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Optomechanical analogue of cavity-QED

Quantum limited control
Quantum signatures
Quantum applications

Mechanical analogue of
cavity-QED: TL “atom”→
superconducting qubit

O’Connell et al., Nature 2010

Cavity optomechanics

Hint = −~g0a†a
(

b + b†
)

Parametric “three-wave
mixing” realisation
Optical inputs and outputs
→ shot-noise limited
photodetection

Optical resonances + Electron-phonon interactions
→ embedded quantum-emitter optomechanics
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Laser cooling mechanical resonators

Sideband cooling via
embedded quantum dot

IWR, P. Zoller, and A. Imamoglu, PRL 2004
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Electron-phonon interactions

Deformation potential coupling:

HDP =

∫
dr̄3 [Dc ρ̂e (r̄)− Dv ρ̂h (r̄)]∇ · ˆ̄u(r̄)

Continuum (thin-rod) elasticity theory
λp � QD size→ ∇ · ˆ̄u(r̄) ≈ ∇ · ˆ̄u(r̄)|r̄=r̄QD

Small QD (height ∼ 3nm, diameter ∼ 20nm) and
T . 10K→ electronic degrees of freedom treated as TLS:
|e〉 (single exciton), |g〉 (electronic ground state)

HQD−ph = (Dc − Dv ) |e〉〈e| ∇ · ˆ̄u(r̄)|r̄=r̄QD

Coupling between QD exciton and resonator mode:

~g0|e〉〈e|(b0 + b†0)
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Electron-phonon interactions

Flexural mode:

g(f )
0

2π
=

0.83 (1− 2σ) (Dc − Dv )

(1 + σ)1/4√~ρcT
× xQD

t
√

wL3/2 × X ′′0 (k0zQD)

First factor is a materials parameter ∼ 10µ2MHz and
optimal parameters with w = 0.1µ, L = 1µ→ g0

2π = 10 MHz

Bulk compressional mode:
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Quantum emitter optomechanics

“Polaronic” representation canonical transformation eliminates
QD-resonator coupling

H = ~ω0b†0b0 − ~δ
σz

2
+ ~

[
Ω

2
σ+B† +

∑
k

gkσ+B†ak +
σz

2

∑
q

λqbq

+
(

b0 + b†0
)∑

q

ζqbq + h.c.

]
+ ~

∑
q

ωqb†qbq + ~
∑

k

(ωk − ωL) a†kak

η = g0
ω0

B = eη
(

b0−b†
0

)
η2

eff ≡ η2(〈b†0b0〉+ 1)



Quantum emitter optomechanics

H = ω0b†0b0 +
g0

2
σz

(
b†0 + b0

)
+

Ω

2
σx −

δ

2
σz

Optical nanotransducer via homodyne measurement of
in-phase quadrature (ground-state cooling, squeezing)

Jaynes-Cummings model with spin degree of freedom
afforded by NTQD dressed states and resonance condition
Ω = ω0 (SC for Γ . g0 � ω0)
Ultra-strong coupling regime of Rabi model: g0 ∼ ω0,
but “single mode approximation” breaks down
Subohmic spin-boson model: g0 � ω0 → phonon
environment with J(ω) =

√
ω∗ω where ω∗ ∼ η4ω0.
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Quantum emitter optomechanics

H = ω0b†0b0 +
g0

2
σz

(
b†0 + b0

)
+

Ω

2
σx −

δ

2
σz

Defect and spin realisations:

NV centres (other colour centres)
(S. J. M. Habraken et al. NJP 2012, A. Albrecht et al. NJP 2013, K. V. Kepesidis et al. PRB 2014).

Raman schemes or spin-phonon interactions
(for NV centres or doped QDs) (S. D. Bennett et al. PRL 2013).

Two-level fluctuators
(T. Ramos, V. Sudhir, K. Stannigel, P. Zoller, and T. J. Kippenberg PRL 2013).

Donor transitions in Si (O. O. Soykal, R. Ruskov, and C. Tahan, PRL 2011).



Carbon-nanotube realisation

Quantum regime of
nanomechanical resonators

↓

Some critical requirements:

(i) quantum limited
measurement of the
transduced output

(ii) low effective masses
(iii) strong nonlinearities

& interactions
(iv) high mechanical quality

Waissman et al., Nature Nanotech. 2013

Nanotubes as ultimate
candidates to meet (ii), (iii)
& (iv) (ω0

2πQ ∼ 1015Hz)
(A.K. Hüttel et al., Nano Lett. 2009).

Optomechanical schemes
→ (i) given shot-noise
limited photodetection.
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Carbon-nanotube realisation

Optomechanics with
suspended nanotubes

↓

Major challenge due to
low nanotube polarisabilities

Waissman et al., Nature Nanotech. 2013

Alternative: Deformation potential coupling to localised excitons
IWR, C. Galland, W. Zwerger and A. Imamoglu, New J. Phys. 2012

Disorder-induced localisation→ antibunching
(A. Hoegele et al., PRL 2008; M.S. Hofmann et al., Nat. Nanotech. 2013)

Controlled localisation→ optically-active nanotube QD
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Nanotube excitons

Electronic states:

K K' n=0
n=-1
n=1

n=0
n=1

n=-1

HD = ~vF
(
kx ′ σ̂x ′ + ky ′ τ̂3σ̂y ′

)
(i) graphene sheet rolled into a cylinder→ k · p at “Dirac

points” K and K ′

(ii) envelope function approximation within each 1D subband
—cf. Capaz et al. PRB 2006 but Bloch function as determined by (i)



Nanotube excitons

Electronic states:

K K' n=0
n=-1
n=1

n=0
n=1

n=-1

Envelope function approximation for singlet direct excitons:

|ψnm±〉 =
1
2
(
|Kn,+K ∗m,−〉 ⊗ |Fnm〉 ± |K ′−m,+K ′∗−n,−〉

⊗|F ′nm〉
)
⊗ (| ↑↓〉+ | ↓↑〉) n = m = 0→ E11

Weak axial magnetic field renders |ψ00−〉 bright→ tune Γ



Excitonic nanotube quantum dot

Exciton localization via static inhomogeneous electric field.

LASER

Exciton-phonon coupling:

〈ψ00±|ĤX−ph|ψ00±〉 ≈ 2νg2(1 + σ) cos3θ 〈F00|∂φ̂c
∂z (ẑe)|F00〉

+ 2ξR [g1(1− σ) + νζg2(1 + σ) cos3θ] 〈F00|∂
2φ̂f
∂z2 (ẑe)E⊥(ẑe)|F00〉
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Excitonic nanotube quantum dot

Exciton localization via static inhomogeneous electric field.

(a) (b)

σCM ∼ 10 nm ∆E ∼ 2 meV

QD-flexural mode coupling:

HQD−R = ~g0

(
b0 + b†0

)
σee

g0

ω0
≈ 23/4(1−σ)

g1σ
1/4
G ξE⊥

RE3/4
G (q0L)

√
L
π~

ξ = eR/2ε⊥(E13 − E11)



Excitonic nanotube quantum dot

Exciton localization via static inhomogeneous electric field.

(a) (b)

σCM ∼ 10 nm ∆E ∼ 2 meV

QD-flexural mode coupling:

Parameters: (n,m) = (9,4), L = 120 nm, Q = 1.5× 105,
E⊥ = 36.8Vµ−1 → ω0

2π = 1.67 GHz, g0
ω0

= 0.086, g0
2π = 144 MHz



Conclusions

Optomechanics based on deformation-potential
electron-phonon interactions

Optical nanotransducer via homodyne measurements

Optomechanical analogue of cavity-QED

Strong (tunable) exciton-phonon coupling ∼ 10− 100MHz

IWR, C. Galland, W. Zwerger and A. Imamoglu, New J. Phys. 2012


