IBNTUN AUSTRIA

Institute of Science and Technology

Quantum Optomechanical Cavity

Shabir Barzanjeh
Institute of science and technology(IST) Austria

[PM-Tehran (29.12.2016)



Presentation outline

JIMechanical resonators

) Radiation pressure

) Optomechanical cavity

JIMicrowave cavity and electromechanics

JTheory of the Optomechanical cavity/cooling



Presentation outline

v'"Mechanical resonators
d

U OO



Mechanical resonators

Vibrational modes of any object is given by Euler beam theory

dz?(t) T dx(t)

e + ” + meg22 (1)

TNeff

Rev. Mod. Phys. 86, 1391(2014)
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Mechanical resonators

Vibrational modes of any object is given by Euler beam theory

dx?(t) T dx(t)

102 z(t) =
142 /T merstnz(t)

TMeff

external forces

damping
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Mechanical resonators l '/

Vibrational modes of any object is given by Euler beam theory -
dz?(t) dx(t)
Meft dt2 meﬂ‘Fm dt meﬂ’Q?n:E(t) —

external forces

damping

T = $ZPF(6+ BT); p= _?:meffﬂm$ZPF(B — ET), [:I:ZPF:pZPF] = 1h.

Rev. Mod. Phys. 86, 1391(2014)
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Mechanical resonators -
Vibrational modes of any object is given by Euler beam theory -
dz?(t) dx(t) 0
Meft dt2 meﬁrm dt meffﬂmx(t) —
q . external forces
amping
2 =azpr(b+b"), p = —imegQmazpr(b—b'), Lzpr,Pzpr) = ih.
[b,bt] =1 5 5
h
LZPF = 2o mechanical vacuum state

the spread of the coordinate in the ground-state Rev. Mod. Phys. 86, 1391(2014)



Fotential enargy

M q of form Energy

T = xzpp(

[b,bt] =1
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Effect of dissipation r J

n=>hb'h
d _
E(”) =—-T,((n) —n) (M)t =0) =0
(Tl)(t) — ﬁth(l _ e—tI‘m) average phonon number of the environment

ﬁth — (eth/kBT _ 1)—1

Rev. Mod. Phys. 86, 1391(2014)



Effect of dissipation P

n=>hb'h
d _
C(n) = ~T((n) i) ()(t = 0) = 0
nMt) = 1. (1 — e~ tm average phonon number of the environment
( )( ) th( ) ﬁth — (eth/kBT . 1)—1 ~ kBTbath/th
d k1
Rate of heating out from ground state 7 (n(t =0)) = np - Dy & ?1 Qbath
m
Lo = Qn/Qun |

Cold particle in the box
Rev. Mod. Phys. 86, 1391(2014)



Effect of dissipation B

n=>bTh
d _
Cn) = —T((n) — ) ()t = 0) = 0
() = 7 1 — e_t[‘m average phonon number of the environment
( )( ) th( ) N = (eth/kBT — 1)_1 ~ kpTyath /I lm
| d PN _ kpTham]
Rate of heating out from ground state i (n(t = 0)> = N¢p - L'y = thT

Fm — Qm/c’gm

Rev. Mod. Phys. 86, 1391(2014)




Effect of dissipation

* Viscous damping
e Clamping losses
* Thermoelastic damping and phonon-

phonon interactions
 Materials-induced losses

d kpT;
Rate of heating out from ground state T (n(t =0)) = ngp, - Mﬂt{ll
m

Pm — Qm/c\?m

Rev. Mod. Phys. 86, 1391(2014)



Fffect of dissipation B 4

* Viscous damping
e Clamping losses
* Thermoelastic damping and phonon-

phonon interactions
* Materials-induced losses

d _ kpT;
Rate of heating out from ground state T (n(t =0)) = ngp, - Mﬂt{ll
m

Pm — Qm/c\?m

Rev. Mod. Phys. 86, 1391(2014)



Noise spectrum of a damped mechanical
resonator

“* One measures the motion of a single harmonic oscillator in thermal equilibrium, one will observe a
trajectory x(z) oscillating at the eigenfrequency Qm.
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Noise spectrum of a damped mechanical

resonator

“* One measures the motion of a single harmonic oscillator in thermal equilibrium, one will observe a

trajectory x(z) oscillating at the eigenfrequency Qm.
¢ Mechanical damping and the fluctuating thermal Langevin force lead to
v A randomly time-varying amplitude and phase

v" Amplitude and phase change on the time scale Tj,;!
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Noise spectrum of a damped mechanical
resonator

¢ One measures the motion of a single harmonic oscillator in thermal equilibrium, one will observe a

trajectory x(z) oscillating at the eigenfrequency Qm. "

% Mechanical damping and the fluctuating thermal Langevin force lead to Europhys. Lett. 47, 545(1999)

v A randomly time-varying amplitude and phase

o
T

v" Amplitude and phase change on the time scale Tj,;!

Quadrature X5 (1 0'15m)

T — 00

1 T ,
(w) = F/ p(t)etdt. ——eme (JEW)]%) = Sua(w
0 noise power spectral density

Sea) = [ (02 (0) 't = 22 )

8

'
N
'

. —1
Xzz (W) = [meﬂ(ﬂfn — wz) — zmeﬂ;I’mw]




weak damping (I',, < Q,,)

Quantum regime

(2(2)2(0))

Sez(W) =

2h

1—e

—hw/kpT Imyzs (w)
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Why mechanical resonators? applications

Bridge s. Scr. T 137 014001(2009)]:
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Radiation Pressure

« Effects of radiation pressure on massive matter?

« Radiation pressure on astronomic scales:

J. Keppler
De Cometis, 1619




« Radiation pressure on microscopic scales:

Chilling
With light

© The Royal Swedish Academy of Sciences

The Nobel Prize in Physics 1997
"for development of methods to cool and
trap atoms with laser light”

2 S
"% [\

C. Cohen- W. Phillips
Tannoudji




Radiation pressure

Simplest form of radiation pressure coupling 1s the momentum transfer due to
reflection.

Single photon transfers the momentum

Ap| =(2h/X

X it
() = 2 D 9yt ay

Te

Te — 2L/C the cavity round trip time

the radiation pressure force caused by one intracavity photon

Rev. Mod. Phys. 86, 1391(2014)



Presentation outline

a
a
v Optomechanical cavity
d
d



Optomechanical cavity

e

R e

Hy = hwevala + RO, bTD

Weav (T) = Weay + TOWeay /O + . ..

Rev. Mod. Phys. 86, 1391(2014)



Optomechanical cavity

( .L i\/\/\ Hy = hweava a + hQ,,bh

s hweay ()06 ~ h(weay — GE)dTa .
G = Weav/L

Weav () = Weay + TOWcay /0 + . ..

Rev. Mod. Phys. 86, 1391(2014)



Optomechanical cavity

| Ho= hwiavaﬁa, + 1 bTh

e hweay(2)aT6 ~ M(weay — GE)dTa .
G = Weav/L

Weav (L) = Weay + TOWeay /0T + . ..
T = .CCZPF(B + Z;Jr)

go = Grzpy - ~107'*m  1ng mass and 1MHz frequency

101> — 10°Hz/m




Optomechanical cavity

4 | Ay = hwiaV&T i+ T, bl

e hweay(2)aT6 ~ M(weay — GE)dTa .
G = Weav/L

Weav (L) = Weay + TOWeay /0T + . ..

513‘ = .CCZPF(B + [;Jf)

Hine = —hgoa'a(b + b

101> — 10°Hz/m
Rev. Mod. Phys. 86, 1391(2014)

go = Gxzpr

quency




Optomechanical cavity

Hine = —hgoa'a(b + b

Rev. Mod. Phys. 86, 1391(2014)
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Suspended Macro-
scopic mirrors

A" 4
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Suspended
micro-mirrors

Suspended
micro-pillars

\/

Trampdine
resonators

Suspended
membrane

Hybrid opto-
mechanical systems

Microtoroid

Y

Semiconductor
microdisk resonator

N

Double-disk
microresonator

Near-field coupled
nanom echanical
oscillators

Free standing
waveguides

Optical microsphere

resonator

Microm echanical
membraneina
sup erconducting
microvwvave circuit

Photonic crystal
defect cavity (2D)

Photonic crystal
nano beam (1 D)

Double string
“zipper” cavity

Nanorod inside
a cavity

Cold Atoms coupled

to an optical cavity
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Resonators and Cavities

Coplanar Waveguide Resonators

-
-
-

/
Microwaves in Ground Plane



Waveguide microwave resonator

Reagor et.al. Appl. Phys. Lett. 102, 192604 (2013)



Quantum Circuits

Around a resonance:

L C
X
Q 2 Ef) 2 ﬁ 2 mw.?.f 2
I i = H = -+
Lagrangian H > C + 51 & 92 D
energy in magnetic field o potential energy

energy in electric field & kinetic energy



Quantum Circuits

Around a resonance: Energy

l l
\ /
Classical drive 10)

—_— )A
02 @®2 (@)
i = 2 i 2 L
~ A hZ,
- +at) & =i —a¥
57 (a+a’) &=i|—="(a—al) =
Zo= |——1..100Q
1 e
H = hw, (a*a +§)
) . 1
Quantum Harmonic Oscillator wo = |77 4 ...10 GH=z




Reduce coupling to the environment by lowering
temperature: microwave optomechanics

Microwave “light” in ultralow temperature cryostat

p = & «<—— cavity

:
| :
h % Fabry-Perot cavity

LC oscillator ”

k
cool environment to 7. =20 mK

for 10 MHz oscillator n__ = 40

goal: I'>n_ vy







Si3N4 electromechanics

a =W =223 ym, W, = W, = 1.52 pm
\ War = 170 nm
o {mem = 300 nm and ta; = 65 nm

I,

coil

coupler beam



Si3N4 electromechanics

) T =" o =W =223 um, W, = W, = 1.52 um

N = Cn/Ceotal

coupler beam



Si3N4 electromechanics

g =W =223 um, W, = W, = 1.52 um
WAl = 170 nm

N = Cn/Ceotal

coupler beam



Si3N4 electromechanics
g =W =223 um, W, = W, = 1.52 um

/ =y O

Ow, w, 0C, n B
gEM = 5 m = lpE— g W /21 = 4.18 MHZ
— = = 4! Cs - Cm

N = Cn/Cotal “1go/2m = 8 Hz

coupler ear



50 pm

-

pull-in cuts

100 pm

Si:§Nl

Al
pull-in

200 nm




WD21 4mm 10.0kV x900 50um
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WD21.4mm 10.0kV x4.0k 10um

WD21.4mm 10.0kV xD§0 200um \\\//
wml

Jo1 _ 410, 7MHz;,
211' : 21T : e

——57MHZ. e R S
Yoz AT Shn et

: 25HZ ) o ) . ] ).'b o o o o o o o o o o
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[ . Qin
T Im - AN H= wimb'b + weala — goa'az,,
JA yoeter
fr(t

X,



<
[ a = *-(Hl + iwc)a — 1000Twm + Ee et — V2K Qip, J\

decay drive vacuum noise >\

J

wr We



)
[ a=—(k+iw:)a — 1goaTm, + Ee™ Lt — /2K a;y,

).

decay drive

Tin = WinDiis

Ui = —WinTie — Vs gOGTa -V 2y f(t)

decay

thermal force

vacuum noise 1 s\F

J

wr We



<
[ a = —(HZ + iwc)a — 1000Twm + Ee et — V.25 Gin J\

decay drive vacuum noise ] S\F

J

y wr, We
Lm = WmPm

10y + goata — v/ f(1

decay thermal force




Optomechanical Quantum equations of motion

a=—(k—1A)a —igoar,, + E — V2K a;,

LIm = WmPm

Pm = —Wm Ty — YPm + QUGJTCL —V 27 fT(t)




Optomechanical Quantum equations of motion

a=—(k—1A)a —igoar,, + E — V2K a;,

LIm = WmPm

Pm = —Wm Ty — YPm + QUGJTCL —V 27 fT(t)

Optomechanical Classical equations of motion



Optomechanical Quantum equations of motion

a=—(k—1A)a —igoar,, + E — V2K a;,

LIm = WmPm

Pm = —Wm Ty — YPm + QUGJTCL —V 27 fT(t)

Optomechanical Classical equations of motion
- - _d_ ;___(_ﬁ;___ ;A_)_a_: ;970&;-;1__; _E_Cj_:_, no vacuum fluctuations

Ijm = —WmTm — VYPm T go|a|2 — \/2')/ fT(t)-I—> Classical random force

[
______________________________ J

3
3
|
&
3
3
3



Optomechanical Quantum equations of motion

a=—(k—1A)a —igoar,, + E — V2K a;,

LIm = WmPm

Pm = —WmTm — YPm + QOGTQ — /27 fT(t)

Optomechanical Classical equations of motion

__________________________ -
N = —(ﬁ; —_ ZA)Q —_ igOa-’L'm + E©_|_, no vacuum fluctuations

3
3
|
&
3
3
3

Ijm = —WmTm — VYPm T g0|a{|2 — \/2')/ fT(t)-l—> Classical random force

TS T ;

multistability, self induced oscillations,
chaos....



Linearization

Analyze the quantum dynamics around classical mean values due to classical random forces
and quantum noise on mirror and cavity

da=a— & a>1 |[da,da]=1

0L = Ewn — B
[0%55, 0D::] = 4

5pm = Pm — Pm

0Ly = W O0Pm
0a = —(k — iA)da — igo@ 6T, — igo 6a0Ty — V2K ain

OPm = —WimO0Tm — YOPm + got(da + da’) + goda’da — /27 fr(t)



Linearization

Analyze the quantum dynamics around classical mean values due to classical random forces
and quantum noise on mirror and cavity

da=a— & a>1 |[da,dal]=1

O = Lo — By
[0, 005:] = ¢

5pm = Pm — Pm

0Ly = W OPm

g = gox
ba = —(k — iA)da — io daday, — V25 ap,

0Pm = —WimO0Tm — YOPm + (6a +6a) + godaTda — /27 fr(t)



Linearization

Analyze the quantum dynamics around classical mean values due to classical random forces
and quantum noise on mirror and cavity

da=a— & a>1 |[da,dal]=1

O = Lo — By
[0, 005:] = ¢

5pm = Pm — Pm

0Ly = wmﬁpm Small nonlinear term ¢ >> 1

g = go
5o = —(k —iA)da — io@ “ V2 aim / |

Spm = ~wWmdTm — V0Pm +lgod(8a + dal) + gobalsa) — /27 fr(t)




Linearization

An
ang

|
d

60 = —(k — iA)da — ig 0Ty, — V2K ain

0L = WmO0Pm

OPm = —Wm0Tm — YOpm + g(da + &LT) - \/ﬂfT(t)

kandom forces

(Si'm — wmc‘ipm __ = go@ Small nonlinear term ¢ >> 1

5 = —(k — iM)da — {goaoa 7/’1:;0

0Pm = —Wm 0Ty, — YODPm + (5& + da’) + go
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A= wny j"
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cavity resonance



Optomechanical cooling

A = wy,

cavity resonance

Anti-Stokes scattering

Wi, — wr, + w,, *+ annihilation of one phonon




Optomechanical cooling

A= wy,

cavity resonance

Anti-Stokes scattering

Wi, — wr, + w,, + annihilation of one phonon

Stokes scattering |WL — WL —Wm + creation of one phonon




Deln+ 1)m i

wr, =} Wm g Wi, § Wrp — Wm

0)c[n + 1)

|0)c|n) m

cavity resonance

Wi, — wr, + w,, + annihilation of one phonon

Stokes scattering (WL — WL — Wm

+ creation of one phonon
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=T =~ ‘1>r:|n+ ]->m i <
e S Depym
// ‘1)(|n - l)m \\
=3 \
II “
' K
\ /.,z"".’ % S —
\\ ' / ‘O)t‘|n ;2 1)??1 wc \}
W
M 0)eln = 1) e cavity resonance
~

Wi, — wr, + w,, + annihilation of one phonon

Stokes scattering |WL — WL —Wm + creation of one phonon
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cavity resonance

Wi, — wr, + w,, + annihilation of one phonon

Stokes scattering |WL — WL —Wm + creation of one phonon
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x k(saazﬂ + 5a1‘5bj + Ecsaab + 5aT5b’fj

A= w,— w;, = wy A=w,—w, = —wpy




* Cavity field mediates mechanical cooling, weak coupling
regime |g K K < W,

ba(t) ~ —2 ( 5b(t) +



* Cavity field mediates mechanical cooling, weak coupling
regime |g K K < W,

a(t) ~ — 2 (% 5b(t) + 5 5bT(t)) _ g ()

backaction

- ~~

R



*» Cavity field mediates mechanical cooling, weak coupling
regime |g K K < Wi,

a(t) ~ —2 (%61)(73) + 6bT(t)) EEVCTI

2iWwm
backaction

- =~o

b = — (7 + iwp, )b — (5@ + 5aT) V27 fr(t)

*~_______’

5=~ |(v+ %) +i (wm + 22 )| 00+ 22 (in — al,) = VE7 fr(t)

S~ LS

optomechanical cooling rate: I' = =— Optical spring effect(softening)



« Average number of phonons in steady state

using (ain(t)al (¢)) =d(t —t') vacuum noise

>

BT
’w‘ﬂ’l

(fr(t)fr(t')) ~nré(t —1') thermal noise n ~

>t

ovtary = 2= (£) 4 2 np o (5
- y+T \wn S L O

for efficient cooling ~ynpr < I’

summary of ground state cooling conditions:
* red detuned drive A = W
» sideband resolution Wen > K
« strong coupling

vap < T g° > (yir)k —
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Conclusion

» Applications of mechanical resonators
» Physic of mechanical resonators

» Optomechanical cavities

»Microwave eletromechanics

» Optomechanical cooling






temperature T
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- blackbody radiation




temperature T

Doppler shift of reflected wave:

kf:_k(1_2_”)
c

Radiation pressure force due to
momentum ~ k — L’ transfer on mirror:

2P
Fop = —— (1 — E) power P
c &
Radiation provides friction:
i 2
D= =P T=—=
mc

“‘Doppler cooling” of mirror

——> Thermal equlibrium?
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LPCVD CF,/SF,  Aluminum Si-TMAH

low-pressure chemical vapor deposition
(LPCVD)

(1) LPCVD of stoichiometric Si3N4 on both sides of a 200 um thick silicon substrate,
(11) C4F8:SF6 plasma etch through the nitride membrane defining the mechanical beam
resonator and pull-in cuts on the top side, and membrane windows on the bottom side,
(111) electron beam lithography, aluminum deposition, and lift-off steps to pattern the
microwave circuit

(iv) final release of the nitride membrane using a silicon-enriched tetramethylammonium
hydroxide (TMAH) solution




1 cm x 1 cm chips diced from a high-resistivity siliconon-insulator (SOI) wafer manufactured by SOITEC using
the Smart Cut process [22]. The SOI wafer consists of

a 300 nm thick silicon device layer with (100) surface

orientation and p-type (Boron) doping with a specified

resistivity of 500 Q-cm. Underneath the device layer is

a 3 um buried silicon dioxide (SiO:) BOX layer. The

device and BOX layers sit atop a silicon (Si) handle wafer

of thickness 675 um and a specified resistivity of 750 Q-

cm. Both the Si device layer and handle wafer are grown

using the Czochralski crystal growth method.

Fabrication of the coupled coil resonator and H-slot

resonator can be broken down into the following six steps.

In step (1), we pattern the H-slot resonator using electron beam (e-beam) lithography in ZEP-520A resist, and
etch this pattern into the Si device layer using an inductively coupled plasma reactive ion etch (ICP-RIE). After
the ICP-RIE etch, we clean the chips with a 4 min piranha bath and a 12 sec buffered hydrofluoric acid (BHF)
dip. In step (2), we pattern the capacitor electrodes and

ground plane region using ZEP-520A resist and use electron beam evaporation to deposit 60 nm of Al on the
chip. In step (3), we define a protective scaffold formed

out of LOR 5B e-beam resist to create the crossover re-



