Nanoelectromechanical Systems

A much too short introduction

Overview

Intro
- up to now: electronic quantum / nanoscale systems, e.g. Quantum dots (QDs)
- coupling electronic to other quantum systems: examples

- nanoelectromechanical systems: examples and motivation

Basics

- some basics of continuum mechanics

- oscillating beams

- from modes to harmonic oscillators

- coupling mechanisms: actuation and sensing
- [ (quantum) back-action ]

Fundamental experiments and applications

- ground state cooling (Teufel et al.)

- enigineering of coupling to a QD (llani et al.)
- [ Franck- Condon blockade ]

- [ Phonon-assisted Andreev tunneling ]



Coupling electronic to other quantum systems

Coupling to Phonons / vibrations:
- electrical resistance due to phonon scattering (week 2)
- many more... (topic of this part)

Coupling to Photons:

Coupling to cold atoms / - rf cavity photons

ions / Rydberg atoms: - quantum dot LEDs
- electrically driven quantum cascade, QD,

double-QD and other lasers (e.g. Kolloquium!)
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Photon-mediated interaction between distant quantum dots
Delbecq et al., Nature Comm. 4, 1400 (2013)




Nanoelectromechanical Systems: intro
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Nanoelectromechanical Systems: intro
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Nanoelectromechanical Systems: examples

Approaching the Quantum Limit of a
Nanomechanical Resonator

M. D. LaHaye, et al.

Science 304, 74 (2004);

Capacitive gate for driving

tunnel barriers

SSET for readout



Nanoelectromechanical Systems: examples
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Single spin detection by magnetic

resonance force microscopy

D. Rugar, R. Budakian, H. J. Mamin & B. W. Chui

Magnetic cantilever
NATURE | VOL 430 15 JULY 2004 -
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TEM images of CNTs at different gate voltages
Poncharal et al., Science 283, 1513 (1999)



Nanoelectromechanical Systems: examples

A tunable carbon nanotube electromechanical
oscillator

Source ! % "" ¢ Drain

Sazonova et al., Nature 431, 284 (2004)



Nanoelectromechanical Systems: examples

SiC beams

[
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Solid-State Sensor and Actuator Workshop,
arXiv:cond-mat/0008187 (2000)

SQUID with variable area/flux
couples motion to SQUID

. \ - /

Piezo-resistive cantilever,
piezoelectric tuning forks, ...
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Etaki et a:'l., NatL-J;e Nanotech. 4, 785 (2008)

Poot et al., Physics Reports 511, 273 (2012)



Nanoelectromechanical Systems: application
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Nanoelectromechanical Systems: applications

Parametric radio-frequency mechanical Amplifier

Large out-of plane field

Excitation: F' = [ BI(¢)

Distortion modulates strain (spring constant)
-> parametric amplification
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Karabalin et al., Nano Lett. 9, 3116 (2009)



CO nti n u U m S m ec h a n iCS Poot et al., Physics Reports 511, 273 (2012)

OK for > 10 monolayers (perpendicular to vibration)
Infinitesimal volume element:
displacement u(x,y,z) -> deformation / elongation of volume element (not only displacement):

strain tensor vy

e.g. no strain for u=const.
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CO nti n u U m S m ec h a n iCS Poot et al., Physics Reports 511, 273 (2012)

element of the material with
mass Am and volume AV speedv = u,

Consider momentum of f

strain tensor ‘/

Ap Ef vdm = pvdV
Am AV

dA
P :f dev+f o dA
dt AV 5(AV)

Gauss integral:

fc‘i(AV) odA = fAV 80’0‘/8){1‘ . ii dVv

=2
p

material forces + body forces

. 0o ij
Cauchy’s first law of motion pu_; —_—

- Fp j

Bxi

similar for angular momentum: 6,=0;



Continuums mechanics

Elasticity:

Ojj =

ijkl VK

33

From symmetries (81 elements -> 21 indep. Elements)
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compliance tensor C

isotropic material

— only two indep. elements!
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Continuums mechanics

1
energy: [J — / U'dv withU = EEUH]/U'}/]([
V

U = Ug+Ur+Ug
depending on geometry: bending (perpendicular to long dimensions)
+ tension (along long dimensions)
+ external

minimize U (variational methods) -> differential equation for u
u— u-+ou

e.g. Euler Bernoulli equation for a beam:

AZ— 4D 1l _F
PRS2 T 08 T ax2



Continuums mechanics

(doubly) clamped beam

neglect tension -> small amplitudes

i = (s () s 4) ~ S5y [ (47) ~ o ()

and

cos(Bp) cosh(By) — 1 =0,  w, =27f, = B2 2/D/pA.



Continuums mechanics

(doubly) clamped beam

neglect tension -> small amplitudes

2u 9% \Q2
A D TN = F
P ot2 T ox4 X

Hermitean

mEffﬁ(r& t) — —]/l:[(l'._, t) _I_ QE[U(I', t)] u(x.r}:zu“”(f)éufx)

-> eigenfunctions form complete orthogonal basis -> harmonic oscillators!
Mass: beam-mass only for ortho-normal &:  p—1 fof £2dx =1
n



Continuums mechanics

Euler Bernoulli equation

Tension-dominated (guitar string)
0% 84)% 0°u

pA— +D T— =F
ot ox4  dx

standard harmonic oscillator, usual solutions, i.e.

fi = JT/pA x (n + 1)/2¢
En(x) = /2sin(rnx /L)
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Electrical side-band cooling of a resonator
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Teufel et al., Nature 475, 359 (2011)



Electrical side-band cooling of a resonator
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Tailoring the electron-phonon interaction

1 Measurement
— Calculation

) L

Gate capacitance
distribution (aF pm
(o]

Waissman et al., Nature Nano 8, 569 (2013)



Tailoring the electron-phonon interaction
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Tailoring the electron-phonon interaction
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