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Interacting cavities: Single photon opto-mechanics and a 
set of two coupled opto-mechanical systems 

I DepartmenT of Physics. Schoof of Marh clI/mics will Physics. 
The Ulliversil)1 ofQueel/~1(1l/d. 51 LII(;ia QLD 4072, AIISlralia. 

An example of an oplo-mechanical system constit utes a cavilY with a movable mirror. 
The cavity provides a radiation pressure force 011 the moving mirror subject to a linear 
restoring force. forming a mechanical resonator l

. 

Firstly we study a coherently driven oplo-mechanical system cascaded to a cavity mod
eled as 11 single photon source. We show thai the probability for the additional photon 
to be emitted by the oplo-mechanical cavity will exhibit oscillations under a Lorentzian 
envelope, when the driven interaction with the mechanical resonator is strong enough. 
Next, we study two separate coherently driven opto-mechanical cavities coupled to cach 
other. In this setting. we considcr photons e1':changcd both reversibly and irreversibly be
tween the two cavities. Each opto-mechanical cavity is described in temlS of a linearised 
interaction in the cavity field opcmtors by expanding around the coherent steady state 
field in the cavity2. Here we find for particular pammeters. photon-phonon entanglcmcnt 
exists in the sctup. 

IT. J. Kippenbcrg and K. J. Vahala. Oplics E:o:press. IS. 11 172 (2007). 
2S. Groblochcr. K. llanlillcrer. M. R Vanncr. M. Aspelmcycr. Nmun:. 460 124 (2009). 



Title of the poster: Detection of mechanical resonances of doubly-clamped carbon 
nanotubes by FM techniques 
Author: T. Barois et al. 

Due to their extremely small dimensions. single wa ll carbon nanotubes require 
experimental technique to detect their mechanica l. An exemple of such a detection technique 
is given by Sazonova et at. with the so called mixing technique. 

We use bottum-up devices with single wa ll carbon nanotubes (SWNTs) in a field 
effect transistor configuration (SWNTs with double clamping). Our work consists of a 
detection method based on the use of an excitation signal with frequency modulation (FM). 
With FM excitat ion signal applied to the nanotube, one needs to bring a carrie r frequency that 
is close to the natural mechanical resonant frequency of the nanotube. When the carrier 
frequency matches the resonant frequency, the nanotube returns a maximal current consistent 
with the modulation excitation signal. This current is rather small (tenslhundrcds of pA) and 
can be measured using a Lock-In Ampli fi er. 

One of the major interests of the FM excitation is the possibility to measure a current 
ari sing from the mechanical resonances only. With such a selective current signal, one can 
scan and fit the resonances of nanotubes. Our measunnents have shown a very good 
agreement with a model using resonant frequencies and qual ity factors as free parameters of 
those resonantors. 



Cooling and Control of a Cavity Optoelectromechanical System 

Terry G. McRae l , Kwan H. Lee ', Glen l. Harris l , Joachim Knittel I , and Warwick P. Bowen l 

I University of Queenslal/d, Australia 

Quantum mechanics is a profoundly successful 
theory; enabli ng both the description of micro
scopic phenomena with exquisite prec ision, and 
important new phys ical technologies. However, 
the observation and manipulation of quantum prop
erties of macroscopic systems is notoriously dif
fi cult. Recentl y, due 10 the development of new 
nanofabri cation techniques and a series of ground
breaking experiments it has become apparent that 
thi s regime may be realisable in cavity opto
mechanical systems where a complex dynamica l 
interacti on is achieved between optical and me
chanical degrees of freedom via radiation pressure. 

Figure I: Experimental schematic. 

The central enabling goal of thi s new fie ld is to 
CQol a macroscopic mechanical degree-oF-freedom 
to its quantum ground state 111 . We report experi
ments towards thi s goa l using a new integrated cav
ity oplo-electromechanical system (COEMS) de
veloped in our laboratory[I }. Feedback cool ing is 
implemented in the experiment shown in Fig. I. In 
thi s experiment we have ac hieved acti ve cooling of 
an integrated cav ity opto-mechanical system for the 
first time, with final temperature li mi ted to 60 K by 
o ptical shot noise. The effect of the feedback on the 
mechanical spectra of the device is shown in Fig. 2 
(a) and (b), with the fi naltemperalUre as a function 
of ga in shown in Fig. 2 (c). 

The use of whispering gallery opt ical resonances 
allows convenient motion transduction with mul
tiple independe nt probe fields at different wave
lengths. Thi s enables the fi rst independent tem
perature veri fica tion, and a di rec t compari son be
tween temperatu re in fe rences made via in-loop and 
o ut -of-Ioop transduced signals. Stark differences 

are observed, with serious over-estimation of cool
ing possib le in the standard in-loop inference (see 
Fig. 2 (c». These results dramatically demonstrate 
the requirement of independent temperature veri
fication in feedback cooling, as first demonstrated 
here. This is essential, not only in the regime of 
high feedback gain , but alsom in the crit ical quan
tum paradigm where measurement backaction it
self perturbs and correlates the mechanical oscil
la tor and transducer. 

,~ ,-----------~~-----------., 

{ A • 

€ 
~10 

• 1 
~ QUI-of-ioop 

·100 0 laa · 100 0 100 
mllx (kHz) milK (kHz) 

~r====L~'---------~ c 

Te~II5"_UEtiL ______ ~~.~ • 

"'~~ 
0.01 ... .. • 

Figure 2: Feedback cooling results with varying 
feedback ga in . (a) and (b): In- and out-of-Ioop 
transduction spec tra. (c): In- (squares) and ollt -of
loop (circles) temperature inferences. The solid red 
curve and dashed blue curve, respecti vely, denote 
the theoretical pred ictions of actual mechanica l os
cillator temperature and infe rred in- loop tempera
ture. 

Our results represent important progress in the 
con trol of mechanica l sys tems at the quantum 
leve l; as well as an enabling step towards the new 
regime of quantum nonlinear mechanics, where 
strong mechanica l dri vi ng of a ground-s tate cooled 
mechanical osci llator allows exploratoion of nonlin
ear quantum dynamics. 

References 

[ I] K. H. Lee, T. G. McRae, G. I. Harris, J. Kn it
tel, and W. P. Bowen, Phys. Rev. Leu. 104 
123604 (2010). 



Key t it le word: optical driving, parametric amplification, coupled nanomechanical resonator, laser, 

amplitude modulation, 

Title Observation of nonlinear characteristics of mechanically coupled SiN nanomechanical 

resonator with optical actuation 

Author : Sungwan (ho, Sung Un Cho, Dong- Hyun Jang, Yun Daniel Park 

Abstract: Here we present all optical methods for nanomechanical resonator using optical driving 

and detection technique. And we also present implementation of optical and electrical driving to 

coupled nanomechanical beam resonator to investigate nonlinear characteristics of mechanically 

coupled resonator. Optical actuation technique uses laser amplitude modulation to drive 

micromechanical and nanomechanical structures. Coupled beam resonators are made by silicon 

nitride and mechanically connected but electrically disconnected. We verify the laser amplitude 

modulation method for opti cal driving by comparing optical driving and electri cal driving method 

with optical detection technique for resonance frequency. Then we use optical and electrical 

driving method to drive coupled mechanical resonator simultaneously. With these results, we 

investigate the possibility of optical driving as a multi -driving source and nonlinear properties of 

coupled nanomechanical resonato r like parametric amplification and synchronization. 



Detecting p honon blockade wit h p hotons 
arXiv: 1007.4714 

N icolas Didicr, I Stefano P ugnctti,I Yaroslav ~ I. Blamcr,2 and Rosario Fazio l 

1 NEST, Scuoia Norma/e SlJperiore and istitlJto di Nanoscierue _ CNR, Pisa, Italy 
2 Kavli IJlStitlJt e of NaJlOscienCt!, Delft University of Tecllnology, Til e Netllerland5 

By proper designing the coupling between a Cooper pair box and a nano-mechanical resonator, it is 
possible to reach a sufficient le\'el on non-linearity as to make the experimental observation of phonoll 
blockllde possible. We show that phonon blockade can be observed by measuring t he statistics of 
the light in a superconducting microwave resonator capacitively coupled to t he mechanical mode. 
T he underlyi ng reason is t he format ion of an entangled state between t he 1. ..... 0 resonators, ensuring a 
perfect match between the phonon dynam ics and the photon statistics. Gur scheme docs also offer 
a way to prcpare and detect entangled states between phonons and photons. 



Nonlinear switch ing dynamics in a nanomechanical resonator 

Thomas Faust, Quirin Unterrcithmeicr and Jorg P. Kotthaus 
Fakul!ii! fiir !'hysik mK! Cenlcr for NanoScicllcc (CcNS), Ludwig-Maximilians-Univcrs i!ii! Mfmchcll. Germany 

Nanomcchanica l resonators fabricated Ollt of high stress si licon nitride exhibit high me
chan ica l quality factors , in the mnge of lOs at resonance frequencies in the order of 10 MHz. 
These resonators are ideal model systems to invest igate the deta iled mechanica l properties of 
nanoscale obj ects, slich as the nonlinea r behaviour. 

We report on a sys temati c study of the lime-dependent response of a nanomcchanical reso
nator driven we ll into the nonlinear reg ime [I]. Their bistable response allows their usc as a 
simple mechan ica l memory element [2,31. Using a constant actuati on to dri ve the resonator 
into the nonli near regime and applying short resonant RF pulses of variab le phase and dura
tion, we are ab le to reach arbitrary points in the phase space of the resonator and study the 
time-evolution of the re laxation process. 

By mapping out the corresponding final state for different pulse parameters, we are ab le to 
demonstrate quan ti tat ive agreement w ith our pertmbal'ion ca lcu lat ion [Fig I]. Our detailed 
understanding allows liS to determine the parameters required to actively switch directl y be
tween the stab le states. We experimentally demonstrate that switching thus becomes possible 
on time scales much shorter than Ihe relaxati on time of the resonator [Fig 2]. By implement
ing a completely electrica l on-ch ip detection , integrated large-sca le nanomechan ica l memory 
e lements come into reach. 

Pulse duration · oos(1I') I~sl Pulse duration· 00$(1I')I~s l 

Figure t: Measured (a) and simulated (b) final 
state afier the application of pul ses with varied 
phase and duration, starting from the low amplitude 
state and cnding in thc high (black) or low (white) 
amplitude state 
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F igure 2: Time-resolved switch ing between the 
two stable states h ighlighted by the grey bars, a) 
showing no relaxation oscillations, b) demonstra t
ing a repetition rate of I kHz 

[I] Quirin P. Unterreithmeier, Thomas Faust and Jorg P. Kottltaus 
"Nonlinear Switching Dynamics in a Nanomecltanical Resonator", arXiv: 0909.3698v l (2009) 
[2} 1. Kozinsky. H. W. Ch. Postma, O. Kogan, A. Husain and M. L. Roukes 
"Basins of Attraction of a Nonl inear Nanomechanical Resonator". Pltys. Rev. Lett. 99, 207201 (2007) 
[3] 1. Mahboob and H. Yamaguchi 
"Bit storage and bit nip operations in an electromechanical oscillator", Nat Nano 3, 275 (2008) 



Quantum-to-classical transition 
in cavity quantum electrodynamics 

J. M. Fink, 1. Steffen, P. Studer, 1. S. Bishop, M. Baur, R. Bianchetti, 
D. Bozyigit, C. Lang, S. Filipp, P. J. Leek and A. Wallraff 

The quantum properti es of electromagnetic, mechanical or 
other harmonic oscillators can be revealed by investigating their 
strong coherent coupling to a single quantum two level system in 
an approach known as cavity quantum electrodynamics (QED). At 
temperatures much lower than the characteristic energy level 
spacing the observation of vacuum Rabi oscillations or mode 
splittings with one or a few quanta asserts the quantum nature of 
the osci llato r [1] . In a circuit rea lization of cavity QED we study 
how the classical response emerges from the quantum one when 
the system's thermal occupation is raised gradually over 5 orders 
of magnitude [2]. In this way we explore in detail the continuous 
quantum-to-classical cross-over in the spirit of Bohr's 
correspondence principle. We also demonstrate how to extract 
effective cavity fi eld temperatures between 100 mK and 10 K fro m 
spectroscopic and time-resolved vacuum Rabi measurements. The 
emergence of classica l physics from quantum mechanics and the 
role of decoherence in this process is an important subject of 
current research. In future experiments entanglement and 
decoherence at elevated temperatures can be studied in the context 
of quantum information. 

[1] J,-M.- Fink et al. - \ textitlNature} \ textbfI454}, 315 (2008). [ 
[2] J.-M.-Fink et al. - \ textitlarXiv:1003.1161} (2010). 



Progress towards observation of 
radiation pressure shot noise 

Nathan Flowers-Iacobs 
Postdoc, Prof. Jack Harris' Lab, Yale University 
217 Prospect St, New Haven, CT, 06511, U.s.A. 

In cavity optomechanics, photon shot noise causes 
fluctuations in the radiation pressure force. This 
fundamental quantum effect has not yet been observed in 
macroscopic objects. We describe progress towards the 
observation of radiation pressure shot noise in an 
optomechanical system consisting of a high finesse 
(70,000) optical cavity dispersively coupled to a room 
temperature 50 nm thick silicon nitride membrane. The 
primary obstacle to direct observation is the T = 294 K 
thermal motion of our 1 MHz mechanical mode. We are 
also working towards coupling a smaller, higher
frequency silicon nitride membrane to a fiber-based cavity. 



Title: 
Casimir fo rce in real MEMSINEMS devices. 

Abstract: 
We propose a novel device platform to study the Casimir force in a rea listi c device setting, which 
will allow us to study the Casimir force in real MEMSIN EMS devices. 

While there are several studies of the Casimir force, some limitations can be found in these 
exper iments, which we summarize below: 

(a) Device geometry limitat ion 
Current Casimir studies largely rely on oversimplified " ideal" sample surfaces - either in the plate
plate or sphere-plate configurations. 

(b) Material limi tation 
Si licon is the most important MEMS material and should be considered as a reference for MEMS 
Casimir platfoffils. However, to date, the Casimir fo rce between sil icon surfaces has not yet been 
quantified. 

(c) Device scaling limitation 
The lateral dimensions of most current Casimir devices remain large. The large device configuration 
offers a stronger signal. So far the Casimir force between two true nanoscale objects has not been 
measured. 

To overcome these limits, we propose a macro-to-nano Casimir probe station, which utilizes the 
sphere-plate configurat ion and also our all-optical on-chip configuration. 



Nanomechanica l motion measured with an imprecision be low the standard quantum limi t 
using a nearly shot-noise li mited microwave interferometer 

1. W. Harlow, 1. D. Teufe l, T. Donner, M. A. Castellanos-Beltran, K. W. Lehnert 

Observing quantum behavior of mechanical motion is challenging because it is difficult 
both to prepare pure quantum states of motion and to detect those states with suffi cient 
precision. We present di splacement measurements ofa nanomechanica l oscillator with an 
imprecision below that at the standard quantum limit [ I] . We infer the motion from the 
phase modulation imprinted on a microwave signal by that motion. The modulation is 
enhanced by embedding the oscillator in a high-Q microwave cavity. We achieve the 
low imprec ision by reading out the modulation with a Josephson Parametri c Amplifier, 
realizing a microwave interferometer that operates near the shot-noise limit. The 
apparent motion of the mechanica l oscillator due to the interferometer's noise is now 
substantially less than its zero-point motion, making future detection of quantum states 
feasib le. In addition, the phase sensitivity of the demonstrated interferometer is 30 times 
higher than previous microwave interferometers, providing a critica l piece of technology 
for many experiments investigat ing quantum information encoded in microwave fields. 

[ I) 1. D. Teufel, T. Donner, M. A. Castell anos-Beltran, 1. W. Harlow, K. W. Lehnert, 
Nailire Nanolecllllo{ogy, 4, 820 - 823 (2009). 



Synchronization in optomechanical arrays 

Georg Heinrich, Jiang Qial1 , rVlax Ludwig, Bjorn Kubala and 
Florian Mru'quardt 

Abstract 

The motion of nano- and optomechanical systems can be coupled to electro
magnetic fields. Apart from their future perspective to control t he quantum 
state of mechanical motion, t hese systems allow to study elaborate dynamics 
due to the interaction of light and mechanical motion. Recent developments 
have demonstrated multimode optomechanicai systems comprising several cou
pled optical and vibrational modes, such as optomechanicai crystals. The latter 
systems simultaneously confine optical and mechanical modes in periodically 
patterned structures and thus combine t he concepts of photonic and phononic 
crystals . Here we investigate the collective dynamics in an anay of coupled 
optomechanical celis, each consisting of a laser-driven optical and a mechanical 
mode. Beyond a certain t hreshold of t he laser input power, each cell shows a 
Hopf bifurcation towards a regime of self-induced oscillations. 'vVe show that 
the phase of many such coupled optomechanical oscillators , even with different 
bare initial frequencies, can lock to each other, synchronizing the dynamics to 
a collective oscillation frequency. vVe present different regimes for the dynamics 
and describe the system in terms of an effective Kuramoto model. This allows 
to connect our optomechanical results to the general field of nonlinear science 
where synchronization constit utes an important, universal feature finding ap
plications in fields ranging from physics over chemistry to biology. 



Mechanical and Optical Properties of Single CdS NanowirelNanobelt of 
Nanomechanical Resonators 

V.D. Kim, M. R. Cha, S. W. Cha, K. Hea, S. Hong and Y. D. Park* 
*Department of Physics & Astronomy, Seoul National Univers ity, Korea 

We report on the mechanical and optical properties of single CdS nanowire and 
nanobelt. CdS nanowire and nanobclt are synthesized by vapor· liquid· solid (VLS) 
method and have single hexagonal crystal structure. CdS nanowire have a typical 
diameter of lOO-150nm and length of 3-20pm. Elastic properties are characterized 
by dynamic flexure measurement using optical interferometer setup and quasi·static 
flexure measurement using AFM. For flexural measurement, CdS nanowire and 
nanobelt are fashioned into suspended doubly·clamped nano·mechancial resonators 
with varying length 3-20pm, and cantilever with varying length 3-30pm. From 
dynamic and quasi·static fl exure measurement , we observe a mega Hertz mechanical 
resonance at doubly clamped CdS nanowire resonators and mechanical quality factor 
in 500- 600. From resonant frequency to length of resonator relation, we can assume 
the Young 's modulus and internal stress of single CdS nanowire and nanobelt. 
Furthermore, from large amplitude flexure measurement, we observe mechanical 
non linear response of CdS nanowire , which is hysteresis of resonant response with 
frequency sweep direction. We also investigate the opt ica l properties of CdS using 
freely suspended CdS nanowire and nanobelt of nano·mechanical resonator. We 
observe photodetector, waveguide and laser effect from CdS nanowire. From these, 
we expect thai CdS nanowire and nanobelt of nano-mechancial resonators have great 
potentia l for nano-opto-electro-mechanical systems approaching the quantum regime. 



Optomechanical coupling of ultracold atoms and a 
membrane 

Maria Korppi 1,2, S. Camererl ,2 , D. Hunger l ,2 A. Jockel l ,2 ,3, M . Mader l ,2, 

T.W. Hansch' ,2, and P. Treutlein 1,2,3 

1 Ludwig-Maximilions-Universil iit , MUnchen, Germany 
2Max- Planck-lnstitutjiir Quantenoptik, Garching, Germany 

3 Universitiit Basel, Switzerland 

We report the recent results of our experiment , where we couple a s ingle mode of 
a high-Q membrane-oscillator to the motion of laser-cooled atoms in an optica l lattice. 
The optical lattice is formed by retroreftection of a laserbeam from the oscillator surface. 
Quantum flu ctuations of the lattice laser light mediate coupling between the motion of 
the atoms and the membrane I. When the trap frequency of the atoms is matched to 
the e igenfrequency of the membrane, the coupling leads to resonant energy transfer 
between the two systems. We have observed such resonant energy transfer both from 
the membrane to the atoms and , more s ignificantly, the back-ac tion of the atoms on to 
the membrane. 

In the long term , such coupling mechanism could be exploited in developing hybrid 
quantum systems between atoms and solid-state dev ices. As anot her intriguing perspec
tive, a new generation of optical lattice experiment is in sight , where the mirrors creating 

the laser standing waves are micromechanical oscill ators which interact with the atoms, 
and , wh ich ultimately must be described quantum mechanically. 

cryostat UI IV chamber 
n 

" z 

Figure: Optical/office mediates the coupling between ultracold atoms a nd a mem
brane placed in. separate vacuum chambers. 

IOptical Lattices with Micromechanical Mirrors , K. Hammerer, K . Stannigel. C. Genes. P. Zoller. P. Treut
lein. S. Camerer. D. Hunger, T.W. Haensch. arXiv: 1002 .4646 



Quantum Detection using a Driven, Non-Linear Resonant Cavity 

C. LaAarn me and Professor A. Clerk 
McGill Un iversity 

August 20, 2010 

Abstract 

T he nonliuear driven rCSQnant cavity is a propos(,.'(] system for making quantulll mCllSllrClllCllt. This 
system is analysed looking at the possibility for increased measureme nt sensit ivity as one approaches tim 
point where cavity rcs p OllSC is lllaximized (the point o f bifurcation). Emphasis is given on lhe definition 
of tile quantum limit , and the two types of noise whidl arc prescnt in the output: imprecision and bac.'" 
nction noise. Each noise is calcuint(,.'(] and it is found t lmt the q uantulll limit is saturated, despite the fact 
that the gain will di\'crgc as olle approa chcs the point of bifurcat ion. This may have relevant COIlSC(lucnce; 

in the areas of Irlcasur'ctnctLt , anll)lificfltioll and cooling. 



ENTANGLEMENT OF MECHANICAL OSCILLATORS COUPLED TO A 
NON EQUILIBRIUM ENVIRONMENT 

MAX LUDWIG 1
, K. HAMMERER2

, FLORIAN MARQUARDT1 

Entangleme nt constitutes a cornerstone of quantum mechanics. Whether it persists 

and can be observed in systems comprising macroscopic bodies has been a hotly debated 

topic since t he early days of quantum mechanics. The ground state of two interacting 

quantum systems wi ll generically be entangled. Thus, one could naively expect that it is 

sufficient to simply cool two interactin g. macroscopic bodies to their ground state, and 

thereby prepare an entangled state. However, when coupling to a dissipative bath - as is 

of course necessary for cooling - entanglement may be destroyed, as explored in a number 

of works . A slate of recent ex periments has now brought a new aspect into focus: A 
nonequilibrium environment , consisting of either a d riven optical cavity, a supe rcondu ct ing 

mic rowave reso nator or a supe rconducting single electron transistor can be employed to 

cool the motion of mechanical resonators down to th e g round state. The advances in t hi s 

field may ultimately enable to test quantum mechanics in an entirely new regime and to 

observe entanglement of massive objects. Sti ll it remains to resolve the issue of how the 

dissipative couplin g to the non eq uilibrium bath affects entangl ement. 

On th is poster, we demonstrate a non-monotonic depend ence of entanglement betwee n 

two oscillators on the coupling stren gth to the nonequilibrium environment and show that 

t here is an optimal value for the coupli ng to the bath. Be low this value, entanglement 

is diminished by thermal fluctuations, and above this val ue, it is lost through dissipation. 

The striking behaviour found here is mi ssed entirely by the comm only employed Lindblad 

approach to dissi pative dynamics. 

In order to describe it , we develop a ge neral exact framework based on quantum Langevin 

equations, to anal yze the entanglement between harmonic oscillators in the prese nce of 

coupling to a linear bath of arbitrary spectral density. For the case of an nonequlibrium 

bath we illustrate the ge neric behaviour in a concrete exa mple of two mechanica l resonators 

inside a n optical cavi ty, being cooled by the optomechanical interaction with the light 

fi el d circulating in th e cavity. The theory presented here wi ll be useful for optimizing 

entanglement in such systems as it pred icts an optimal system-bath coupling rate. The 

ge ne ral exact framework introduced here ca n be employed to discuss the entanglement of 

osci ll ators under the infl uence of arbitrary bath spectra, among them nonequilibrium and 

tai lored non-sta nd ard spectra l densities. 
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Prospects for quantum effects in carbon nanotube mechanical resonators 

Harold MEERWALDT 
Kavli Institute of Nanoscience 

Lorentzweg 1 
2628 CJ De 1ft 

THE NETHERLANDS 

We study a high quality mechanical resonator made from a suspended 
carbon nanotube driven into motion by applying a periodic RF potential 
using a nearby antelma. Single electron charge fluctuations create periodic 
modulations of the mechanical resonance frequency. A quality-factor 
exceeding 101\5 allows the detection of a shift in resonance frequency caused 
by the addition of a single electron charge on the nanotube. Add itional 
evidence for the strong coupling of mechanical motion and electron 
tunneling are an energy transfer to the electrons causing mechanical damping 
and unusual non-linear behavior. Striking ly, we also discover that a dc 
current through the nanotube spontaneously drives the mechankal 
resonator, exerting a force that is coherent with the high-frequency resonant 
mechanicalmotion. 

The resonance frequency of our carbon nanotube resonators is as high 
as 2.8 GHz (-133 mK) putting it well in the quantum regime. However, 
quantum signatures have not been found yet. One way of proving the 
quantum nature of carbon nanotube resonators would be through the 
observation of phonon shot noise; here quantized motion leads to quantized 
current which can be discerned by looking at the noise coming out of the 
nanotube. Another way is through the nonlinearity present. When the 
effective temperature is low enough it should be possible to observe 
tunneling from the one (low amplitude) s tate to the other (high amplitude) 
s tate. 

A SQUID with a suspended part is a very sensitive tool to investigate 
mechanical motion. Combining this with the high resonance frequency, using 
a SQUID is a promising way to observe the zero-point motion of the 
nanotube. At the moment we are trying to combine the fabrication of 
ultraclean nanontubes with superconducting contacts. 



Dynamics of phonon coupled NEMS 

R . Husscin, A. ~Ictchml.llll, P. ZI.."lilcr. all(J T . Brallde; 
Inst:itut fur Theoretische Physik, TU Berlin. Hf.mie,zbe.rystr. 36, Berlin D-10623, CennallY 

\Ve consider nanoelectromcchanical systems that linearly couple to an oscillator mode. Our focus 
lies in Lhe description of the mechanical subsystem. \\le derive a Langevin equation for the oscillator 
trajectory on the basis of the path integral formalism that .... -e apply to the Anderson Holstein model 
and a modification with two quantum dots in series, for which we i1n-cstigatc the effective potelLtial 
and the effective friction. 



Resonance Modes in InAs/ lnGaAIAs/lnP Quantum Dot Microdisk Resonators 
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Quantum dots (QDs) can provide an effi cient mechanism for stimulated emission in 
acti ve region of micro-resonator lasers. Acti ve-microdi sk resonators offer great 
ad vantage in obtaining stimulated emission in small volume [1 1 since they support 
whispering-gall ery modes (WGMs), which arc very confined resonances with max imum 
intensity ncar the disk edge [2]. Microdisks arc shown to produce a high quality factor Q 
[3J which may consequentl y lead to low laser thresho lds. High-quality sel f-assembled 
QD lasers based on InAs/GaAs and InAS/lnP have been demonstra ted. InAs QD's on InP 
substrates have been shown to emit in the wave length range of 1200- 2000 nm with high 
effi ciency, but the best results reported on InAs/ lnP QD lasers are limited to either opt ical 
pumping or pulsed current injection operation at room temperature. Therefore, for 
effi cient carri er injection in the dots, a doub le heterostructure requires the growth of the 
QD structures over quaternary materi al. The lit erature reports on InAslInGaAsP QD 
layers that are tuned for 1550 nm emission by the insertion of ultrathin GaAs interlayers. 
In this work, we describe the growth of lnAs QD inside InGaAIAsllnP double
heterostructures by metal-organic chemical vapor deposition (MOCVD) to fabri cate 
microdi sk resonators. We have deve loped an effi cient fabri ca ti on technique using 
focused-ion beam (FIB) mi ll ing foll owed by wet-chemica l etching. The microdisk 
resonators are electrica ll y and optica ll y characteri zed showing the presence of WGM s in 
the C-band region, suitab le for telecommunication applications. 

Figure I. Microdisk-fab rication steps (a) focused-ion beam milling of disks using I nA at 30 KcV, for 7 
minutes; (b) Inr selective etching using 3HC1: J H20 fo r 40 seconds. 
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Determination of useful parameter space for a double-walled carbon nanotube 
based motor subjected to a sinusoidally varying electric field 

s. Negil
, M.Warrier' and S. Chaturvedi' 

A molecular dynamics study has been perfonned for a double-walled carbon-nanotube (OWNT) based 
motor driven by an externally applied sinusoidally varying electric fie ld, in the presence of a 'frozen' 
sleeve. Brenner poten tial [1] is used along with Nordlund's long range interaction term [2]. Such ki nd of a 
motor is studied earlier in [3,4] . This motor consists of a DWNT where the inner carbon nanotube (CNT) 
behaves as a "shaft" and the outer one as a "sleeve". The motor is stimulated by an externally applied 
sinusoidally varying electric field acting on two opposite charges placed on diametrically opposi te atoms 
of the shaft. Our earli er work showed that, for a fixed frequency, it was impossible to produce full 
rotations of the shaft, regardless of the applied E-field amplitude due to deformation of the shaft [4]. In 
the present work we show that to produce unidirectional (motor-like) rotation, it is necessary to operate 
over a ' useful' region in the parameter space defined by the ampli tude and frequency of the applied 
electri c field [5]. For a given frequency, electric field ampli tudes be low a threshold are not able to 
overcome the potential energy barriers due to interaction of the rotating shaft with the frozen sleeve. This 
is fo llowed by a range of amplitudes where unidirectional motion is observed. At still higher amplitudes, 
distortion of the shaft increases the potential energy barriers to levels higher than those that can be 
overcome by the electric fie ld. For a given amplitude, as the frequency is varied, more complex behavior 
is obtained, which can be broken up into four regions. 
At low frequencies, large distortion of the shaft leads to an increase in potential energy barriers, hindering 
rotation. Over an intermediate range, unidirectional motor like behavior is observed. This is then fo llowed 
by an anomalous region, where resonant exci tation of a characteristic mode of the shaft leads to very 
large distortions, which greatly enhances the barrier. The distortion falls off with fu rthe r rise in frequency. 
A deta iled physical explanation has also been provided for the anomalous behavior in terms of resonant 
exci tation of the characteristic modes of the shaft as in [6]. 
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Nonlinear nanomechanica l oscillators have attracted interest in recent years because the vibrational 
bistability enab les the parametric amplification and stochastic resonance, which arc useful for 
va rious nanomechanica l applications, e.g., sensors, memories, and logics[ 1,2J. Coupled nonlinear 
osc illators arc also getting an increas ing attention because of the ir interesting physical phenomena, 
e .g. , synchronization and chaos[3,4]. We have recentl y rea lized frequency-tunable coupled 
nanomechanical osci ll ators, which become a powerful tool fo r studying deta iled nonlinear dynamics 
in coupled systems[5]. Here, we study the detuning dependence of the nonlinear resonance in 
coupled nanomechanical osc illators. The sample structure and the measurement setup are shown in 
Figs. I(a) and I(b), respective ly. The vibrational coupling between the two elastica ll y coupled 
beams can be contro lled by the frequency detuning via the pi ezoelectri c effec t of A IGaAs through 
the top gate electrodes. Figure I (c) shows the gate vo lt age (Vn) dependence of the nonlinear 
resonance of Beam 1 measured by ac tuating Beam 1 with the AC gate modulation (V Al = 90 mVrms) 
whi le monitoring the piezoelectri ca ll y induced voltage (VDI). T he frequency detuning from the 
perfec tly-tuned condition (Vn = -2. 15 V) leads to the abrupt change in the amplitude of the lower 
frequency mode, which corresponds to the symmetric vibrat ion of the two beams. This sudden 
amplitude change will be able to be used for high-sensitivity detection of mass, force, charge, etc. 
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Fig. 1 (a) Schemati c of the two nanomechanica l osci llators, which are e lasti ca ll y coupled via the 
coupling overhang. (b) Microscope image of the coup led osc illators and the measurement setup . 
(c) Ga te voltage (VT2) dependence of the nonlinear resonance of Beam 1 measured by actuating 
Beam 1 with the AC ga te modulation (V AI = 90 mVrms) whi le the freq uency was dow n-swept. 
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Abstract

Micro- and nanomechanical resonators can detect masses with the conventional frequency shift method. The 

sensitivity can be made arbitrarily large by reducing the size of the mass sensors of a proper factor but at the 

cost of an equivalent increase of the difficulties in the microfabrication process.

Our proposal is an alternative way to detect masses without minimizing the microcantilevers further or applying 

expensive equipments such as ultra high vacuum. The idea is to couple three microcantilevers at their base with 

the creation of a common suspended structure named ‘overhang’ as shown in fig. 1 (a). In this configuration, we 

detect the localization of the vibration modes rather than the frequency shift. 

(a) (b)
Figure 1: (a) SEM-image of the triple-coupled cantilever system. (b) The different modes are represented. The red color is for the 
inner cantilever, grey color is for up cantilever, and the black color is for down cantilever. The shifting of the resonance frequency is 
due to adding few microspheres ��������	
�
����������	��

Applying the finite element analysis on a triple-coupled microcantilever system, we showed that the modes 

become more localized after adding an extra mass. In this way, the particle can be detected while the 

microcantilevers are in one of the three modes. 

The best performances and advantages of using a triple-coupled microcantilever system are obtained when the 

microcantilevers are in the 2
nd

mode (or anti-symmetric mode), which is shown in fig. 1 (b). Here, the inner 

cantilever oscillates about factor 100 less than the outer cantilevers (up or down). Simulations show that the 

inner cantilever is not moving in the 2
nd

mode, see fig. 1 (b) the image above the second curves. In principle, 

any kinds of disorder or additional mass can break the symmetry of the triple-coupled microcantilevers, which 

triggers the onset of nonzero vibration amplitude of the middle cantilever. Therefore, one of crucial step is the 

microfabrication process in order to fabricate perfect symmetrical structures. 

The resonance frequency modes can be generated in vacuum condition by a piezoelectric actuator, which 

oscillate the entire chip. It is difficult to actuate independently the different modes by using piezoelectric 

material. Therefore, a frequency-modulated laser in a custom-built setup is used. The laser is focused on the 

individual overhang, see fig. 1 (a), of the triple-coupled microcantilevers. The experimental measurements 

showed that the laser actuation method results in narrower mode peaks since local actuation does not excite 

spurious modes, which are instead observed by piezoelectric actuation. The setup also allows to rotate the 

photodetector in order to measure the oscillation of the cantilevers both along transverse and longitudinal axes. 

It gives us the opportunity to decouple the transverse of the longitudinal vibrations. The results of the 

experiment show that there is an angle dependence of the cantilevers in the both actuation methods. 



Mechanical properties of GaAs Micro- and NanoPillars 
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We investigate the mechanical properties of micro- and nanopillars fabricated from single 

crystal GaAs by electron beam lithography followed by RIE-etching (Fig1a). Typical pillars 

are between 200-2µm in diameter, 3-20µm long and can include a custom taper, which allows 

to realize spring constants of 1N/m.. The pillars are excited via a shear piezo transducer. They 

are investigated in an optical setup as well as in the SEM (Fig1b). The aspect ratio of the 

pillars is varied so that their eigenfrequencies of the transverse fundamental mode range 

between 100 kHz and 30 MHz. The mechanical properties are investigated as a function of 

several environments variables such as pressure. The quality factors observed in vacuum are 

of the order of 1000.  

 

Fig1. SEM picture of GaAs pillars a) with a gradient in the radius and b) oscillating pillar at 
his eigenfrequency 



Fabricating micro-optomechanical devices for high-finesse cavities 

Brian Pepper (Uni ve rsity o f Calif ami a, Santa Barbara) 

Dustin Kleckner (University of Cali fornia , Santa Barbara) 

Dirk BOllwmeester (U ni versity of Cali fornia, Santa Barbara, Leiden University) 

Micro-optomechanical devices have recentl y been ex plored as a method of reali zing a variety o f 
quantum effects in mesascopic objects. Proposed experiments include non-demolition measurements of 
phonon number, observation of quantum jumps, and creation of macroscopic quantum superpos it ions, 
all wi th strenuous requi rements on optical finesse, mechanical qua lity factor, and temperature. We 
present a set of devices composed of d ielectric mirrors on ShN4 cross resonators, des igned with 
mac roscopic quantum superposition in mind. We describe the fabri cati on process and present data on 
optical cav ities utili zing these dev ices. 



Beyond the linear and D uffing regimes in Nanomechanics: Circ ula rly polarized 
mechanical resonances of nanocant ilevers 

S. Pcrisanu , T. Ba.rois, A. A'yfJ.!"i , P. Ponclwral , r.'I. Choucib, S.T. Purcell, and P. Vinccnt 
LPMCN, Univc rsite Claude Bern(l11T11 Lyoll 1 et CNRS, UILIR 5586, F-69622 VilievrOOllllC; France 

\Ve prescnt here an experimental and theoretical study of the nonlinear coupling betw<..'Cn the 
two polarizations of the 1lI<.."ChaniCIlI resona nces of singly clamped nllllowircs a lld Ilallotllbes, leading 
to circularly polarized oscillations, as shown in Fig. I. T his regime exists for high amplitudes 
and beyond the fn.-quency range of the " classical~ Dufling regime. Good quantitative agree ment 
is found with a simple tllcoretical model based 011 the first lion-linear terms of the coupling. The 
assumptions used in the model arc quill..' gencral and thus the circular movemcnt is a IllIivcrsal 
response for 1l(lIlocalltilcvers, which arc at thc ccntcr of thc cmerging field of the Nano Electro
t-,'Iechanical Systems (N Et-,'IS). 

I~IG . I: Ellipticlll responsc of the first cigellmode: a) TEr..'1 ililuge showing tilile <lVeragcd response of II r.[WNT with t llc 
apcx tl"ncillg Otlt 1111 CIliPLicIII movcmcnt. (Sevcnll dcft..'Cls <lIang Lhc tllC tdWNT also tl"Uce a lit cllipses) b)-c): Field Em ission 
Microscopy imugCli showi ng 1"(.'Spolise of tile npex of un SiC-NW to incrcasing cxcitut ioll . First wc observc tllc lillcnr po larizntioH 
in thc ho,·iWZltnl x dil"cctioll , tllen the SystCll1 tnllls its to nn ellipticnl ])olnrizut.ioll wlliell becoilles ltIore circulnr wit ll illcrc1.lsillg 
excitation. f)-g) Expcl"ililcll tnl lIml h)-i) si mulatcd frequcn cy responses fo,· x nils Y lImplitudc'S A .r nnd A ~, for illcrensi llg 
excitation aUlplitude nellr the x polul"izatioll eigc nfl"cquellcy (Vl~ = 0.9891/,z = 1.527A1 Hz, Q !:::: 2000). The exci tation forces 
IIOTllHllizcd to £1 / 1 .. 2 woro 0.35, 0.5, 0.7 and J for thcs illitilut.ed datu. Ar 1!:I Lorcntzia n for low excitation and " hard spring" 11011-
lillcar fOI" int.cnnediat.c excitntion. At. lligh excitu1ioll altlplitndes Ve nnd frC<lucllcics Vc one observes " liard spring" ellipl.icn lly 
polllriz(.'(1 T!..'S]>onsc with !.lIe eC(."Clltl"ici t.y dccrcll~ illg witll v" tllIlil circulnr polnl"iznt ion is almost reaclled , delimited in f) !lnd g) 
by tile vcrtical dll,> hed line. Excellcnt. nh'l"cc rm:.mt Cil li be S<..'C II betw(.'C ri the measured li nd tire sillluinted <1(11(1 . 



Theory of opt ically levitating nanodielectrics in the quantum regime 

A. C. Pflanzer ' , O. Romero- Isart l , and J. I. Cirac' 
I Max-Planck- fnstit1.t jur QualltCflOpttk, Hans.KQpjenliallfl-Strasse 1, D·85748, Garciting, Germany. 

\Ve develop a full quantum t heory to consistently describc the coupling of light to the mot ion of 
gcneral dielect r ic objects in high-Q cavities. We derive the Hamiltonian describing the motion of 
the dielectric, the cavity photons and the interact ion between the two and show that it can be fully 
described by a master equation. \Vhile this theory applies to a wide range of systems, we want to 
U!;e it to explicitly stlldy a H .. 'Cent proposal to use optically levitating nanodielectrics inside an optical 
cavity as an optomechanical system, [I, 2J. We show that t hc center of mass motion of such objects 
dccouples from its vibrational excitations within a theory of quantum elasticity. Hence, this degree 
of freedom is isolated and can be treated !;Cparately. We study its dymlmics and i1.5 main hel\ting 
mechanisms. Besides, quantum effects such as t he renorlllalization of the Hamiltonian through 
virtual photons exchange processes, arc taken into account. \Ve show that this mechanical system 
can in principle be cooled down to its ground state and show 110\\' protocols to create non-Gaussian 
states can be applied. 

[Ij O. Romero-isart, M. L. Juan, R. Quidant, and.!. I. Cirac, 
New J. Phys. , 12 ,033015 (2010). 

[2J D. E. Chang, C. A. Regal , S. B. Papp, D. J. Wilson, 

O. Painter, H. J. l<imble, and P. Zoller , Proc. NaIl. Acad. 
Sci. U.S.A. , 107, 1005 (2010). 
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Nano-e lectromechanica l systems (NEMS) are a class of nanodevices in which e lectrical 

and mechanica l degrees of freedom have comparable energy scales and are strong ly 

coupled, like for example micron-size cantilevers capacitively coupled to quantum dots [I] 

or carbon nanotubes suspended between two metallic gate and used as osc illat ing 

nanowires [2]. In thi s work , employing the Anderson-Holstein model , we study [3,4] a 

quantum dot coupled to a single vibrational mode with frequency wand coupling 

parameter A. The states of the system are labe led according to the occupat ion numbers of 

the electronic and of the osc illator leve ls (denoted by II and I respectively). The dot is 

tunnel-coupled to external leads to which a bias V is app lied. Exploiting a generali zed 

master equation approach in the sequential tunne ling regime, we derive a dynamical 
equation for the reduced density matrix of the dot+osci llator system obtaining numerically 

the stationary solutions. In order to characterize the out of equi li brium phonon 

distributions, we define the phonon Fano factor Fpll = var(/)/(t). In analogy with quantum 

optics, we can di stingu ish between super- and sub-Poissonian di stributions according to 

~JII > I or Fpll < I. The latter case signals a non-classical behav iour of the system. Exploring 

a wide range of parameters we have found that, although in most cases the phonon 

distributions induced by tunneling are super-Poissolli an, in the presence of asymmetric 

tunneling barriers sub-Poissonian di stributions may appear in selected transport regimes 

and fo r not too large A. . The sub-Poisson ian Fano Factor is ori ginated by a peculiar, 

select ive phonon distribution , i.e. a situat ion in which the first two phononic levels /= 0,1 

are a lmost equall y populated and states with I >1 have much lower populat ions 

REFERENCES 

[ I] R. Knobel , A. N. Cleland (2003) Nanometre-scale di sp lacement sensing using a single 
electron transistor. Nature , 424, 29 1-293. 
[2] S. Sapmaz, P. Jari llo-Hcrrero,Ya. M. Bianter, C. dekcr, H. S. J. van dcr Zant (2006) 
Tunneling in suspended carbon nanotubes ass isted by longitudinal phonons. Phys. Rev. 
Let t. , 96, 02680 i . 
[3] M. Merlo, F. Haupt, F. Cavaliere, M. Sassctti (2008) Sub-Poisson ian phononic 
population in a nanoelectromechan ical sys tem. New 1. Phys. , 10, 023008. 
[4] F. Cavaliere, G. Piovano, E. paladino, M. Sassetti (2003) Phonon distributions ofa 
single-bath mode coupled to a quantulll dot. New 1. Phys, 10, 11 5004. 



Phonon assisted transport through suspended carbon nanotube quantum 
dots in electric and magnetic fields 

G Rastelli M. Houzel, F. Pis/olesi. L. Gla::mal1 

We study the phonon assisted electronic transport through a suspended carbon nanotubc quantum dot. 
The electrons interact with the transverse modes via the electrostatic coupling with the near metallic gate and, in 
presence of a unifonn magnetic field B, via the Laplace force acting on the current carrying wire. To study the 
problem, we consider the expansion in the tunnelling taking into accounllhe first-order sequential processes and 
the second-order cotunneling processes. 
At seq uent ial order, we find that the electrostatic interaction and the magnetic interaction are completely 
equiva lent. The removal of spin degeneracy changes significantly the current-voltage characteristic 3S compared 
to the phonon-assisted transport at 8=0. 
The difference between the two intcractions appears at the cotunneling order. We discuss in details the off
resonance regime, where the eotunncl ing current overcome the sequential current, at [ow tempera1ures for the 
vibrat ional modes. 



Investigation of a nanomechanical system with 
scanning probe microscopy 

J.Rieger, E. M. Weig and J. P. Kotthaus 
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The atomic force microscope has become an extremely powerful tool for the investi
gati on of nanoscale structures . In addition to providing information about a sample's 
topography, it allows spatiall y resolved measurements of certain local properti es such 
as spring constants , magnetization, capacitance, etc. The development o f small me
chanical elements for thi s appli cation has ultimately led to the rapid ly evolving field 
of nanomechanics . 

Here we report on the investigation of the mechanical properti es of a doubl y clamped 
sili con nitride beam under high tensil e stress by means of atomic force microscopy (we 
use an Atlocube AFMl) . From constant force measurements we are able to ex tract the 
intrinsic tensil e stress of the material in excellent agreement with the value obtained by 
a measurement o f the linear frequency dependant amplitude response of the resonator. 
In the future, we plan on utili zing the setup to gain access to dynamical properties of 
the nanomechanical system such as (he mode shape o f the dri ven beam or the frequency 
response of a resonator subject to an additional force exerted by the AFM-cantilever. 
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Nonlinear Optomechanics and Progress Toward Laser-Cooling to the 
Mechanical Ground State 
Jack C. Sankey. Andrew M. Jayich, Cheng Yang, Benjamin M. Zwickl, Nathan E. Flowers-Jacobs, 
Andrei A. Petrenko, Scott W. Hoch, J. G. E. Harris 

In the fi eld of optomechanics, a major goal is to observe (and eventually contro l) quantum behavior 
in a solid mechan ical resonator coupled to an optical cavity_ Work towards this goa l genera ll y has 
focused on increasing the strength of the coupling between the mechanical and optical degrees of 
fTeedom; however, the form of th is coupling is crucia l in determining which phenomena can be 
observed in such a system. Here we demonstrate several different forms of the optomechanical 
coupling, real ized at avo ided crossings in the spectrum of an optical cavity containing a flex ible 
dielectri c membrane. These coupl ings include cavity detunings that are (to lowest order) linear, 
quadrati c, or quartic in the membrane's displacement, and a cavity finesse that is linear in the 
membrane's displacement. A ll these coupl ings are realized in a single device w ith extremely low 
optica l loss and can be tuned over a wide range in situ. In particular, we find that the quadratic 
coupling can be increased three orders of magnitude beyond previous devices. As a result , the 
device presented here should be capable of reso lving the phonon shot noise (an inherent ly quantum 
phenomenon) ofa membrane that is mechanically driven from the ground state to large amplitude. 
I n an effort to prepare the membrane in its ground state, we have pre·cooled the entire system in a 
300·mK cryostat and are attempting to laser·cool the membrane's thermal motion to < 10 uK at 
which point the average phonon occupancy will be less than one. 



Cooling of the vibrations of a DC-biased na nomechanical resonator d etermined by 
quantum interferen ce e ffects 

F. Santandrea,1 L. Y. Gorelik,2 R. I. Shekhter,1 and M. Jonson i , 3,4 

1 Depm·tment of Physics, University of Gothenburg, SE - -4 12 96 Giiteoory, Sweden 
2Department of Applied Physics, Chalmers University of Techfwlogy, SE - 412 96 Giiteoorg, Sweden 

'?Schoo/ of EfI.qineering and Physical Sciences, lIeriot-Watt University, Edinburgh EflI4 4AS, Scotland, UK 
'Division of Quantum Phases alld Devices, School of Physics, Konl":'uk University, Seoul 143-107, Korea 

One of the major topics of the current research activity on nano-electromechanical systems (NElIdS) is the inves
tigation of the physical condi tions under which the dynamics of nanometer-sized mechanical oscillators has to be 
described by quantum rather than classical mechanics, For a mechanical system, quantum features are expected to 
become experimentally accessible when the thermal energy is smaller than t he quantum of vi brational energy. 

Here we present the theoretical analysis of a novel procedure to achieve ground-state "cooling" of a beam-shaped 
nanoresonator. 

The NEIHS that we consider is a doubly clamped suspended metallic carbon nanotube in which ext ra charge 
is injected from the tip of a scanning tunneling microscopy (STi\'f), T he position-dependent tunneling amplitude 
between the STM tip and the !lanotube and the electrostatic force controlled by the bias voltage provide two different 
mechanisms of coupling the mechanical and electronic degrees of freedom of the system. 

The inelastic tunneling processes act ivated by t he c1ectromcchanic. .... 1 coupling induce a. non-thermal equilibrium 
population of t he vibronic states in the nanotube. 

Our analysis shows that the probability amplitudes for the emission and absorption of \'ibrons are affected by 
quantum interference between different electron tunneling paths which can be controlled by the bias voltage. \Ve find 
that this interference effect. can be made constructive (destructive) for the processes involving absorption (emission) 
of vibrons when the bias voltage is below the Coulomb blockade threshold , so that the transport of charge is activa.ted 
by the finite temperature of the electronic reservoirs. 

Under this condition, the probability of tunneling processes involving emission of vibrons can be significantly 
reduced in comparison to the probability of processes characterized by absorption, As a result, a net "cooling" of 
the vibrational degrees of freedom can be achieved. We remark that the abovementioned kind of electromechanical 
coupling can also drive the system into the regime of ~shuttle-like" electromechanical instability if the bias voltage is 
above the Coulomb blockade threshold. 

In order to c,p"iluate the perfOnlll.UlCC of the proposed "cooling" mechanism, we describe the coupk'd dynamics 
of electronic and mechanical degrees of freedom by mea ns of a suitable rate equation and calculate t he stationary 
probability distribution for t he occupancy of the vibron states. Our analysis shows that the optimal "cooling" effect 
that can be achieved corresponds to an average number of vjbrons in the excited states of (n) ..... 0.2. 



Quantum fluctuations as the origin of classical shuttle instability 

Gleb A . Skorobagatko', lIya V. Krive" , and Robert I. Shekhter ' ( Low Temp. Phys. 35. 949 (2009)) 

In presented wor1< we considered the effect of classical 
shuttle instability in the single-level "vibrating' quantum 
dot (00), connected with ~Fermi~ leads by two tunnel 
barriers, when strong electron -vibron interaction in the 
aD takes place. In ourmodel, quantum fluctuations of 
the OD 's coordinate are able to affectthe electron 
tunneling through the system by means of electron
vibron interaction in the aD, and due to the "softness~ 

of tunnel barriers . As the result, quantum fluctuations 
of ~charged " aD underthe "driving" bias voltage 
applied, could "swing" the QD classically in a self-
can sisten! way. Th is effect leads Ih e "classicar 
movement of the aD to the regime of shuttle instability, 
which differs distinctly from the classi cal instability 
regime without quantum fluctuations (see Fig.2 on the 
right). We established, forthe first time, that the 
incrementof shuttle instability in considered system is a 
non monotonic function of a ~drivingH vol tage applied 
(see solid lineon th e Fig.2). In particular, we show, that 
the interplay of the two opposite effects: nonelastic 
electron tunneling through many uvibron ~ channels, 
and "polaronicH blockade effect in each chann el
leads, at low temperatures, to the strong oscillations of 
the increment value on the energy scale of th e order of 
vibron energy (see Fig .2 on the right). Also we revealed 
the strong dependence of th e shuttle instabil ity 
existence in described model ( i.e. - of the maximal 
increment value)on the "tunnel length " of electron (. 
uunder" the tunnel barrier between the QD and the 
leads). 

' B. Verkin ILTPE of NAS of Ukraine, 47 Lenin Ave., Kharkov 61103, 
Ukraine, E-mail : gleb_skor@mail.ru 
2 Department of Physics, Gothenburg University, SE -412 96 
Gothenburg, Sweden 
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Fig. 2. «Wealm shuttle instability. The increment of shutt le insta· 
bility (in the units of rhiWO) as a function of bias voltage for 

1'1 = xOIl1 = 0.2: rd = xO/d = 0.2 (solid line) and p- l = kO ThiwO = 
= 0.2. The dotted line represents the result of Ref. 9 extended 

to the region of strong electromechanical coupling. 



Cooling of a suspended nanotube by an AC Josephson 
curren t flow 

Gustav Sonne l
, :Mi lton-Eduardo Aza-Pcila l

, Leonid Y. Gorelik2
, Robert I. 

Shekhter1 and ~'I ats J0l1son i ,J,4 

1 Univen;ity of Gothenburg, iJ<.:partmcnt of PhysiQl , Ck>thcnburg, Swt.'(icn 

'1 Chalmers Unh'crsity of Technology, Department of Applied Physies, Gothenburg, SWI..'(icn 

3 Ilcriot- \Vnu University, School of Engirlt'cring and Ph}'!liCII, Edillburgh, Scotland 

4 Konkuk University, School of Physics, Konkuk, Korea 

\·Vc consider a nanoclectromechanical Josephson junction, where a sus
pended nanowire serves as a superconciucting weak link , and show t hat an 
applied DC bias voltage can resul t in suppression of the flexural vibrations of 
t he wi re. This cooling effect is achieved through the transfer of vibronic en
ergy quanta firs t to voltage driven Andreev states and t hen to extended quasi
particle electronic states. Our analysis, which is performed for a nanowire in 
t he fornl of a metallic carbon nanotube and in the framework of the density 
mat rix formalism, shows t hat Stich self-cooling is possib le down to a level 
where the average occupation number of the lowest flexural vibration mode 
of the nanowi re is 0.1 . 
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Cavity-Optomechanics at Subwavelength Scale 
 

S. Stapfner1), I. Favero2),1), D. Hunger1), J. Reichel3), B. Lorenz1), J.P.Kotthaus1), K. Karrai1), 
E. Weig1) 

 
1) Center for Nanoscience & Department of Physics, LMU Muenchen, Germany 
2) Laboratoire Matériaux et Phénomènes Quantiques, Université Paris Diderot & CNRS,  
   France 
3) Laboratoire Kastler Brossel, ENS Paris, France 
 
Recent work in optomechanics has shown that low mass mechanical resonators and small 
optical mode volume are beneficial for observation of strong optomechanical coupling in 
experiments [1, 2]. This calls for downscaling of the mechanical resonators: Subwavelength 
nanomechanical resonators are introduced into the confined mode of an optical microcavity 
(as depicted in fig. 1) where they interact with cavity photons [3]. Our approach follows such 
scheme by combining a high finesse fibre based micro cavity and a carbon based 
nanomechanical oscillator. 
In initial experiments we have employed electron beam deposited, singly clamped carbon rods 
with a diameter of about 120 nm and a length of 5 µm as mechanical resonators. Piezo-
electric excitation is used to characterize their mechanical resonance frequencies and quality 
factors [4]. Brownian motion of the nano resonator has been observed in the noise spectrum 
of the light transmitted through the cavity [5]. A subsequent miniaturization and optimization 
will involve the development of CNT resonators. 
 

 
Figure 1. A nanomechanical resonator placed in the confined mode of an optical microcavity.  

 
[1] C. Metzger et al., Phys. Rev. B 78, 035309 (2008)  
[2] I. Favero et al., Nat. Photonics 3, 201 (2009) 
[3] I. Favero et al., New J. Phys. 10, 95006 (2008) 
[4] S. Stapfner et al., Proc. SPIE Vol. 7727 (2010), in press 
[5] I. Favero et al., Opt. Express 17, 12813 (2009) 
 
 



Opto-mechanical transducers for quantum information process ing with solid-state 
qubits 

K. Stannigcl1 , P. Rab l2 , A. S. Sorensen3 , P. Zoller l , and lid . D. Lukin2,4 

I/IIstit1lte jor Quantum Optics and QUa1ltum /lIjo rmatioll, 6020 /nllsbruck, Austria, and 
/mJtitute jor Theoretical Physics, University oj hmsbJ-uck, 6020 /III1SbI1ICk, Austria 

2h lStifute jor Tlteoretirol Atomic, Molecular and Optical Physics, Cambridge, MA 02198, USA 
3QUA NTOP, Niels Bohr Institute, University oj Copenhagen, DK-2100 CopnJwgen 0 , Denmark and 

4 Physir-s Department, Harvlll"(i University, Cambridge, lL1assllcil1lsett.s 02 198, USA 

\Ve describe a new scheme to interconvcrt s tationary and photonic qubits which is based on 
indirect qubit-light interact ions mediatcd by a mechanical resonator. This approach docs not rely 
on the spccioc optical response of the qubit and thereby enablcs optical quantum interfaces for a 
wide range of solid statc spin and charge based systems. Wc discuss t he implementation of statc 
transfer protocols betwccn distant nodcs of a qua ntum nctwork and show that high transfer odclities 
can be achieved under rculistic expcrimental conditions. \Ve further describe how the interfacc cun 
mediate short-range interactions between qubits located on the same chi p. 



Quality Factors of Nanomechanical Resonators 
Quirin Unterreithmcier, Thomas Faust and JOrg P. Kotthaus 

Fakultat fLir Physik and Center for NanoScience (CeNS), Ludwig-Maximilians-Universitat Munchen, Gennany 

The study of nanomechanical resonant motion is a rapidly advancing field of sc ience with 
prospects in fundamental studies and application. For many aspects, a low mechanica l friction 
(or high qua lity fac tor) is advantageous. It has been experimentally shown that silicon nitride 
resonators under high uniform tensi le stress exhibi t significantly higher quality factors when 
compared to unstressed ones of the same resonance frequency. The underlying mechanism 
however is yet to be known. 
In order to reproduce the measured room-temperature quality factors of the fundamental and 
higher hannonic modes of our high stress SiN nanomechanical oscillators with cross sections 
of200xlOO nm and lengths ranging from 35 to 5 micrometer, we apply a damping model 
based on continuum mechanics. 
We assume tJl e friction throughout volume of the resonator to be caused by the local strain as 
the beam oscil lates and are thereby able to quantitative ly model the observed quality factors 
introducing a frequency independent imaginary part of the Youngs modulus [Fig. I]. Based 
on our calculations we can deduce that the high mechanical quality factors are caused by the 
increase in elastic energy rather than a decrease in energy loss with increas ing tensile stress. 
Therefore, we expect that resonators consisting of nearly any material wi ll exhibit higher 
quality factors when stressed. 
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Fig. I : Frequency and mechanical quality factors of the measured resonances (solid dots); the 
lengths of til e beams are colour-coded. The hollow squares represents our modell ing of the 
resonance frequencies as well as the quality factors, as a guide to the eye, the various 
hannonics corresponding to the same beam are connected. 

Refe rence: 
Q. Unterreithmeier, T. Faust and J. Kotthaus "Damping of Nanomechanical Resonators", 
Phys . Rev. Lett. 105, 027205 (20 I 0) . 



Cavity Optomechanics with 150nm-t hick GaAs M embra n e 

I(oji Usami 1,. Bo ]\'Ielholt Nielsen 1, Andreas Naesbyl , Tolga Bagci 1, 

Jin Liu2, Soren Stobbe2, Peter Lod ahl2, and Eugene S. Polzik 1 

! NieLs Bohr Illstitute, 8legdam.svej 17, 2100 Copenhagen, Denmark 
'] DTU FotOllik, Department oj Photonics Erlgin~ring, 

Technical University oj Denmark, @rsteds Plads 343, DK-2800 Kgs. LYllg&y, Denmark 

Abstract 

Optomechanical properties of 150llln-thick GaAs membrane are studied for exploring its potemialuse ill membrane
in-the-middle approach of cavity optomechanics [1, 2]. GaAs posscses ma ny interesting properties [3]; direct band 
gap transition, high mobility of electrons, and strong piezoeJectric properties to name just a few. Thl:.'Se extra 
properties may be found favorable to approach the quantum regime with optomechanicru system. Inve>tigating opto
nanomechanical propcrties of the semiconductor may also be beneficial for ad\'ancing already-mature optoeit.'Ct rical, 
electrical , and electromechanical semiconductor integrated devices further. 

To investigate the optomechanical properties of a fabricated 150nm-thick int rinsic GaAs membrane ( 1.3mm x 1.9mm) 
a 975nm-laser (below band gap) is used to probe t he mechanical resonances via beam deflection method. An 8 iOnm
laser (above band gap), which is mode-coupled to a Fabry- Perot cavity formed between the membrane and a mirror 
(Finesse : "-'24) ins ide a vacuum chamber (",1O- 7Torr), is used to lock the cavity length at the cavity resonant slope 
and to induce mechanical oscillations by modulating the intensity from the offset level for r ing down measlll'ements. 

We observe the cavity cooling of t he mechanical modes when the cavity is locked at the blue-side of the s lope. T he 
instability is set in when t he cavity is around the red-side of the slope or the cavity input exceed 50lLW and prevents 
us from using t hese conditions for the ring down measurements. The mechanical ring down t ime, T, decreases as the 
cavity input power is increased from 5/t\V to 45ltW (cavity cooling). The measured ring down times are extrapolated 
down to zero cooling power to evaluate the int r insic mechanical quality factor Q of the membrane, which is found to 
be O.5 x 106 for v= 23.4k Hz fundamental mode at room tem perature. Up to 150kHz the vQ products are measured to 
be uearly (.'o nstant (around 3 x I0 10Hz). From the rat io of the ext rapolated intrinsic ring down t ime to that at 50/-LW 
the t'Ooliug fa<.:tor can be evaluated for each mode. For the fundamental mode it is fou nd to be as large as 12 meaning 
that the effect ive temperture of the mode is cooled down to 251<' We believe t hat the main cause of the cooliug is 
l!either the radiation pressure nor the photothermal effect given the relavant physical parameters. 

We will report t he progress of the experiments aiming to rc\'eal the underlyi ng cavity cooling mechanism of the 
GaAs membl'8ue. 

[I] J . D. Thompson, D. r.,,1. Zwickl , A. M. Jayich, Florian I\ larquardt, S. 1\ 1. Girvin, and J . C . E. Harris, Nature (London ) 452 , 
72 (2008). 

[2] D. J. Wilson, C. A. Regal, S. D. Papp, and H. J. Kimble, Phys. Rev. Lett. 103, 207204 (2009). 
[3] Klns Hjort, Jan SOderkvist , Jan-Ake Schwcitz, J. Micromcch. I\l icroeng. 4, I ( 1994) . 
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Interacting vibrational modes in clamped-clamped mechanical resonators 

W.J. Venstra, H.J.R. Westra , M . Poot and H.S.J. van der Zant 

Kavli Institute of Nanoscience, Delft University of Technology, 
Lorentzweg 1, 2628CJ Delft, The Netherlands 

The coupling between the flexural resonance modes in clamped-clamped mechanical 
resonators is investigated by theory and experiment. In a clamped-clamped 
resonator, a nonzero displacement amplitude implies elongation of the resonator, 
and this is accompanied by a tension force. The effect of the displacement-induced 
tension on its own resonance frequency is well-known: it leads to the Duffing 
nonlinearity in clamped-clamped resonators. The tension however also affects all the 
other modes, and this mechanism couples all the flexural vibrational modes of the 
resonator. 
The coupling between the fl exural modes is experimentally investigated by detecting 
the response of a clamped-clamped silicon resonator while simultaneously driving 
two flexural resonance modes. For small amplitudes, a quadratic dependence is 
found between the shift in resonance frequency of the detector mode and the 
amplitude of the mode to be detected, as shown in Fig . 1. When multiple modes are 
driven strongly, i.e. in the regime where for each mode multiple amplitudes are stable, 
complex dynamics are observed. A model which couples the modes via the beam 
extension quantitatively captures all these experimentally observed features [1] . 
Based on the coupled modes several applications are envisioned. USing the self
detecting principle, resonance modes can be detected that would be otherwise 
inaccessible by the experiment, such as the even resonance modes in a 
magnetomotive measurement. Another application is to control the switching 
between stable amplitudes of one mode by modulating the tension induced via 
another mode, as shown in Fig 2; this enables the implementation of signal 
processing functions in a single mechanical resonator. 
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Non-Equ ilib l'ium Tr a ns port Properties o f a Tunnel Junction Coupled to a n H armonic 
Oscillator in the Non-Markovian R egime 

Stefan Walter and Bjorn TrauzeLtc1 
Institute Jor Theoretical Physics and Astrophysics, 

University oj Wurzbury, D.97074 Wu rzbu7"9, Germany 
(Dated : August 10, 2010) 

\Ve al'e intCl'cstcd in thc truc quantum behavior of the coupled system of a quantum hamlonie 
oscillatol' and a tuunel junction beyond Born and Ivlnrkov approximalion. T he transport propertics 
of tIle t unnel junct ion (I·V characterist.ics a nd fini te frequency noise) arc perturbatively calculated 
in the t unneling HUllliltonian using the l\eldysh fornmlism. 

We find that the lion-equilibrium trunsport properties of t he tunnel junction significantly depen
dent on the properti(.'S of tI le oscilhltor (such lIS its frequency, position and momentum). This can, 
in principle, be used to manipulate und read out the quantum state of the oscillator. 

In add ition , we recover for II non-stlltionllry oscillator a complcx noise which complemcnts the 
proposal for II mOlllcntUIll detector in Ref. I. 

[I] C. 13. Doiron, 13. 1rauzettcl , and C. I3rudcr. , Phys. Rev. Lett. 100, 027202 (2008) 



Dynamical multistability in a multimode 
optomechanical system 
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I Institute for Theore~ical P hysics, Universita~ Erlangcn-Niirnberg, 9 1058 
Erlungcn, Germany 

2 Department of P hysics, Fuzhou University, 350002 F'UZhOll , Fujian , P. R. 
China 

3 Department of P hysics, Arnold Sommerfeld Center for Theoretical P hysics, 
LrvlU, 80333 r-.hinchen, Germany 

Abstract 

Optomcchanicai systems couple mechanical motion of macroscopic ob
jects to elect romagnetic fields. The standard sctup comprises a Jaser
driven cavity with It movable cnd-mirror whose motion changes ihc opti
cal resollance frequency and thus acts back 011 the light fi eld. Studies of 
the complex nonlinear dynamics for this system revealed several dynam
ical attractors due to phase locking between the mechanical oscillations 
of the mirror a nd the ringiTlg of the light intensity. Here we study such 
dynamical llluitistability for a novel sctup where a movea ble membrane 
is placed in the middle between two high-finesse mirrors. The membrane 
couples two optical modes residing in the left and right half of the cavity, 
respect ively. Its mot ion is determined by the coupled light-field dynamics 
that was recently s tudied elsewhere and shows two-level dynamics such 
as Aut ler-Townes splittings and Landau-Zener-StuL>ckelberg oscillations. 
Here we discuss the rcsult of these effects on the nonlinear dynamics in 
terms of the atLractor diagram for d ifferent parameter regimes. T his is 
the first study of dynamical multistability in one of the exciting new sc
tups with multiple coupled optical (and vibrational) lllodes that have been 
developed recently . 

• E-mail , huaizhi _ wu@campus_Inm_de 
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