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TUDelft Nonlinear optomechanics

Yaroslav M. Blanter

Kavli Institute of Nanoscience, Delft University of Technology

> Non-linearity and radiation pressure

» Non-linear resonator: Optomechanically induced transparency
» Non-linear cavity: dc

» Non-linear cavity: ac?
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TUDelft Quantum state transfer

We can prepare a cavity in pretty much any state (e.g. coupling to a qubit)

If the interaction is linear we can transfer this state to the
mechanical resonator (state swap)

H=he, d'a+ho b'b-hga +a)b +b)

But it is difficult. Can we use non-linearity and start from a simple state?
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TUDelft What is non-linear?

H=hao a'a+ho b'b-nhga'a@d" +b)

> Radiation pressure
» Mechanical resonator?
> Cavity?
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TUDelft Non-linear radiation pressure

Technische Universiteit Delft

A. Nunnenkamp, K. Barkje, and S. M. Girvin
Phys. Rev. Lett. 107, 063602 (2011)

H=ho, a'ad+ho b'b—hg,a'a(d’ +b)

A=-ng. /o,

multiphoton resonances

0.4 : 0 10 20 30
Qfx n

FIG. 4 (color online). Non-Gaussian steady states via multi-
photon transitions. (a) Steady-state mean phonon number (' 5)
(blue solid line) and the second-order coherence of the mechani-
cal oscillator F = (bThTh b)Y/ ((bTh))* (green dashed line) as a
function of drive strength (). (b) Phonon number distribution P,
at (V/k =0.6. Parameters are A = —3g%/wy, wy/x =2,
wy/y = 1000, and g/k = 1.
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pBIEid  Strongly driven optomechanical
cavit

J.D.P. Machado and YMB, Phys. Rev. A 94, 063835

Phonon second-order correlation function for weak coupling and
the initial state T 3

1phot > ﬁphon
(b" ()b (t+7)b(1)b(t +7))

(b (0)b(1))

g7(r)=

Non-classical states
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1('; Delft Duffing oscillator

oo a)o . 2 3 F
X+—X+w,x+ax =-—Cos wt
M
Driven harmonic oscillator: Resonance x = 4cos (cot+9)

A peak of the amplitude and a jump of the phase

A 1

[
»

0
a)O
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18I Eid How to solve the Duffing oscillator

oo a)o . 2 3 F
X+—Xt+twyx+ax =MCOS i

Going to a rotating frame:

X =1 COSmf —vSsIin ot

X = —@u Sin @t — v coS ot

( \

2 2 o 0)0 .
H__l{sinwf}(w a)o)(ucosa)t vsin @t ) + 5 (usma)t+vcosa)t)>
v o | cos wt . 3
—a(ucoswt—vsma)t) +Mcosa)t
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18I Eid How to solve the Duffing oscillator

Rotating wave approximation: average over the time

N\

. 0w, .
. . (a)2 —a)(f)(u cos wf —vsin ot )+ —>(u sin wt + vcos r )
u | | sSinwt 0]
- 4 .
% @ | COs wt . 3
—a (ucoswt —vsin ot ) +cos o

<cos2 Qt> =1/2; <cos4 Qt> =3/8

Result for the “stationary” state r =+/u’ +1°
3 FY
2
(roy) +r| 0’ —w; ——1* |=| —
4 M
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1(:;U Delft Driven Duffing oscillator

Technische Universiteit Delft
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-l’fu Delft Optomechanically induced

e transparency

From: Aspelmeyer, Kippenberg,
and Marquardt Rev. Mod. Phys.
86, 1391 (2014)

Probe laser

0,
0
T
O
 y
=
=
O

Frequency

Cavity is strongly red-driven at Cf)cav i a)m (red-detuned)
Probe laser measures the transmission around the cavity resonance
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TUDelft Non-linear OMIT

Technische Universiteit Delft

a 5 b
4 A Cavity mode 1.0 ionlombing,
—_— : .

X. Zhou , F. Hocke, A. 08

Schliesser, A. Marx, H. Huebl,
R. Gross, T. J. Kippenberg
Nature Physics 9, 179 (2013)
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TUDelft Non-linear OMIT

Technische Universiteit Delft

Duffing oscillator:

125x%10°6
1.x107°
~ 75x%x1077

5.x1077
25x%1077

—00.01

Does the shape of the transmission
maximum repeat the
response of the driven Duffing ocsillator?

Not always, the phase dynamics is

0.00 0.02 0.00 0.02

im pOrta nt ()~ )k

V. Singh, O. Shevchuk, YMB, G. A. Steele, Phys. Rev. B 93,
245407 (2016)
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TUDelft Non-linear OMIA

Technische Universiteit Delft

1251076
1.x 1075

= 75%107-
5.x1077-
25%1077-

—00.01

Red-detuned drive

O. Shevchuk, V. Singh, G. A. Steele, YMB
Phys. Rev. B 92, 195415 (2015)
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TUDelft Non-linear OMIA

Technische Universiteit Delft

k.= 0.5 Impedance
¢ matching

over coupling

\ under coupling
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V. Singh, S. J. Bosman, B. H. Schneider, YMB,
A. Castellanos-Gomez, G. A. Steele, Nature Nanotech.
Yaroslav M. Blanter 9, 820 (2014) ICTP, September 2017




ZUDelft Superconductivity

Superconductivity — a state of matter realized at low temperatures

Properties of superconductors:

Absence of electrical resistance

Magnetic field does not penetrate (Meissner effect)
Specific heat exponential with temperature

Mechanism of superconductivity:
Phonon-mediated attraction between electrons
Electrons bound in Cooper pairs
Cooper pairs form condensate characterized by a complex number
Excitations have a gap :

Ae"”
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1’-‘ Delft Josephson effect

What happens if we bring in contact two superconductors with
different phases?

Energy: must be proportional to the product
Ae @2 || Api®"2 E=-E,cosq

“Penetration of Cooper pairs”

Electrostatic potential: only enters in the gauge invariant combination

Gauge invariance: the wave function in the presence of scalar
potential can only enter in the combination

oh 4 2ie¢qj Josephson relation:
at T h 89 28

— - + , 1) op 2l
¥ =|¥|e” t ot h

Constant voltage V across the barrier rotates the

hase difference
Yaroslav M. Blanter P ICTP, September 2017



1’-‘ Delft Josephson effect

Phase-dependent energy means current in the ground state!

Let us calculate the work needed to increase the phase difference
of the junction from 0 to ¢:
op 2elV

2e dW . or  h
= =/ sme
h do

W:ledt:z%jldgo = /

We can consider phase as "coordinate” of a particle and quantize it .

Kinetic energy from the capacitance: CV?2 . Ch? gbz
2 4¢°

Yaroslav M. Blanter ICTP, September 2017



ZUDelft Josephson junction as
inductor

op 2eV . :
v [ =1 sme@
. . _ . 2e
Linear regime: [ =1, e ]=;ICV
2e
Inductance: L = ?IC
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TUDelft SQUID

SQUID - Superconducting Quantum Interference Device

[=1,(sing, +sing,)
pK © XX ¢
O, —@, =27n®/D,; O, =rwhc/e
|
ﬂ Flux
quantum
[ =1 smg
I, =21, COS(ﬂ(D/(D High sensitivity to magnetic flux
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TUDelft Inductive coupling

Technische Universiteit Delft

SQUID - Superconducting Quantum Interference Device

I, =21, COS(?T(D/(DO) - depends on the position

4
L= —elo COS 70()
h D,

X. Zhou, A. Mizel, Phys. Rev. Lett. 97, 267201 (2006)
E. Buks, M. P. Blencowe, Phys. Rev. B 74, 174504 (2006)
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Non-linear cavity

S. Etaki, F. Konschelle, H. Yamaguchi,
YMB, H. S. J. van der Zant,
Nature Comm. 4, 1803 (2013)

S4800 30.0kV x1.00k SE(M)

108 kHz

Piezo drive
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TUDelft Classical SQUID: experiment

S. Etaki, M. Poot, I. Mahboob, K. Onomitsu, H. Yamaguchi,
H. S. J. van der Zant, Nature Physics 4, 785 (2008)

Harmonic oscillator response
at

f=2MHzand Q = 18 000
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TUDelft Self-sustained oscillations

Technische Universiteit Delft

S. Etaki, F. Konschelle, H. Yamaguchi,
YMB, H. S. J. van der Zant,
Nature Comm. 4, 1803 (2013)
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TUDelft Lorentz force backaction

M. Poot, S. Etaki, I. Mahboob, K. Onomitsu, H. Yamaguchi, YMB,
H. S. J. van der Zant, Phys. Rev. Lett. 105, 207203 (2010)

[=1+1,

O=] +Blax+L( —-1,)[2=D,(p,—¢,)/(2r)
/ r‘ ﬁ
§01’11>< () >\§D2»]2 Motion %ve coupling ]

‘ Josephson junctions:

: )
- : 1,2 . 0 .
Oscillator: ]152 =1, sIn Prot ?Jr CV1,2> Vl,z - _ﬂq)l,z
. Mo . 5
Mx+——x+Mw"x=F coswt +aBll,

mtz force
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-l’-‘ Delft Back-action and self-sustained
oscillations

M)’C’Jr@)'c+Ma)2x:Fcoscot+azBl[1

For self-sustained oscillations we need Q < 0

Overdamped:
2
! 7D (x -
]1 =V /R oc — | 1,7 (x) — 2] cos ( ) — renormalization
I ‘ ‘ D, of the frequency
Finite capacitance: correction
-1
2
Renormalizes the quality
st =V wasinZ2] | 5| 1| i naton
P, \ 21, cos (x
0
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-l’-‘ ] Quantization of a non-linear cavity

0. Shevchuk, G. A. Steele, YMB Phys. Rev. B 96, 014508 (2017)

A .

SQUID becomes a Kerr cavity: H =hwd a+Ka'a'aa

cay

Can not quantuize the interaction generally

Cavity operated at dc or the frequency of the cavity is comparable to
the mechanical frequency: Beam-splitter + cross-Kerr

A, =hg,,(a'b+ab'|+hgoed'ab's

Disappears for a symmetric SQUID
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-l’-‘ ] Quantization of a non-linear cavity

0. Shevchuk, G. A. Steele, YMB Phys. Rev. B 96, 014508 (2017)

Cavity operated close to the resonance: radiation pressure + cross-Kerr

o

H,, =hg,d'a(b+b')+hgad'ab'h

What should we expect for such non-linear cavity?
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-I’-‘ Delft Mechanical subbands

w
w

JU N

_ W
w, —, W, W, + o,
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We drive a cavity at resonance

Signal (ac voltage)




-l’-‘ Delft Quantum state transfer

B. Yurke and D. Stoler, Phys.Rev.Lett. 57, 13 (1986)

What is an evolution of a quantum state in a non-linear cavity?
H =hod'a+K(a'a)

Initially: coherent state

p

‘a‘ © "
0) = — _ _
v (0)=|a) = exp| —— HZ:;\/;!W
Evolution of the state:
2 n
v (1) = exp —% nz_;exp(—iKnpt)j;‘@
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-l’-‘ Delft Quantum state transfer

B. Yurke and D. Stoler, Phys.Rev.Lett. 57, 13 (1986)
v (1) =exp —@ Zexp(—iKnpt)a—n‘@
2 |5 Jn!

Periodic: the same fortand ¢ +271/ K

After a quarter of a period: A cat state

(3] g5l I e )
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