iA" + k/2)A™ = —i(Q./2)X + \[KexOSin,
- | Q
* (—iA +T,,/2)X = —i(Q./2)X
Zhang, Peng, Braunstein, PRA 68, 013808 (2003)
Schligsser, IgJMU PhD thesis (2009) -(I)‘l-i (.i:% ‘

Agarwal, Huang, PRA 81, 041803 (2010) AL X TRCHNIGVE VPO

FEDERALE DF LAUSANNE |



Optomechanically induced transparency

QI

-2 -1 .
Intracavity
probe power

_—

- O

Wi

- fzm

control

W = We

dir'ili]l

probe

Zhang, Peng, Braunstein, PRA 68, 013808 (2003)
Schliesser, LMU PhD thesis (2009)
Agarwal, Huang, PRA 81, 041803 (2010)

Mechanical
oscillation
amplitude

1 pu—
Probe
transmission
Il

P

(—id + Kk/2)A™ = —i(Q./2)X + KorOSin

(—iA +T,,/2)X

—i(Q./2)X

G

LCOLL FOLYTECUHNIQUE |p
FEDERALE DF l.\l"].\N.\’E_r iPD



Optomechanically induced transparency (OMIT)

:EIEJT——ELB MHz

ECOLE POLY I ECHNIQU!
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>

Homadyne signal 1 ngml?

probe

| | = 0.125 mW
e 1.29 mWw

o 3.0 mwW

o &5 mw

Zhang, Peng, Braunstein, PRA 68, 013808 (203)

Schliesser, LMU PhD thesis (2009)
Agarwal, Huang, PRA 81, 041803 (2010)
Weis et al. Science (2010)

51.6

Modulation frequency (MHz)



Optomechanically induced transparency (OMIT) ol
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A
Transmission a
¢ E
T(w=uwy) =——— =
0 -
C+1 T
Optomechanical cooperativity o 0.1}
& F
41,95 >
c=—2% | s— - LR
KF o | | = 0.125 mW
m L e 1.25 mW
_ & 3.0 mW
DU 1o 6.5 mwW =
Zhang, Peng, Braunstein, PRA 68, 013808 (203) -
Schliesser, LMU PhD thesis (2009) - A v .
51.6 518 62

Agarwal, Huang, PRA 81, 041803 (2010) ; e
Weis et al. Science (2010) Moduiation frequency (MHz)



Application of optomechanically induced transparency
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Strong nonlinearity, strong coupling

Intracavity pump photons required for C=1

Reference n
This work 20000
Optimized toroids* 1000
MW electromechanics 100
Integrated nanooptomechanics 10
See also

Groblacher et al. Nature 460, 724 (2009)
Teufel et al. Nature 471, 204 (2011)

Tunable group delay

1

1o

opiial
Wy LT
'IT_-'I,. WeBvESLILAR i T N

See also d
Chang et al., New Journal of Physics 13, 023003 (2011)
Safavi-Naeini et al., Nature 472, 69 (2011)

i

Weis, Riviere, Deléglise, Gavartin, Arcizet, Schliesser, Kippenberg, Science 330, 1520 (2010)
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* Quantum-coherent coupling of

mechanical and optical modes _l



Reaching the gquantum caherent coupling regime

kgT
YV = 1ImNm =%

SHe cryostat

 Allows thermalization
through buffer gas

e Reduced intrinsic losses
below 1K

ECOLE FOLY IECHNIQU
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W h
90=R |2ma,

« Smaller structures:
% increases, m is reduced

but, increase of
(.., additional clamping losses

Optimized spokes design:

Anetsberger et al. Nature Photonics 2009




Spoke supported microtoroid resonators g i e
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Smaller structures:

+ ®/R increases, mreduces

— Q) increases, larger
clamping losses

Spokes-supported toroids:

Yy =In iy

=
)
3

+ reductionof Q_and T

spoke length /; (um)

2 4 6 8 10
inner disk radius r; (nm)



90 _ 3 4kHz

21

ement (Riviere et al., PRA 83, 063835 (2011))
An.etsberger et al. Nat. Photon. 2009

(;.."




gas Tempe

-
n

8 (am/Hz %)
2

[&)]

625 T 626
Frequency (MHz)

Characteristics Helium 3 Buffer gas cooling

(),,, ~ 50— T75MHz T = 600mK

n = 521 ~ 175 — 250

Oscillator temperature (K)

t,r:,.m stat temperature (K)
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Dissipation due to two level systems (TLS) T

Anomalous Low-temperature Thermal Properties
of Glasses and Spin Glasses

By P. W. Axpersont, B. I. Harrerin and C. M. VArmA
Bell Laboratories, Murray Hill, New Jersey 07974

intrinsic loss due to
glass defect states

.
-

S

®

m

k= Or i

)

2 5 -

2 clamping losses

o negligible

c 2F ’/ i

T | | N

76.85 7686 76.87 76.88 02 058 1 2 5
Frequency (MHz) T [K]

Observation of a purely TLS dominated losses in silica toroidal resonators

Vacher, Courtens, Forét, PRB 72 214205 (2005)
Jackle, Piché, Huncklinger, J. Non-Crys. Sol. 20 365 (1976)
O. Arcizet, R. Riviere, A. Schliesser, TJ Kippenberg PRA 2009






Achieving a ,,Cold“ photon bath: Laser phase noise e
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*Excess phase noise heats mechanical oscillator. The
amount of tolerable phase noise for cooling to n=1 noise spectrum

New Focus Diode Laser frequency

g5
Fm ﬁm

10%
*Chosen solution: TiSa laser system

: =
102! I T T I —
z 10
1022 Wieman, Rev. Sci. Instr. 1991) — =
o
10°
10725 | | | 1 |
104 10° 106 107 108 10° 1010 . :
7 (Hz) Frequency (GHz)
1. Schliesser, et al. Nature Physics 4, 415 (2008) [SUPPLEMENTARY INFO] Kippenberg, Gorodetsky, Schhiesser
2. Diosi, PRA 78, 021801 (2008) et al. arXiv:1112.6277

3. Rabl, Genes, Hammerer, Aspelmeyer, PRA 80, 063819 (2009)



Achieving a ,,Cold“ photon bath: Acoustic Modes of Fibers

 Homodyne signal

(%)
[¥a )

w— hefore

| — after etehing

v
S

Background Signal [pW]
. E=y
(=} n

35
60 65 70 75 80
Mechanical Frequency [MHz]

 Factor of 1.3 corresponds to change in
diameter from 125um to 95um

Shelby, Levenson, Bayer, Phys. Rev. B 1985

Buffer

Homodyne Signal

. Cladding ——
0./2n Core — > I

20

40

x1.3

w—hetora
~after stripping
= gfter etching

60 80 100
Mechanical Frequency (MHz)

120

ECOLE POLY IECHNIQUI
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140



Experimental setup: coherent probing

Ti:Sapphire
laser

Homodyne Detection

ECOLE POLY IECHNIQUI
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Modulation (2mod

-
Y
Network
® analyzer
in




Optomechanical cooling: coherent response e 1
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Coherent response

O /21 TiSa cooling laser

3L4AQ,= 111 -1.89 | A A A
':;' - omITWifd : P
cf \ 1
ot ' 3
2 _ZJ ; Q.
o f Py 1
= — : >
g :r : .,,..--""" : Frequency
R} § :
- 78.10 \78.20 /78.30 3
fod [MHZ] -

50 100 150
Mod. freq. Q,,,,4/27(MHZz)

1) Determination of all parameters (2,1, 4 ...)
2) Only amplitude of noise spectrum is used to derive the thermal fluctuations

(E. Verhagen et al. Nature 2012)



Optomechanical cooling: incoherent respanse

— L1

A 4

TiSa cooling laser

A

A

A

Q./2m =3.7MHz > y/2m = 2.15+0.1 MHz

~

ECOLE POLY I ECHNIQU!
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J

Homodyne signal (a.u.)

.?5.

. =" .
127 (MH2)

Laser Cooling of a macroscopic mechanical oscillator to ~37 % ground state occupation.
(E. Verhagen, S. Deleglise, S. Weis, A. Schliesser, TIK Nature 2012)



Optomechanical cooling: incoherent respanse

104 |

10"

10°

e o -*Elm g
R -
= 407 |k l ]
2 B
K 18 ¥ 1

E™ i
& 10" =
i :
QJ(27) (MHz) -

-200 -150 -100
Al(27) (MHz)

ECOLE POLY IECHNIQUI
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Laser Cooling of a macroscopic mechanical oscillator to ~37 % ground state occupation.

(E. Verhagen, S. Deleglise, S. Weis, A. Schliesser, TIK Nature 2012)



Optomechanical coaling in the weak coupling regime E e oo

Homodyne signal (a.u.)

FEDERALE DE LAUSANN

_ 0, . o
Hine = =7 (8b6a* + 8" 6a)

[m

)

e S .

Mechanical ' Optical

mode : mode
|
|
|
|
\\\ /I

2
I — A4{) Optomechanical
eff K cooling rate

[eff = 2m- 2.5 MHz vielding n=1.7

75 80
£1/(2m) (MHz)

Wilson-Rae, Nooshi, Zwerger, Kippenberg, PRL 99, 093901 (2007)
Marquardt, Chen, Clerk, Girvin, PRL 99, 093902 (2007)



Quantum coherent coupling

Optical domain:

= =
=] =
—80E
et
J
~90[— — J s
60 70 80 90
Q (MHz)

Verhagen, Deleglise, Weis, Schliesser et al. (Nature, 2012)

Mechanical domain:

-70

T

ol L

A AN
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Quantum coherent coupling
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‘H:I — A= _ﬂ .
" ii 3
N : £ )
T : 75
= | et |
M @ ©® o o o soesee [
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Quantum coherent coupling reached:

On the lower mechanical sideband:
O, =257 MHz
=y =2n56+09 MHz
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Quantum Coherent coupling regime:2g > v, k

(),, = 5GHz Ny, << 1

Microwave piezo-

mechanical O’Connell, et al. Nature (2010)
oscillators

Qm — 10MHz f, =~ 0.34

Dynamical

backaction 29 > (I'mnim, )
microwave cooling Teufel et al. (Nature 2011)
(), = 7T5MHz f, = 1.7

Dynamical 29 z (Fm’f_lm, K)

baCkaCt'o_n optical Verhagen, Schliesser, Deleglise,
laser cooling Weis et al. (Nature 2012)




Energy exchange in time domain e
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Energy exchange in time domain e
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Weak coupling Data
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Energy exchange in time domain

Weak coupling Data

Strong coupling
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Strong coupling 200 ns
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Strong coupling -EUU ns
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* Quantum transducers between optical fields and other degrees
of freedom

*  Quantum measurements on a mechanical oscillator in the
quantum regime

* Optomechanical transducers
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