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Outline of the talk

1. Introduction to cavity optomechanics: the example
of a thin membrane within a Fabry-Perot cavity

2. Ground state cooling and optomechanically
Induced transparency (OMIT) (also with our
experimental setup in Camerino)

3. Proposal for a quantum optomechanical interface
between microwave and optical signals



INTRODUCTION

Micro- and nano-(opto)-electro-mechanical devices, i.e., MEMS,
MOEMS and NEMS are extensively used for various technological
applications :

* high-sensitive sensors (accelerometers, atomic force microscopes,

mass sensors....)
* actuators (in printers, electronic devices...)

* These devices operate In the classical regime for both the
electromagnetic field and the motional degree of freedom

However very recently cavity optomechanics has emerged as a new field
with two elements of originality:

1. the opportunities offered by entering the quantum regime for these

devices
2. The crucial role played by an optical (electromagnetic) cavity



Why entering the quantum regime for
opto- and electro-mechanical systems ?

1. quantum-limited sensors, i.e., working at the sensitivity limits
Imposed by Heisenberg uncertainty principle
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C. L. Degen et al., PNAS 108, 1313(2009)

Macro-scale: gravitational wave

Nano-scale: Single-spin MRFM :
interferometers (VIRGO, LIGO)

D. Rugar group, IBM Almaden

Detection of extremely weak signal, forces and displacements



2. exploring the boundary between the classical macroscopic world and the
guantum microworld (how far can we go in the demostration of macroscopic

quantum phenomena ?)
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Cat states of optically levitated nanospheres
(O. Romero-lsart, etal., Phys. Rev. Lett. 107,
020405 (2011).

Superposition of
macroscopically distinct states?

Optical detection of
Schrodinger cat states
of a cantilever

Marshall, Simon, Penrose,
Bouwmeester, PRL 91, 130401 (2003)
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3. guantum information applications (optomechanical devices as
light-matter interfaces and transducers for quantum computing
architectures, or long-distance quantum communication (optimal
solid state qubits — optical photon transducer)
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A large variety of cavity optomechanical

devices recently developed Y
1. Fabry-Perot cavity with a moving :PHWJ |
micromirror | ‘ |

micropillar Monocrystalline
mirror Si cantilever,
(Heidmann, (Aspelmeyer,
Paris) Vienna)

2. Silica toroidal optical microcavities

R Sharp electrode

spoke-supported With
. microresonator -
| (Vahala-Caltech, Fiber electrqnlc
taper actuation,

Kippenberg,

" EPFL) ' ~ (Bowen,



microdisk and a vibrating
nanomechanical beam
waveguide (Yale, H.Tang)

Evanescent coupling of
a SIN nanowire to a Radiation-pressure  sificon nanobeam

toroidal microcavity

(Kippenberg, EPFL) or dipole gradient  photonic optomechanical

coupling cavity (Painter, Caltech)

“membrane in the middle”
scheme: Fabry-Perot cavity with
a thin SIN membrane inside (J.
Harris-Yale, Kimble-Caltech,
Camerino, Regal-JILA)




ATOMIC CAVITY OPTOMECHANICS

BEC mechanical oscillations
within a Fabry-Perot cavity
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The membrane-in-the-middle setup

2=0Ld
Many cavity modes (still Gaussian -
TEM,, for an aligned membrane close  ivins 1uer
to the waist)
L/2 ,
Hcav = Zha)k (ZO )a;ak —26-_
k
L
Many vibrational modes
. Nax . mny
u, (x,y) of the membrane u, (x,y)=sin ——sin —=

T = surface tension
p= SiN density,
L4 = membrane thickness

) ] ] d = membrane side length
Vibrational frequencies mn=12...




Optomechanical interaction due to radiation pressure

= —j dxdy P, (X, ¥) 2(X, Y) (at first order in z)

Zp+Ly/2 ( .

rad (X y) 80( 1) Z E(X, Y, Z) X g(x’ Y, Z))z Radiation_
zg—Ly /2 pressure field

h
Z(X,y) = Z anmunm (X,Y) Membrane axial deformation field

<

Z ha)la)k A.q.a'a C. Biancofiore et al., Phys.
Hin Ormnic At 8 Rev. A 84, 033814 (2011)

l,k,n,m

Nonlinear coupling describing photon scattering between

cavity modes caused by the vibrating membrane
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Simplified description: single mechanical oscillator,
nonlinearly coupled to a single optical oscillator

Possible when:

* The external laser (with frequency @, ~ @,.) drives only a single cavity mode a
and scattering into the other cavity modes 1s negligible (no frequency close mode)

A bandpass filter in the detection
scheme can be used, isolating a single
mechanical resonance

~ ho,

H = , (p2+0%)+ha(g)ata+H

drive

Cavity optomechanics Hamiltonian
valid for a wide variety of systems

)

Phase noise spectrum (a.u
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TUNABLE OPTOMECHANICAL
INTERACTION by changing membrane position

Usual radiation pressure force interaction

< first order expansion of w(q) a)(q) =, =Gy

Poor approximation at nodes and antinodes (where the dependence is

quadratic)
o(q) = @, +(~1)° arcsin {ﬁ cos[2kozo(q)]}

— o - _—TEMqo,p
5 v/), \, (\, // yhh TEM44 4

" TEMpj p-|
) i B TEM23 p3
2.5} MA N2 3WA o

TEM0.p-1

General periodic
dependence for a
perfectly aligned
membrane with
reflectivity R,
placed close to
the waist
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Membrane misalignment (and shift
from the waist) couples the TEM,
cavity modes via scattering

<

Spllttlng_ Of degen_erate mOdeS ~400 T,3-':%;0 -300 -250 -200 -150 —\i"t}u___“ -50
and avoided crossings o (am)

linear combinations of nearby TEM_ .
modes become the new cavity modes:
@(q) i1s changed significantly:
tunable optomechanical interaction

Crossing between the TEM,, singlet ang
the TEM,, triplet

—295 —265 —235 —205 —175
Experimental cavity frequencies with 0.21 mrad misalignmeret®=
(M. Karuza et al., J. Opt. 15 (2013) 025704) 15



At the membrane positions where there is an avoided crossing, the
optomechanical interaction becomes quadratic in the

membrane position

@A) _ 4 a6MHz /nm?
21

Strong quadratic
“dispersive” coupling

H_ =ho'(g)g’a‘a

It allows the nondestructive
measurement of mechanical
energy: possible detection of
“phonon quantum jumps”

Avoided crossing between

[|TEI|'L"'IEDIP_J_> -+ |TE:\"ID2_~F_1> — |TEI\-IQD1P>] /\/,g, and
@) gray = [2|TEMo2,p—1) — |TEMa20,5—1) + |TEMoo,p)] /V6




Also damping and noise act on the system

» The mechanical element is in contact with its environment at temperature T

Fluctuation-dissipation theorem = presence of damping y,, and of a quantum
LLangevin force & with correlation functions

AN Vm (A0 i hao Gaussian quantum
(£ (et )>=w— | o€ (”)a){coth(ﬁj+l} oo e

» The cavity mode is damped by photon leakage with decay rate x = presence
of a vacuum input Langevin noise a;,(t) with correlation functions

(8 (e () = (3, (1) 3, (1)) =0 (a, (o, () )= 5t—t) Saussian

Vacuum electromagnetic field outside the cavity <= reservoir at T ~ 0 at optical
frequencies, because photon thermal occupancy is zero

ho __ ho, 7
8>>1 =N=|ekl — ~0
kT
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Including laser noise  |E — &(t)e ! —>

Heisenberg-Langevin equations in the rotating frame

i = wmp.
P = —wWmq — YmpP + GUHT& + &, |
0@ = —ka—i(Ag— ¢ — Goq)a + E(t) + V2kam(t)

Laser phase noise Laser amplitude noise
Ay = wWe — wo

Go = — (dwc) \/ h coupling
dx MW

* Two quantum oscillators nonlinearly coupled and subject to noise and
dissipation

* strong quantum correlations between them better achieved with strong
driving



Linearized Quantum Langevin equations for
the quantum fluctuations

Strong laser driving and high-finesse cavity = steady-state with an intense
intracavity field (amplitude ¢,) and deformed membrane.

We focus on the linearized dynamics of the quantum fluctuations around this
steady state (only cavity mode is linearized = exact for |, | >> 1)

0§ = WmoD,
0p = —wmdq — Ymop + Go(asda’ + akda) + &,
0a = —[r+iA]da + iGoakdq + ipas
+& 4+ V2KGiy-
/ GQ . 2
ENHANCED A=A —Gogs = Ay — 1@ ‘
G= \/EGO‘OCS‘ >> G, | optomechanical -
coupling Effective cavity detuning21




EFFECT OF RADIATION PRESSURE ON THE
MECHANICAL RESONATOR

1. Modified mechanical susceptibility

( ) 'Q'Hl
Xeff W) = S 5 - GPAQ,
m w Wm (RT—iw)2+A2
2G2 Aw,, K : :
vl H (W) = v + —m® | effective damping
(k —iw)? + A?]

« shift of the mechanical resonance

* increased damping (for 4 > 0, red-detuned driving):

24



EXPERIMENTAL DATAWITH OUR MEMBRANE
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Karuza et al., New J. Phys. 14, 095015 (2012). 25




Tere/ T

2. Significant cooling when 4= @,

do ) Effective temperature oc area
<5X2> = IZ—SX(W) >|  of the resonance peak
Overdamping < cooling

Effective resonator
temperature

= membrane mode laser-
cooled downto ~1 K

0.1
0.05¢

0.01F
0.005F

0.001
0

A/QFH
Karuza et al., New J. Phys. 14, 095015 (2012).

The resonator is cooled by the cavity mode = effective additional zero-

temperature reservoir, optimally coupled when 4= @, .
26



Sideband description of the 4= @, resonance

anti-Stokes sideband resonant with the cavity

Wp

2k

2 k2 + (A +w,,)”

Intensity [a.u.]

Ay =

Rates at which photons are scattered by the
moving oscillator, yielding absorption
(Stokes, A,) or emission (anti-Stokes, A)) of
vibrational phonons

Frequency [a.u.]

= A — A+ net laser cooling rate (positive for 4> 0)

Connection between | _erf, .\ _ .
. . I m (W-m) - /m +
the two descriptions

C. Genes, A. Mari, D. Vitali and P. Tombesi, Adv. At. Mol. Opt. Phys., Vol. 57, 2009, pp. 33-86.



With a good approximation  (§p*) ~ (5¢*) = n.sp +1/2

-1
~ ﬁ + A B ha)m
Neff = ———e m=|e" -1
Y + 1
Ground state cooling achieved when 7"~ A_»
A., which is realized when the blue sideband is A Kz
' ' — I +
resonant with the cavity, 4 = @, and in the Ny = ~ > << 1
resolved sideband limit @, » & A 4o,

Effect of driving laser frequency noise

l = qu(wiff)}

Neff = NYm + Ay +
Vm + rop |:
Sé(weff Frequency noise at resonance must be small
"~ enough for achieving the quantum ground state
M. Abdi et al., PRA 84, 032325 (2011)

|OES|EAF

2K Wy
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THEORY PREDICTIONS ON COOLING WITH LASER NOISE
I,27=0 I,/27=0.1 kHz I, 2n=1KkHz

0.5 1.0

K/
State-of-art experimental parameters: m=10 ng, /27 =10 MHz, y,/27=5 Hz, G, = 1
kHz, L=1mm, T =400 mK, Q27 =50 kHz, y =22



CAVITY COOLING TO GROUND STATE

1. micromechanical
membrane embedded into a
superconducting microwave
resonant LC circuit

J.D. Teufel et al. Nature 475,
359 (2011)
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2. Patterned silicon nanobeam with an
acoustic resonance (breathing mode),

which

IS

coupled by

radiation

pressure to the co-localized optical
resonance (photonic crystal zipper

cavity)
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EFFECT OF THE MECHANICAL
RESONATOR ON THE OPTICAL FIELD

OPTOMECHANICALLY INDUCED
TRANSPARENCY (OMIT)

The optomechanical analogue of electromagnetically-
induced transparency (EIT) (“riga nera” 1976, Gozzini et al.)

32



a)

Probein |
Probe ot | The optomechanical analogue of EIT
occurs when
’ : 1. an additional weak probe field is
i sent into the cavity
_—_ = 2. the optimal cooling condition is
8 p(leser verified, 1.e., the blue sideband of
z the laser is resonant with the

c)

Probe power transmission |f [
o

Optical frequency ]
cavity, 4 = a,,

Agarwal & Huang, PRA 2010

The probe at resonance is perfectly

1"" ) transmitted by the cavity instead of
T being fully absorbed: destructive
/ Interference between the probe

\l/ g )] and the anti-Stokes sideband of

e the laser 33

Probe frequency Q/Q



1-2 -1 0 +1 +2

Intracavity
probe power ’

o

Proba
transmission
[

Homodyne
signal |roml’

Mechanical
oscillation
amplitude

20 40 6 80
Modulation Frequency (MHz)

Width of the

transparency window

Weis et al, Science 330, 1520 (2010).

A2 = 59.1 MHz a) .
' 0
2= -57 6 MHz .
o
L § E
. —————— —— 8 -
g @
1 1 1 D E g
' " afzn =446 MHz| | g:' g
T s, * | [r02smw] !
- —_——— a . 1.25 mV
Af2m = -35.4 MHz o 3.0 mw
A 001} |2 6.5 mw
20 30 40 50 60 70 80 2 : s, s
Modulation Frequency (MHz) 316 518 &2
Modulation fraquency (MHz2)
M=y 4T = (7 /2K
Vm = Vm = G T Ym
eff _ C - -
o' =7n(d+C) when A= @ | cooperativity

EIT is negligible out of the resonant condition 4 = @,
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Concomitant with transparency, one has strong group
dispersion < slow light and superluminal effects

= EIT can be used for tunable optical delays, for stopping,
storing and retrieving classical and quantum information

15
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Teufel et al., Nature 471, 204 (2011)
(OMIT with an electromechanical
system)
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OUR OMIT EXPERIMENT WITH THE MEMBRANE

1. Room temperature

2. Significantly lower frequencies (~ 350 kHz) rather than Ghz
=> longer delay times

3. Free space (rather than guided) optics

o Q Va . N OMIT versus atomic EIT
:]_‘_ -. | / 1. it doe_s not rely on naturally
bigial o /™ | occurring resonances =
. P LDR I applicable to inaccessible
e, L wavelengths;

~a—o——a W1 2. a single optomechanical element
—E«S HWPyf ey can already achieve unity contrast

AE_F\_' 3. Long optical delay times
achievable, since they are limited
— only by the mechanical decay

LASER
AOM;  AOM, Ll OFR tl me

Karuza et al., arXiv:1209.1352v1 36



MEASURED PHASE AND AMPLITUDE
OF THE TRANSMITTED BEAM

> (we have induced “opacity”
= rather than transparency)
-
gﬁ
-~ Estimated max group delay
= T = 670 ns (from the derivative of
§ the phase shift)
=
354.8I | I35I5.2I — 35I5.6I | I35I6.(JI | I356.4
A/2r (ki) R _ 2 nC
Apeat = o 1+ O)(1=n+C)
4*2*D|°’p| 1+ G et (A) C' = G?/267Ym p = Kex
ﬁ'WL y e AZ 2f v KT

Cooperativity (~160 here)
Karuza et al., arXiv:1209.1352v1 37



|Apeat| (au.)

The delay and the transparency window
are here tunable by shifting the
membrane, without varying power

i 2 G/ ~1.0x 1072 @
10" F 14x107% &

F 31x107% O
42x107% v

L L L | L L L L 1 L L L L 1 L L L L
3555 356.0 356.5 357.0 357.5
A/2m (kHz)

When the red sideband of the laser is resonant with the cavity, 4 = -@,, , one has
instead constructive interference and “optomechanically induced

amplification”

One has the optomechanical analogue ofa Z T~
parametric oscillator below threshold =y
2 5x10 [
° g : o . '-"-t....-"
ax107L | | | .

-356.80 -356.70 -356.60

Karuza et al., arXiv:1209.1352v1 Aj2r (kHz)



EIT also observed with microwave signals in an electromechanical
system

al —~
D \/ nemeae Progressive transition from
/" memsioe EIT to normal-mode splitting
| | for increasing driving power <
i . increasing coupling)
% / ng=5x102
% ~N i Normal-mode  splitting <
% ~ /"j;mm appearence  of  hybidized
Vi ™ “optomechanical” eigenmodes,
AV with mixed photonic and
~7 S phononic nature
\/ g/n 5:")-::_1 -

74725  T.4730 74735 7.4740

Probe frequency, wy/2n (GHz) TeUfEI et al., Nature 471, 204 (2011)
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How to use a nanomechanical resonator
as a guantum interface
between optics and microwaves

Based on:

1. Establishing strong continuous variable (CV)
entanglement between the optical and microwave

output field
2. High-fidelity CV optical-to-microwave teleportation

of nonclassical states

S. Barzanjeh, M. Abdi, G.J. Milburn, P. Tombesi, D. Vitali,
Phys. Rev. Lett. 109, 130503 (2012).
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Light is optimal for quantum communications between nodes, while
microwave are often used for manipulating solid state quantum processors
= a quantum interface between optical and microwave photons would
be extremely useful

LC circuit

We propose a quantum
Interface between optical and
microwave photons based on a
nanomechanical resonator in
a superconducting circuit,
simultaneously interacting
with the two fields

41



The membrane resonator is coupled capacitively with the microwave cavity
and by radiation pressure with the optical cavity. Possible implementations:

2=04
i n m N
membrane

(| |
inm | driving laser

o —
I m e mE
im |

L/2
i mn
—
N mn N Zy
b | =
L

1 mm

Addi tical itv b fing th Adding a LC circuit to the
19 afl Optica) Lavlty by costing he membrane-in-the-middle setup

STI?Jr:rbc?l?c?uctingc?_péC::tior(r:uit ofotl'eufelthei with a patterned Al film on top, Yu
t al PRL 108, 083603 (2012}>
al., Nature (London), 471, 204 (2011). °Hd (2012]



LC superconducting
optical cavity microwave cavity

d

f

Both cavities are driven coherently: =
the dynamics of the quantum
fluctuations around the stable steady
state well described by Quantum
Langevin Equations (QLE)

The nanomechanical resonator mediates a retarded interaction between the

two cavity fields (exact QLE), with a kernel

Y () = et 2 sin wpt

06 = —rp0a + v/ Dhigiin (t)e' et +

5b = ey Ob + /2R by B

+C;2 [Ob( ) iA L, (t— S)+

- t
-@__
/.

+G? [5 (5)e" 279 1 5al (5)etae ““ﬂ + GGy [ab( s)e!BetTiAws L 5hl(s)e %‘ﬂctﬂﬂws]}:

5) { Gel(s)er

dsxpr(t —

5dT(8)ez’Awt—|—iAcs} }

Beamsplitter-like optical-microwave
interaction = state transfer term

parametric optical-microwave
Interaction = entangling tef



One can resonantly select one of these processes by appropriately
adjusting the two cavity detunings:

 Equal detunings: A, = A, = state transfer between optics and microwave
(see other proposals, Tian et al., 2010, Taylor et al., PRL 2011, Wang & Clerk,
PRL 2011)

* Opposite detunings: A, = - A, = two-mode squeezing and entanglement

Here we choose A, = - A, = + ®,, = two-mode squeezing and
entanglement is resonantly enhanced (because the interaction kernel does
not average to zero)

The mechanical interface realizes an effective parametric
oscillator with an optical signal (idler) and microwave idler
(signal) << microwave-optical two mode squeezing
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Similarly to single-mode squeezing, two mode squeezing can be very

strong for the OUTPUT cavity fields

by properly choosing the central frequency 2 and the bandwidth 1/z of
the output modes, one can optimally filter the entanglement between the

two output modes

LC superconducting
optical cavity microwave cavity

narrowband

narrowband r

spectral filter coated mechanical
interface

output cavity modes

spectral filter

t
al"(t) = / dsg.(t — s)a®""(s)

8. 9]

'
bfuut(f) — / ds gy (t — s)bf"“t(s)

normalized causal filter function
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OUTPUT MICROWAVE-OPTICAL ENTANGLEMENT

LARGE
NARROW-BAND OUTPUTS

af i (a) 1
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Qw/oOm
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o e =3500 1
3.5¢ ;
S :
L\JB.OE ’
2.5 ]
2.0k ]
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0.0 0.2 0.4 0.6 0.8 1.0

T(K)

ENTANGLEMENT FOR

LogNeg at four different values of the
normalized inverse bandwidth € = o,
vs the normalized frequency Q, /o, at
fixed central frequency of the optical
10002 gutput mode Q. = - .

Optical and microwave cavity detunings fixed
atA,=-4,=- o,

Other parameters: w.,/2z = 10 MHz,
Q=1.5x10%, w, /27 = 10 GHz, «,, = 0.04w,,, P,
=42 mW, m = 10 ng, T = 15 mK. This set of
parameters is analogous to that of Teufel et al.
Optical cavity of length L = 1 mm and
damping rate x, = 0.04w,, driven by a laser
with power P, = 3.4 mW.

\ Entanglement is robust wrt to

temperature 46



* The common Interaction with the nanomechanical resonator
establishes quantum correlations which are strongest between
the output Fourier components exactly at resonance with the
respective cavity field

Such a large stationary
entanglement can be

exploited for ut
continuous Vvariable S
(CV) OptICa|-tO- LC superconducting

optical cavity ~microwave cavity

il

coated mechanical
interface

microwave quantum
teleportation:
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TELEPORTATION FIDELITY OF ACAT STATE

Input cat state

i"> j\r(lﬂ') il ‘ _ (1‘})

(a)

(b)

Teleportation fidelity F at

state amplitude o = 1.

Plot of F for the same values of € vs
central
frequency of the microwave output

temperature at a fixed

mode Q= o,

The fidelity behaves as the logneg
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four
different values of € = 7w, versus
Q,/o, and for the Schrodinger cat-
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TELEPORTATION FIDELITY OF NONCLASSICALITY

0.9F
0.8

0.70

€= 3500
€ =9900

€=6700

F="2/3 no-cloning Timit

0.6f

&= 500 K

2 4, 6 8 10
Through teleportation we realize a high-
fidelity optical-to-microwave quantum
state transfer assisted by measurement
and classical communication

* the selected narrow-band
microwave and optical
output  modes  possess
(EPR) correlations that can
be optimally exploited for
teleportation

F is very close to the
optimal upper bound
achievable for a given E

B 1
1+e En

F

opt
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CONCLUSIONS

Micro- and nano-mechanical resonators are promising candidates for
quantum and classical interfaces

1. One can cool to the ground state the mechanical oscillator

2. One can control optomechanical interference effects like EIT and
operate tunable delays

3. Optics-to-microwave interfaces at the classical and quantum level can
be realised

Review paper: C. Genes, A. Mari, D. Vitali and P. Tombesi, Quantum Effects in
Optomechanical Systems, Advances in Atomic, Molecular, and Optical Physics, Vol. 57,

Academic Press, 2009, pp. 33-86.



STATIONARY OPTOMECHANICAL
ENTANGLEMENT

Continuous variable entanglement at the steady state
between optical field quadrature and position and
momentum of the resonator

Stationarity < Infinite lifetime < extremely robust entanglement
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OPTOMECHANICAL ENTANGLEMENT
OF THE STEADY STATE

The correlation matrix V provides a guantitative measure of
entanglement: Logarithmic negativity, E
A C _
V= cT B A, B, C = 2x2 sub-matrices
B Ey >0 necessary
Ey = max|0, —In2p~] / and sufficient
‘ ‘ 571/2 "
77i — 9—1/2 [E(V) + (E(VV — 4 det V)l/Z} condition for
entanglement

>(V)=det A+det B—2detC

Not yet experimentally observed, even if achievable with state-of-
the-art apparata: it requires much stronger coupling and it is

more sensitive to laser frequency noise
57



V' can be evaluated by Fourier transforming the quantum Langevin
equations and integrating the resulting spectra

Results with no phase noise (D. Vitali et al., PRL 2007)

Parameters: m=10 ng, o,/ 27 =10 MHz, y,,/27=100 Hz, P, =50 mW, L =1
mm, F, = 1.5x10%, T =400 mK
(max entanglement at the instability threshold, where plot interrupts) 59



Entanglement and cooling are optimal when the cavity is resonant with
the antiStokes sideband 4~a,,, but entanglement is present (but smaller) also
when 4 ~- @, 1.e., resonance with the Stokes sideband

. () T=0 T, (D)

A=-a, A=~ o,

0.8,

D. Vitali et al., Phys. Rev. A 76, 042336

When A4 ~-a, (2007))
_ | + G/N2ky,, \| Limited by the stability condition G < 2Ky,
Ey<In 1 +7 and extremely fragile wrt temperature 60




EFFECT OF PHASE NOISE ON log-neg E,

(no phase noise)

I,/27=0.1 kHz I, 2n=1KkHz
(a) (b) (©) N

unstable unstable unstable

0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

State-of-art experimental parameters: m=10 ng, o,/ 27 =10 MHz, . 27=5 Hz, G, = 1
kHz, L=1mm, T =400 mK, Q227 =50 kHz, y =02



EFFECT OF PHASE NOISE SPECTRUM ON log-neg £

21 = 30 kHz 21 =80 kHz 21 = 140 kHz
a €]
0.25
QE unstable unstable unstable 0.20
I 0.15
('% 0.10
0.05
0.00
.0 0.5 1'? 1.5 2.0 0.0 0.5 120 1.5 20 0.0 0.5 120 1.5 2.0
I;12n = 0.1 kHz N Ne No
60
P % unstable
504 &
QE ~ 40—_
1 £
< ~ 20,
10 _
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
K/ o K/ @ K/ o

(the bandwidth parameter 7 is correspondingly adjusted so that 4 = /2)

M. Abdi et al., PRA 84, 032325 (2011) "



APPROXIMATE ANALYTICAL RESULTS

Relevant quantity:S,; (ws')

off \/a)2 G’Aw, K‘ —w’ + N

|_K' +a) +A J_K‘ +a) —A)Z]

Frequency noise spectrum at the
effective mechanical resonance @, "

Frequency modified by the
optomechanical coupling

Without phase noise: E,, is maximum at the bistability threshold:

close to it one has

a + bSqu (weﬁ) + CSQE)(weff) + dS (u’eﬂ")

B 1
En =max(0,—In2n7) |1 ""\/5\/

[+ 9S8 (wes)

When S (werr) = 0 \F \/

AA* + AA? (K2 +w?2) +w?

16A2% (A? + K2 + 5w2)

Maximizing over A = |Fy = —In [

1

3

\/9+

128k2

8k2 4+ 45w?3

m

<1In(5/3) ~ 0.51

(maximum achievable E )

With phase noise, one easily has 77> 0.5 = E, = 0 close to
bistability, and E becomes maximum FAR FROM threshold 63



DETECTION OF THE STEADY STATE

Detector ;4\ Detector é

out i out

aser a 7 -WNI X | aser
TR U g o

e T

Second adjacent cavity to detect the resonator motion: if
|| << || and G| | << K5

ob = boson operator of the mechanical mode = the full CM of
the steady state can be reconstructed from the two output
light fields 64





