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Hybrid Quantum Systems

solid state AMO

• coherent control on single quantum level >> dissipation
• fundamental aspects & applications

- quantum information processing / communication / simulation
- quantum metrology
- quantum technology

• … behind quantum memory, gates, read out etc.

common goals:

common concepts:

very different physical systems:

• … with their own features, “+” and “-”
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Hybrid Quantum Systems

• develop coherent quantum interface between solid state 
and AMO systems

challenge: “hybrid systems”

- basic building block

- goal: combining advantages (benefit from complementary 
toolboxes) with compatible experimental setups

solid state
system

AMO
system

quantum interface
(“quantum bus”)
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Hybrid: Opto-Nanomechanics + Atoms

LETTERS

Strong dispersive coupling of a high-finesse cavity to
a micromechanical membrane
J. D. Thompson1, B. M. Zwickl1, A. M. Jayich1, Florian Marquardt2, S. M. Girvin1,3 & J. G. E. Harris1,3

Macroscopic mechanical objects and electromagnetic degrees of
freedom can couple to each other through radiation pressure.
Optomechanical systems in which this coupling is sufficiently
strong are predicted to show quantum effects and are a topic of
considerable interest. Devices in this regimewould offer new types
of control over the quantum state of both light and matter1–4, and
would provide a new arena in which to explore the boundary
between quantum and classical physics5–7. Experiments so far have
achieved sufficient optomechanical coupling to laser-cool mech-
anical devices8–12, but have not yet reached the quantum regime.
The outstanding technical challenge in this field is integrating
sensitive micromechanical elements (which must be small, light
and flexible) into high-finesse cavities (which are typically rigid
and massive) without compromising the mechanical or optical
properties of either. A second, and more fundamental, challenge
is to read out the mechanical element’s energy eigenstate.
Displacement measurements (no matter how sensitive) cannot
determine an oscillator’s energy eigenstate13, and measurements
coupling to quantities other than displacement14–16 have been dif-
ficult to realize in practice. Here we present an optomechanical
system that has the potential to resolve both of these challenges.
We demonstrate a cavity which is detuned by the motion of a 50-
nm-thick dielectric membrane placed between two macroscopic,
rigid, high-finesse mirrors. This approach segregates optical and
mechanical functionality to physically distinct structures and
avoids compromising either. It also allows for direct measurement
of the square of the membrane’s displacement, and thus in prin-
ciple themembrane’s energy eigenstate.We estimate that it should
be practical to use this scheme to observe quantum jumps of a
mechanical system, an important goal in the field of quantum
measurement.

Experiments and theoretical proposals aiming to study quantum
aspects of the interaction between optical cavities and mechanical
objects have focused on cavities in which one of the cavity’s mirrors is
free to move (for example, in response to radiation pressure exerted
by light in the cavity). A schematic of such a setup is shown in Fig. 1a.
Although quite simple, Fig. 1a captures the relevant features of nearly
all optomechanical systems described in the literature, including
cavities with ‘folded’ geometries, cavities in which multiple mirrors
are free to move5, and whispering gallery mode resonators14 in which
light is confined to a waveguide. All these approaches share two
important features. First, the optical cavity’s detuning is proportional
to the displacement of a mechanical degree of freedom (that is, mir-
ror displacement or waveguide elongation). Second, a single device
must provide both optical confinement and mechanical pliability.

In these systems, optomechanical coupling can be strong enough
to laser-cool their brownian motion by a factor of 400 via passive
cooling13. But the coupling has been insufficient to observe quantum

1Department of Physics, Yale University, 217 Prospect Street, NewHaven, Connecticut, 06520, USA. 2PhysicsDepartment, Center for NanoScience, andArnold Sommerfeld Center for
Theoretical Physics, LudwigMaximilians University, Theresienstrasse 37, 80333, Munich, Germany. 3Department of Applied Physics, Yale University, 15 Prospect Street, NewHaven,
Connecticut 06520, USA.
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Figure 1 | Schematic of the dispersive optomechanical set-up.
a, Conceptual illustration of ‘reflective’ optomechanical coupling. The cavity
mode (green) is defined by reflective surfaces, one of which is free to move.
The cavity detuning is proportional to the displacement x. b, Conceptual
illustration of the ‘dispersive’ optomechanical coupling used in this work.
The cavity is defined by rigid mirrors. The only mechanical degree of
freedom is that of a thin dielectric membrane (orange) in the cavity mode
(green). The cavity detuning is periodic in the displacement x. The total
cavity length is L5 6.7 cm. c, Photograph of a SiN membrane
(1mm3 1mm3 50 nm) on a silicon chip. d, Schematic of the optical and
vacuum setup. The vacuum chamber (dotted line) is ion-pumped to
,1026 torr. The membrane chip is shown in orange. The optical path
includes an AOM for switching the laser beam on and off, and a
proportional-integral (PI) servo loop for locking the laser to the cavity. The
reflected laser power is recorded by a data acquisition system (DAQ).
e, Calculation of the cavity frequency vcav(x) in units of vFSR5pc/L. Each
curve corresponds to a different value of the membrane reflectivity rc.
Extrema in vcav(x) occur when the membrane is at a node (or antinode) of
the cavity mode. Positive (negative) slope of vcav(x) indicates the light
energy is stored predominantly in the right (left) half of the cavity, with
radiation pressure force acting to the left (right).
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nanomechanical
oscillator*

single / many atom
• internal state
• motional state

challenge: “hybrid systems”

quantum interface
• photons as bus
• [or: direct interaction]

cavity

• develop coherent quantum interface between solid state 
and AMO systems

- basic building block

- goal: combining advantages (benefit from complementary 
toolboxes) with compatible experimental setups

4

Friday, December 11, 2009



Micro- and Nanomechanical Oscillators

LETTERS

Strong dispersive coupling of a high-finesse cavity to
a micromechanical membrane
J. D. Thompson1, B. M. Zwickl1, A. M. Jayich1, Florian Marquardt2, S. M. Girvin1,3 & J. G. E. Harris1,3

Macroscopic mechanical objects and electromagnetic degrees of
freedom can couple to each other through radiation pressure.
Optomechanical systems in which this coupling is sufficiently
strong are predicted to show quantum effects and are a topic of
considerable interest. Devices in this regimewould offer new types
of control over the quantum state of both light and matter1–4, and
would provide a new arena in which to explore the boundary
between quantum and classical physics5–7. Experiments so far have
achieved sufficient optomechanical coupling to laser-cool mech-
anical devices8–12, but have not yet reached the quantum regime.
The outstanding technical challenge in this field is integrating
sensitive micromechanical elements (which must be small, light
and flexible) into high-finesse cavities (which are typically rigid
and massive) without compromising the mechanical or optical
properties of either. A second, and more fundamental, challenge
is to read out the mechanical element’s energy eigenstate.
Displacement measurements (no matter how sensitive) cannot
determine an oscillator’s energy eigenstate13, and measurements
coupling to quantities other than displacement14–16 have been dif-
ficult to realize in practice. Here we present an optomechanical
system that has the potential to resolve both of these challenges.
We demonstrate a cavity which is detuned by the motion of a 50-
nm-thick dielectric membrane placed between two macroscopic,
rigid, high-finesse mirrors. This approach segregates optical and
mechanical functionality to physically distinct structures and
avoids compromising either. It also allows for direct measurement
of the square of the membrane’s displacement, and thus in prin-
ciple themembrane’s energy eigenstate.We estimate that it should
be practical to use this scheme to observe quantum jumps of a
mechanical system, an important goal in the field of quantum
measurement.

Experiments and theoretical proposals aiming to study quantum
aspects of the interaction between optical cavities and mechanical
objects have focused on cavities in which one of the cavity’s mirrors is
free to move (for example, in response to radiation pressure exerted
by light in the cavity). A schematic of such a setup is shown in Fig. 1a.
Although quite simple, Fig. 1a captures the relevant features of nearly
all optomechanical systems described in the literature, including
cavities with ‘folded’ geometries, cavities in which multiple mirrors
are free to move5, and whispering gallery mode resonators14 in which
light is confined to a waveguide. All these approaches share two
important features. First, the optical cavity’s detuning is proportional
to the displacement of a mechanical degree of freedom (that is, mir-
ror displacement or waveguide elongation). Second, a single device
must provide both optical confinement and mechanical pliability.

In these systems, optomechanical coupling can be strong enough
to laser-cool their brownian motion by a factor of 400 via passive
cooling13. But the coupling has been insufficient to observe quantum

1Department of Physics, Yale University, 217 Prospect Street, NewHaven, Connecticut, 06520, USA. 2PhysicsDepartment, Center for NanoScience, andArnold Sommerfeld Center for
Theoretical Physics, LudwigMaximilians University, Theresienstrasse 37, 80333, Munich, Germany. 3Department of Applied Physics, Yale University, 15 Prospect Street, NewHaven,
Connecticut 06520, USA.
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Figure 1 | Schematic of the dispersive optomechanical set-up.
a, Conceptual illustration of ‘reflective’ optomechanical coupling. The cavity
mode (green) is defined by reflective surfaces, one of which is free to move.
The cavity detuning is proportional to the displacement x. b, Conceptual
illustration of the ‘dispersive’ optomechanical coupling used in this work.
The cavity is defined by rigid mirrors. The only mechanical degree of
freedom is that of a thin dielectric membrane (orange) in the cavity mode
(green). The cavity detuning is periodic in the displacement x. The total
cavity length is L5 6.7 cm. c, Photograph of a SiN membrane
(1mm3 1mm3 50 nm) on a silicon chip. d, Schematic of the optical and
vacuum setup. The vacuum chamber (dotted line) is ion-pumped to
,1026 torr. The membrane chip is shown in orange. The optical path
includes an AOM for switching the laser beam on and off, and a
proportional-integral (PI) servo loop for locking the laser to the cavity. The
reflected laser power is recorded by a data acquisition system (DAQ).
e, Calculation of the cavity frequency vcav(x) in units of vFSR5pc/L. Each
curve corresponds to a different value of the membrane reflectivity rc.
Extrema in vcav(x) occur when the membrane is at a node (or antinode) of
the cavity mode. Positive (negative) slope of vcav(x) indicates the light
energy is stored predominantly in the right (left) half of the cavity, with
radiation pressure force acting to the left (right).
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AFM cantilever SiN nanostring

C nanotube (single wall)
SiN membrane

from a high tensile stress !1200±50 MPa, measured with a
wafer bow technique" LPCVD silicon nitride, deposited on
silicon dioxide. After fabrication, devices were mounted on a
piezoelectric buzzer for resonant actuation, placed in a room
temperature vacuum chamber, and pumped down to a pres-
sure below 10−6 Torr. The high vacuum eliminates viscous
damping effects on string resonance. Figure 1 shows scan-
ning electron micrographs of a silicon nitride string with
thickness of 120 nm, width less than 200 nm, and length of
15 !m.

III. CHARACTERIZATION

Resonances of silicon nitride strings with thicknesses
near 100 nm and widths ranging from 100 to 700 nm de-
fined by electrospun masks were measured with an optical
detection technique similar to that described in the
literature.3,15 To determine the dependence of resonance pa-
rameters f0 and Q on string geometry, we employed a scan-
ning electron microscope !SEM" to determine the dimen-
sions of a number of strings of different resonant frequencies
and quality factors. The results from such measurements on
strings made from the same 120 nm thick silicon nitride film
are shown in Fig. 2. Each point represents a measurement
made on a single string, with multiple representative strings
measured for each principle size range. Resonant frequency
was found to vary as the inverse of the length #Fig. 2!a"$,
hence the term “string” instead of “beam” used in reference
to these structures. From standard beam theory,16 the reso-
nant frequencies of a doubly clamped beam of arbitrary ten-
sile force S !assuming for simplicity that the ends are simply
supported" are given by

f i =
i2"

2l2%EI

#A
%1 +

Sl2

i2EI"2 , !1"

where i is an integer mode index, and l, E, I, #, and A are
length, Young’s modulus, cross sectional inertia, density, and
cross sectional area, respectively. In the limit of low stress,
this yields the familiar beam frequency dependence on the
inverse of length squared #the mode index for beam fre-
quency in the case of fixed ends is not really an integer
index, and must be solved for numerically, yielding an index
closer to i+ !1/2"$. In the limit of high stress we find

f i =
i

2l
% S

#A
, !2"

which is simply the equation for the frequencies of a
stretched string, with tensile force S, and linear density #A.
Thus the frequency-length relationship of our structures has
been tailored through the choice of a high stress film. From
the fit shown in Fig. 2!a" and an assumed silicon nitride
density of 3180 kg/m3 !theoretical value given in Pierson17"
a string tensile stress !S /A" of 1410±60 MPa can be calcu-
lated. This value is slightly greater than the tensile stress
measured in the film with the wafer bow technique, probably
indicating that we are achieving a density less than the the-
oretical value assumed. A density of 2700 kg/m3, closer to
that measured for lower stress LPCVD silicon nitrides,18

would be consistent with the measured tensile stress of
1200 MPa.

Quality factor was found to scale with inverse frequency,
as shown in Fig. 2!b", and therefore also with length. It is
worth noting that the 40 MHz resonance point included in
Fig. 2!a" is not present in !b". This is due to the poor signal-
to-noise ratio attained for this resonance, resulting from the
exceedingly low response of the piezoactuator at such a high
frequency. The measured signal was sufficient to allow for a
determination of resonant frequency, but prevented an ac-
ceptable Lorentzian fit for quality factor determination.

In Figs. 3!a" and 3!b" we show the optically measured

FIG. 1. SEM images of a 15 !m long silicon nitride nanostring, with thick-
ness of 120 nm, and width less than 200 nm. A 300 nm scale bar is shown.

FIG. 2. !a" Length dependence of frequency, with a linear fit, demonstrating
the approximate 1/ l stretched string equation for resonant frequency f0. !b"
Quality factor as a function of inverse frequency, for several sets of strings,
with similar frequencies within a given set. These symbol coded sets, from
low to high quality factor, correspond to length ranges of 11–13, 16–17,
21–26, 31–34, and 40–43 !m.

124304-2 Verbridge et al. J. Appl. Phys. 99, 124304 !2006"

Downloaded 29 Jun 2006 to 129.187.254.47. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

Si cantilever with paddle

• Harmonic oscillators

• Quantum oscillators?
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mechanism [25] (back-action cooling) has been exploited to cool cantilevers [26, 27], micro-

toroids [28] and macroscopic mirror modes [29] as well as mechanical nano-membranes [30].

We note that this technique is different than the earlier demonstrated radiation-pressure feed-

back cooling [31, 32], which uses electronic feedback analogous to “Stochastic Cooling” [33]

of ions in storage rings and which can also provide very efficient cooling as demonstrated

in recent experiments [34–36]. Indeed, research in this subject has experienced a remarkable

acceleration over the past three years as researchers in diverse fields such as optical microcav-

ities [1], micro and nano-mechanical resonators [2] and quantum optics pursue a common set

of scientific goals set forward by a decade-old theoretical framework. Subjects ranging from

entanglement [37, 38]; generation of squeezed states of light [12]; measurements at or beyond

the standard quantum limit [11, 39, 40]; and even to tests of quantum theory itself are in play

here [41]. On the practical side, there are opportunities to harness these forces for new metrol-

ogy tools [36] and even for new functions on a semiconductor chip (e.g., oscillators [22, 23],

optical mixers [42], and tuneable optical filters and switches [43, 44]. It seems clear that a new

field of cavity optomechanics has emerged, and will soon evolve into cavity quantum optome-

chanics (cavity QOM) whose goal is the observation and exploration of quantum phenomena

of mechanical systems [45] as well as quantum phenomena involving both photons and me-

chanical systems.
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Fig. 1. (a)A cavity optomechanical system consisting of a Fabry Perot cavity with a har-

monically bound end mirror. (b): Different physical realizations of cavity optomechanical

experiments employing cantilevers [34], micro-mirrors [26, 27], micro-cavities [22, 28],

nano-membranes [30] and macroscopic mirror modes [29]. Red and green arrows repre-

sent the optical trajectory and mechanical motion.

The realization of dynamical, opto-mechanical coupling in which radiation forces mediate

the interaction, is a natural outcome of underlying improvements in the technologies of optical

(micro) cavities and mechanical micro (nano-) resonators. Reduction of loss (increasing optical

and mechanical Q) and reductions in form factor (modal volume) have enabled a regime of

operation in which optical forces are dominant [22–24,26–30]. This coupling also requires co-

existence of high-Q optical and high-Q mechanical modes. Such coexistence has been achieved

in the geometries illustrated in Figure 1. It also seems likely that other optical microcavity ge-

ometries such as photonic crystals [46] can exhibit the dynamic back-action effect provided

that structures are modified to support high-Q mechanical modes.

To understand how the coupling of optical and mechanical degrees of freedom occurs in

#88348 - $15.00 USD Received 8 Oct 2007; revised 7 Dec 2007; accepted 7 Dec 2007; published 10 Dec 2007

(C) 2007 OSA 10 December 2007 / Vol. 15,  No. 25 / OPTICS EXPRESS  17176

“Opto-nanomechanics”
• experimental developments ...

• goal: see quantum effects
- ground state cooling of the oscillator
- entanglement …
- why? … fundamental / applications

mechanism [25] (back-action cooling) has been exploited to cool cantilevers [26, 27], micro-

toroids [28] and macroscopic mirror modes [29] as well as mechanical nano-membranes [30].

We note that this technique is different than the earlier demonstrated radiation-pressure feed-

back cooling [31, 32], which uses electronic feedback analogous to “Stochastic Cooling” [33]

of ions in storage rings and which can also provide very efficient cooling as demonstrated

in recent experiments [34–36]. Indeed, research in this subject has experienced a remarkable

acceleration over the past three years as researchers in diverse fields such as optical microcav-

ities [1], micro and nano-mechanical resonators [2] and quantum optics pursue a common set

of scientific goals set forward by a decade-old theoretical framework. Subjects ranging from

entanglement [37, 38]; generation of squeezed states of light [12]; measurements at or beyond

the standard quantum limit [11, 39, 40]; and even to tests of quantum theory itself are in play

here [41]. On the practical side, there are opportunities to harness these forces for new metrol-

ogy tools [36] and even for new functions on a semiconductor chip (e.g., oscillators [22, 23],

optical mixers [42], and tuneable optical filters and switches [43, 44]. It seems clear that a new

field of cavity optomechanics has emerged, and will soon evolve into cavity quantum optome-

chanics (cavity QOM) whose goal is the observation and exploration of quantum phenomena

of mechanical systems [45] as well as quantum phenomena involving both photons and me-

chanical systems.
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Fig. 1. (a)A cavity optomechanical system consisting of a Fabry Perot cavity with a har-

monically bound end mirror. (b): Different physical realizations of cavity optomechanical

experiments employing cantilevers [34], micro-mirrors [26, 27], micro-cavities [22, 28],

nano-membranes [30] and macroscopic mirror modes [29]. Red and green arrows repre-

sent the optical trajectory and mechanical motion.

The realization of dynamical, opto-mechanical coupling in which radiation forces mediate

the interaction, is a natural outcome of underlying improvements in the technologies of optical

(micro) cavities and mechanical micro (nano-) resonators. Reduction of loss (increasing optical

and mechanical Q) and reductions in form factor (modal volume) have enabled a regime of

operation in which optical forces are dominant [22–24,26–30]. This coupling also requires co-

existence of high-Q optical and high-Q mechanical modes. Such coexistence has been achieved

in the geometries illustrated in Figure 1. It also seems likely that other optical microcavity ge-

ometries such as photonic crystals [46] can exhibit the dynamic back-action effect provided

that structures are modified to support high-Q mechanical modes.

To understand how the coupling of optical and mechanical degrees of freedom occurs in
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(Girvin, Marquardt)

requirement: (strongly) 
couple to … ?

(radiation pressure)
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Why couple atoms to nanomechanical oscillators?

• How to observe and prepare (nonclassical) quantum states of 
oscillator, and entangle oscillators?
- couple to other microscopic quantum systems

(atoms, NV centers, Cooper pair boxes, … two-level systems)

• Atoms … AMO toolbox for preparation, coherent manipulation and 
measurement of quantum states is well developed.
- make AMO toolbox available for readout, cooling and control of 

mechanical oscillators by coupling them to atoms
- hybrid quantum systems for precision force sensing
- test of quantum mechanics for macroscopic systems

• Mechanical oscillators can serve as ...
- local probe (sub-wavelength) for manipulation of atomic systems
- engineer long distance interations between atoms via oscillators

… new physics & challenges

7
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How? … strategies for coupling

• Goal: couple atoms
- strongly
- to a single resonator mode
- with low damping

direct mechanical coupling: x
xm

m, ωa , ωm

 
g  a

m
M

for single atom 
+ nanooscillator:

m
M

= 107 104 (ωa  ≈ ωm)

• Challenge: huge impedance mismatch

• Solutions
- small M, e.g. carbon nano tubes
- many atoms: 
- coupling to internal atomic states
- use cavities or other “levers” to mediate couplings

g g N

8
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What is realistic today?

9

Future & Perspectives?

Overview:
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Innsbruck Projects: Opto-Nanomechanics + Atom(s)

• Strong coupling between a single atom and a membrane
Caltech + LMU + 
Innsbruck
J Kimble, J. Ye, 
K. Hammerer, et al.,
F. Marquardt,
P. Treutlein
PRL 2009membrane single atom

high-Q cavity

with existing experimental 
setups & parameters :-)

• Free space coupling between nanomechanical mirror + atomic ensemble

atoms

optical lattice

oscillator

LMU + Innsbruck
P. Treutlein et al.,
C. Genes,
K. Hammerer,
M. Wallquist 
K. Stannigel
PZ

• EPR entanglement between oscillator + atomic ensembles

K. Hammerer, 
M. Aspelmeyer, 
E. Polzik, 
PZ 
PRL 2009

laser

atomsoscillator
measurementEPR

(long distance)
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What is realistic today?
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Future & Perspectives?

Overview:
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Levitation: “AMO approach”

12

from a high tensile stress !1200±50 MPa, measured with a
wafer bow technique" LPCVD silicon nitride, deposited on
silicon dioxide. After fabrication, devices were mounted on a
piezoelectric buzzer for resonant actuation, placed in a room
temperature vacuum chamber, and pumped down to a pres-
sure below 10−6 Torr. The high vacuum eliminates viscous
damping effects on string resonance. Figure 1 shows scan-
ning electron micrographs of a silicon nitride string with
thickness of 120 nm, width less than 200 nm, and length of
15 !m.

III. CHARACTERIZATION

Resonances of silicon nitride strings with thicknesses
near 100 nm and widths ranging from 100 to 700 nm de-
fined by electrospun masks were measured with an optical
detection technique similar to that described in the
literature.3,15 To determine the dependence of resonance pa-
rameters f0 and Q on string geometry, we employed a scan-
ning electron microscope !SEM" to determine the dimen-
sions of a number of strings of different resonant frequencies
and quality factors. The results from such measurements on
strings made from the same 120 nm thick silicon nitride film
are shown in Fig. 2. Each point represents a measurement
made on a single string, with multiple representative strings
measured for each principle size range. Resonant frequency
was found to vary as the inverse of the length #Fig. 2!a"$,
hence the term “string” instead of “beam” used in reference
to these structures. From standard beam theory,16 the reso-
nant frequencies of a doubly clamped beam of arbitrary ten-
sile force S !assuming for simplicity that the ends are simply
supported" are given by

f i =
i2"

2l2%EI

#A
%1 +

Sl2

i2EI"2 , !1"

where i is an integer mode index, and l, E, I, #, and A are
length, Young’s modulus, cross sectional inertia, density, and
cross sectional area, respectively. In the limit of low stress,
this yields the familiar beam frequency dependence on the
inverse of length squared #the mode index for beam fre-
quency in the case of fixed ends is not really an integer
index, and must be solved for numerically, yielding an index
closer to i+ !1/2"$. In the limit of high stress we find

f i =
i

2l
% S

#A
, !2"

which is simply the equation for the frequencies of a
stretched string, with tensile force S, and linear density #A.
Thus the frequency-length relationship of our structures has
been tailored through the choice of a high stress film. From
the fit shown in Fig. 2!a" and an assumed silicon nitride
density of 3180 kg/m3 !theoretical value given in Pierson17"
a string tensile stress !S /A" of 1410±60 MPa can be calcu-
lated. This value is slightly greater than the tensile stress
measured in the film with the wafer bow technique, probably
indicating that we are achieving a density less than the the-
oretical value assumed. A density of 2700 kg/m3, closer to
that measured for lower stress LPCVD silicon nitrides,18

would be consistent with the measured tensile stress of
1200 MPa.

Quality factor was found to scale with inverse frequency,
as shown in Fig. 2!b", and therefore also with length. It is
worth noting that the 40 MHz resonance point included in
Fig. 2!a" is not present in !b". This is due to the poor signal-
to-noise ratio attained for this resonance, resulting from the
exceedingly low response of the piezoactuator at such a high
frequency. The measured signal was sufficient to allow for a
determination of resonant frequency, but prevented an ac-
ceptable Lorentzian fit for quality factor determination.

In Figs. 3!a" and 3!b" we show the optically measured

FIG. 1. SEM images of a 15 !m long silicon nitride nanostring, with thick-
ness of 120 nm, and width less than 200 nm. A 300 nm scale bar is shown.

FIG. 2. !a" Length dependence of frequency, with a linear fit, demonstrating
the approximate 1/ l stretched string equation for resonant frequency f0. !b"
Quality factor as a function of inverse frequency, for several sets of strings,
with similar frequencies within a given set. These symbol coded sets, from
low to high quality factor, correspond to length ranges of 11–13, 16–17,
21–26, 31–34, and 40–43 !m.

124304-2 Verbridge et al. J. Appl. Phys. 99, 124304 !2006"

Downloaded 29 Jun 2006 to 129.187.254.47. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

support @ 
termperature T

Fig. 1. a) Illustration of dielectric sphere trapped in optical cavity. The large trapping
beam intensity provides an optical potential Uopt(x) that traps the sphere near an anti-
node. A second more weakly driven cavity mode with a non-vanishing intensity gradient at the
trap center is used to cool the motion of the sphere. b) Energy level diagram of mechanical
motion (denoted m) and cavity cooling mode (ph). The mechanical mode has frequency ωm,
while the optical mode has frequency ω2 and linewidth κ. Photon recoil induces transitions
between mechanical states |nm�→|(n±1)m� at a rate Rn→n±1 (R0→1 shown by dashed
gray arrow). The cooling beam, with effective opto-mechanical driving amplitude Ωm, induces
anti-Stokes scattering that cools the mechanical motion and allows for quantum state transfer
between motion and light. This beam is also responsible for weaker, off-resonant heating via
Stokes scattering. c) Mechanical frequency ωm as a function of trapping beam intensity. For
all numerical results, we take λ = 1 µm, ρ = 2 g/cm3, and � = 2. d) Optical trap depth
U0 (in K) as functions of trapping beam intensity and sphere radius r.

Table 1. Example cooling parameters for a fused silica sphere of radius r = 50 nm at λ = 1 µm

Cavity Beam Cavity Total cavity decay κ/2π, Mech. freq. Intra-cavity intensities: Internal Photon scattering Phonon
length waist finesse F scattering contribution κsc/2π ωm/2π trapping, cooling beams heating ∆Tint rate Rsc (both beams) number �nf �
1 cm 25 µm 3×105 5×104, 100 Hz 0.5 MHz 0.1, 0.05 W/µm2 80 K 1.6×1013 s−1 0.01

Fig. 2. a) Mean phonon number �nf � (black curve) versus cavity finesseF (F = πc/κL)
under optimized cooling conditions. The system parameters are given in Table 1. The red curve
denotes ñf,min, the fundamental limit of cooling imposed by sideband resolution. b) Solid
blue curve: optimized EPR variance between two levitated spheres, as a function of squeezing
parameter e−2R. System parameters are identical to a). Dashed curve: EPR variance in
limit of perfect state transfer, ∆EPR = e−2R. Green curve: cavity finesse corresponding
to optimal EPR variance. c) Optimized variance (∆X2

+,out)min (in dB) of squeezed output
light from an ideal cavity, as a function of sphere size.
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✓clamping ~ damping = Q
✓thermalization with support

Remarks: “classical” trapping of dielectric spheres:
low damping (Ashkin)

“quantum” tweezer:
• @ room temperature
• self-cooling to ground state
• approach fundamental damping limit
• here: center-of-mass

?

• Instead of “solid-state cryogenic 
setup” ...

• … atomic physics like: e.g. optical 
levitation

• Challenges
- minimize coupling to (thermal) environment [& strong coupling regime]

… get rid of supporting structures
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Levitation: “AMO approach”
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from a high tensile stress !1200±50 MPa, measured with a
wafer bow technique" LPCVD silicon nitride, deposited on
silicon dioxide. After fabrication, devices were mounted on a
piezoelectric buzzer for resonant actuation, placed in a room
temperature vacuum chamber, and pumped down to a pres-
sure below 10−6 Torr. The high vacuum eliminates viscous
damping effects on string resonance. Figure 1 shows scan-
ning electron micrographs of a silicon nitride string with
thickness of 120 nm, width less than 200 nm, and length of
15 !m.

III. CHARACTERIZATION

Resonances of silicon nitride strings with thicknesses
near 100 nm and widths ranging from 100 to 700 nm de-
fined by electrospun masks were measured with an optical
detection technique similar to that described in the
literature.3,15 To determine the dependence of resonance pa-
rameters f0 and Q on string geometry, we employed a scan-
ning electron microscope !SEM" to determine the dimen-
sions of a number of strings of different resonant frequencies
and quality factors. The results from such measurements on
strings made from the same 120 nm thick silicon nitride film
are shown in Fig. 2. Each point represents a measurement
made on a single string, with multiple representative strings
measured for each principle size range. Resonant frequency
was found to vary as the inverse of the length #Fig. 2!a"$,
hence the term “string” instead of “beam” used in reference
to these structures. From standard beam theory,16 the reso-
nant frequencies of a doubly clamped beam of arbitrary ten-
sile force S !assuming for simplicity that the ends are simply
supported" are given by

f i =
i2"

2l2%EI

#A
%1 +

Sl2

i2EI"2 , !1"

where i is an integer mode index, and l, E, I, #, and A are
length, Young’s modulus, cross sectional inertia, density, and
cross sectional area, respectively. In the limit of low stress,
this yields the familiar beam frequency dependence on the
inverse of length squared #the mode index for beam fre-
quency in the case of fixed ends is not really an integer
index, and must be solved for numerically, yielding an index
closer to i+ !1/2"$. In the limit of high stress we find

f i =
i

2l
% S

#A
, !2"

which is simply the equation for the frequencies of a
stretched string, with tensile force S, and linear density #A.
Thus the frequency-length relationship of our structures has
been tailored through the choice of a high stress film. From
the fit shown in Fig. 2!a" and an assumed silicon nitride
density of 3180 kg/m3 !theoretical value given in Pierson17"
a string tensile stress !S /A" of 1410±60 MPa can be calcu-
lated. This value is slightly greater than the tensile stress
measured in the film with the wafer bow technique, probably
indicating that we are achieving a density less than the the-
oretical value assumed. A density of 2700 kg/m3, closer to
that measured for lower stress LPCVD silicon nitrides,18

would be consistent with the measured tensile stress of
1200 MPa.

Quality factor was found to scale with inverse frequency,
as shown in Fig. 2!b", and therefore also with length. It is
worth noting that the 40 MHz resonance point included in
Fig. 2!a" is not present in !b". This is due to the poor signal-
to-noise ratio attained for this resonance, resulting from the
exceedingly low response of the piezoactuator at such a high
frequency. The measured signal was sufficient to allow for a
determination of resonant frequency, but prevented an ac-
ceptable Lorentzian fit for quality factor determination.

In Figs. 3!a" and 3!b" we show the optically measured

FIG. 1. SEM images of a 15 !m long silicon nitride nanostring, with thick-
ness of 120 nm, and width less than 200 nm. A 300 nm scale bar is shown.

FIG. 2. !a" Length dependence of frequency, with a linear fit, demonstrating
the approximate 1/ l stretched string equation for resonant frequency f0. !b"
Quality factor as a function of inverse frequency, for several sets of strings,
with similar frequencies within a given set. These symbol coded sets, from
low to high quality factor, correspond to length ranges of 11–13, 16–17,
21–26, 31–34, and 40–43 !m.
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Fig. 1. a) Illustration of dielectric sphere trapped in optical cavity. The large trapping
beam intensity provides an optical potential Uopt(x) that traps the sphere near an anti-
node. A second more weakly driven cavity mode with a non-vanishing intensity gradient at the
trap center is used to cool the motion of the sphere. b) Energy level diagram of mechanical
motion (denoted m) and cavity cooling mode (ph). The mechanical mode has frequency ωm,
while the optical mode has frequency ω2 and linewidth κ. Photon recoil induces transitions
between mechanical states |nm�→|(n±1)m� at a rate Rn→n±1 (R0→1 shown by dashed
gray arrow). The cooling beam, with effective opto-mechanical driving amplitude Ωm, induces
anti-Stokes scattering that cools the mechanical motion and allows for quantum state transfer
between motion and light. This beam is also responsible for weaker, off-resonant heating via
Stokes scattering. c) Mechanical frequency ωm as a function of trapping beam intensity. For
all numerical results, we take λ = 1 µm, ρ = 2 g/cm3, and � = 2. d) Optical trap depth
U0 (in K) as functions of trapping beam intensity and sphere radius r.

Table 1. Example cooling parameters for a fused silica sphere of radius r = 50 nm at λ = 1 µm

Cavity Beam Cavity Total cavity decay κ/2π, Mech. freq. Intra-cavity intensities: Internal Photon scattering Phonon
length waist finesse F scattering contribution κsc/2π ωm/2π trapping, cooling beams heating ∆Tint rate Rsc (both beams) number �nf �
1 cm 25 µm 3×105 5×104, 100 Hz 0.5 MHz 0.1, 0.05 W/µm2 80 K 1.6×1013 s−1 0.01

Fig. 2. a) Mean phonon number �nf � (black curve) versus cavity finesseF (F = πc/κL)
under optimized cooling conditions. The system parameters are given in Table 1. The red curve
denotes ñf,min, the fundamental limit of cooling imposed by sideband resolution. b) Solid
blue curve: optimized EPR variance between two levitated spheres, as a function of squeezing
parameter e−2R. System parameters are identical to a). Dashed curve: EPR variance in
limit of perfect state transfer, ∆EPR = e−2R. Green curve: cavity finesse corresponding
to optimal EPR variance. c) Optimized variance (∆X2

+,out)min (in dB) of squeezed output
light from an ideal cavity, as a function of sphere size.
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- minimize coupling to (thermal) environment [& strong coupling regime]
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FIG. 1: a) Illustration of dielectric sphere trapped in optical cavity. The large trapping beam intensity provides an optical
potential Uopt(x) that traps the sphere near an anti-node. A second more weakly driven cavity mode with a non-vanishing
intensity gradient at the trap center is used to cool the motion of the sphere. b) Energy level diagram of mechanical mo-
tion (denoted m) and cavity cooling mode (ph). The mechanical mode has frequency ωm, while the optical mode has frequency
ω2 and linewidth κ. Noise induces transitions between mechanical states n→n±1 at a rate Rn→n±1 (R0→1 shown by dashed
gray arrow). The cooling beam, with effective opto-mechanical coupling strength Ωm, induces anti-Stokes scattering that cools
the mechanical motion and allows for quantum state transfer between motion and light. This beam is also responsible for
weaker, off-resonant heating via Stokes scattering. c) Mechanical frequency ωm as a function of trapping beam intensity. For
all numerical results, we take λ = 1 µm, ρ = 2 g/cm3, and a high index material ( �−1

�+2∼1). d) Optical trap depth U0 (in K) as
functions of trapping beam intensity and sphere radius r.

FIG. 2: a) Mean phonon number �nf � (black curve) versus cavity finesse F (F = πc/2κL) under optimized cooling conditions.
The sphere size is r = 50 nm and the cavity has a length and waist of L = 1 cm, w = 25 µm, respectively. The minimum in
�nf � is located near the theoretically predicted point where κ/ωm = 2φ1/3. The red curve denotes ñf , the fundamental limit of
cooling imposed by sideband resolution. b) Optimized variance ∆X2

+,min (in dB) of squeezed output light from an ideal cavity,
as a function of sphere size. c) Lamb-Dicke parameter η = k∆x for squeezed state as a function of sphere size. Here, ∆x is
defined to be the position uncertainty corresponding to the unsqueezed quadrature.

oscillation 

optical trap 
depth in K
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• optically leviated sphere & laser cooling of center-of-mass motion

• noise sources: 
- background gas collisions
- scattered photons, 
- black body radiation, …

• entangled photons → entanglement of two spheres

• squeezed motion of spheres → squeezed light
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Recently, remarkable advances have been made in coupling a number
of high-Q modes of nano-mechanical systems to high-finesse optical
cavities, with the goal of reaching regimes where quantum behavior
can be observed and leveraged toward new applications. To reach
this regime, the coupling between these systems and their thermal
environments must be minimized. Here we propose a novel approach
to this problem, in which optically levitating a nano-mechanical sys-
tem can greatly reduce its thermal contact, while simultaneously
eliminating dissipation arising from clamping. Through the long co-
herence times allowed, this approach potentially opens the door to
ground-state cooling and coherent manipulation of a single meso-
scopic mechanical system or entanglement generation between spa-
tially separate systems, even in room temperature environments. As
an example, we show that these goals should be achievable when
the mechanical mode consists of the center-of-mass motion of a
levitated nanosphere.

optomechanics | optical cooling | entanglement | squeezed light

One of the most intriguing questions associated with quan-
tum theory is whether effects such as quantum coherence and
entanglement can be observed at mesoscopic or macroscopic
scales. As a first step towards resolving this question, re-
cently much effort has been directed toward quantum state
preparation of high-Q modes of nano- and micro-mechanical
oscillators – in particular, cooling such modes to their quan-
tum ground state (1). Reaching a regime where quantum
properties such as entanglement (2) emerge is not only of fun-
damental interest, but could lead to new applications in fields
such as ultra-sensitive detection (3, 4) and quantum informa-
tion science (5, 6). To reach this regime, it is critical that the
thermalization and decoherence rates of these systems be min-
imized, by reducing the coupling to their thermal reservoirs.
Thus far, this has necessitated the use of cryogenic operat-
ing environments. From an engineering standpoint, it would
also be desirable to reduce the dissipation and thermalization
rates of these systems through their clamping and material
supports (7), so that these rates might approach their funda-
mental material limits (8).

Here we propose a novel approach toward this problem,
wherein the material supports are completely eliminated by
optically levitating (9) a nano-mechanical system inside a
Fabry-Perot optical cavity. Indeed, since the pioneering work
of Ashkin on optical trapping of dielectric particles (9) (in the
classical domain), it has been realized that levitation under
good vacuum conditions can lead to extremely low mechani-
cal damping rates (10, 11). We show that such an approach
should also facilitate the emergence of quantum behavior even
in room-temperature environments, when the particles are of
sub-wavelength scale such that the effects of recoil heating due
to scattered photons become small. As a specific example,
we show that the center-of-mass (CM) motion of a levitated
nanosphere can be optically self-cooled (12, 13, 14) to the
ground state starting from room temperature. This system
constitutes an extreme example of environmental isolation, as

the CM motion is naturally decoupled from the internal de-
grees of freedom in addition to being mechanically isolated by
levitation. In this case, the decoherence and heating rates are
fundamentally limited by the momentum recoil of scattered
photons, and can be reduced by simply using smaller spheres.
The long coherence time allowed by small spheres enables the
preparation of more exotic states through coherent quantum
evolution. Here, we consider in detail two examples. First,
we describe a technique to prepare a squeezed motional state,
which can subsequently be mapped onto light leaving the cav-
ity using quantum state transfer protocols (15, 16, 17, 18).
Under realistic conditions, the output light exhibits up to
∼15 dB of squeezing relative to vacuum noise levels, poten-
tially making this system a viable alternative to traditional
techniques using nonlinear crystals (19, 20). Second, we show
that entanglement originally shared between two modes of
light (21) can be efficiently transferred onto the motion of
two spheres trapped in spatially separate cavities, creating
well-known Einstein-Podolsky-Rosen (EPR) correlations (22)
between the mechanical systems. Our approach of optical lev-
itation mirrors many successful efforts to cool (23, 24), manip-
ulate (25) and entangle (26) the motion of atoms and ions in
room-temperature environments. At the same time, our sys-
tem has a number of potential advantages, in that it enables
direct imaging via strong fluorescence, exhibits large trap
depths, and has a relatively large mass. We also note recent
related experiments involving opto-mechanical “fluids” (with
a continuous excitation spectrum rather than discrete modes)
in the form of trapped, ultracold atomic gases (27, 28).

Beyond the examples presented here, the use of a levi-
tated device as an opto-mechanical system could provide op-
portunities on a diverse set of fronts. For instance, it should
allow mechanical damping to approach fundamental material
limits, potentially enabling the exploration of nanoscale ma-
terial properties. By levitating systems with internal vibra-
tional modes, multiple modes could be optically addressed
and cooled. In addition, the CM oscillation frequency can
be tuned through the trapping intensity, allowing for adia-
batic state transfer (29) with other modes or matching spa-
tially separate systems for optical linking and entanglement
generation (30). Furthermore, this paradigm integrates nano-
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A quantum spin transducer based on nano electro-
mechancial resonator arrays

P. Rabl, S. Kolkowitz, F. Koppens, J. Harris, P. Zoller, and M. Lukin, arxiv July 2009

the electrostatic energy of this extended circuit we find that forUc =U the coupling gi j for qubits

from different sub-registers is zero, while for Uc = 0, g34 = gc has a finite value. Although the

mode spectrum now consist of 4 frequencies, pulse sequences get only slightly more complicated.

Based on this principle different schemes of achieving large scale quantum computer are possible

but in the present context the concept of a one way quantum computing (OWQC) seems to be best

suited. Here computation is performed in two steps. In a first step a cluster state is generated which

requires Ising interaction between neighboring qubits ordered on a 2D lattice. The second steps

of computation requires only measurements and local spin operations. Figure () show a schematic

version of a potential architecture for OWQC. Each node consists of a dark and a bright control

qubit coupled to the same resonator or being part of a small sub-register as discussed above.

CONCLUSIONS& OUTLOOK
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Cw
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U

FIG. 1: a) Setup: A coupled resonator array ... . b) Electrostatic model used for the estimation of resonator

interaction strength.

[1] P. Rabl, P. Cappellaro, M. V. Gurudev Dutt, L. Jiang, J. R.Maze, and M. D. Lukin, arXiv:0806.3606.

[2] J. Eisert, M. B. Plenio, S. Bose, and J. Hartley, Phys. Rev. Lett. 93, 190402 (2004).

[3] J. I. Cirac and P. Zoller, Phys. Rev. Lett. 74, 4091 (1995).

[4] J. J. Garca-Ripoll, P. Zoller, and J. I. Cirac, Phys. Rev. Lett. 91, 157901 (2003).
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… in analogy to  trapped ions:

R. Blatt

A. Cleland et al., 
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• NV centers as qubits (+ microwave)
• cantilever with magnetic tip

• capacitive coupling of cantilevers:
   phonon bus

… in analogy to  trapped ions:

R. Blatt
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A mechanical transducer ...

electronic spin qubit

nano-resonator magnetic tip

h~50nm

example:
NV center in diamond

• Position dependent Zeeman shift: shift per vibrational quantum
spin

dephasing
motional

dephasing

• Hamiltonian

H = ω0Sz + ωra
†
a + λ(a + a

†)Sz

17
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A mechanical quantum transducer ...

+
+

+

+

+
+

+

+
electrostatic

coupling 

+
+

+

+

+
+

+

+• coherence time ☺
• state detection    ~
• state preparation  ~
• addressablility  ~

manipulation and optical readout of “dark” spins

“Bucky ball qubit” NV center:

18
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Innsbruck Projects: Opto-Nanomechanics + Atom(s)

• Strong coupling between a single atom and a membrane
Caltech + LMU + 
Innsbruck
J Kimble, J. Ye, 
K. Hammerer, et al.,
F. Marquardt,
P. Treutlein
PRL 2009membrane single atom

high-Q cavity

with existing experimental 
setups & parameters :-)

• Free space coupling between nanomechanical mirror + atomic ensemble

atoms

optical lattice

oscillator

LMU + Innsbruck
P. Treutlein et al.,
C. Genes,
K. Hammerer,
M. Wallquist 
K. Stannigel
PZ

• EPR entanglement between oscillator + atomic ensembles

K. Hammerer, 
M. Aspelmeyer, 
E. Polzik, 
PZ 
PRL 2009

laser

atomsoscillator
measurementEPR

(long distance)
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Strong Coupling of a Single Atom to a Membrane

• Challenge: strong coherent coupling between two masses

• Idea: Use cavity field to mediate interactions

• Conditions for strong coupling

• Applications: quantum coherent effects, state transfer, measurement

atom

membrane

m!"#$ �M$%$&'!(%

�
m!"#$

M$%$&'!(%
∼ 10−7

g!"#$−$%$&'!(% � Γ!"#$, Γ$%$&'!(, Γ)!*+",
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Cavity Mediated Interaction (1)

• Opto-mechanical coupling of membrane and cavity mode

! Linear displacements of membrane result in amplitude modulation of cavity field.

• Atom - membrane coupling: version 1 

• Atom - membrane coupling: version 2

an atom in the optical lattice: 
parametric coupling ∼ x2

axm

linear coupling (?) ∼ xaxm

21
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46

membrane

Cavity Mediated Interaction (2)

cavity response
trapped atom

laser

frequency

 moving membrane displaces atom trap
coupling ~ finesse

• (quantum) noise & imperfections

membrane:
✓damping
✓temperature
✓laser heating

atom + cavity:
✓cavity damping
✓spontaneous emission
✓...

oscillator atom linear in 
displacement

• coupling >> dissipation

22
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Applications of Strong Coupling

• Coherent dynamics for

• Transfer of squeezed states from atom to membrane

In rotating wave approximation

Generates state exchange between systems (ʻbeam splitter Hamiltonianʼ)

G� ωm,ωa

23
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Hamiltonians and Master Equations

membrane single atom

high-Q cavity

24
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1. Membrane - Cavity Interaction

• Opto-mechanical Interaction

Driven cavity receives a mean coherent amplitude

Linearized interaction

+ mean force on membrane

Linear effect of mechanical displacement on amplitude and vice versa

Friday, December 11, 2009



2. Atom - Cavity Interaction

• Stark-Shift Hamiltonian

Linearization with respect to cavity fluctuations

P
ot

en
tia

l

Linearization with respect to position fluctuations 

Linear effect of atomic displacement on amplitude and vice versa
26
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3a. Cavity Mediated Interaction

• Full Hamiltonian:

Free energy

Membrane – Cavity interaction

Atom – Cavity interaction

Y. Colombe et al., Nature 450, 272 (2007).
K. W. Murch et al., Nat. Phys. 4, 561 (2008).
F. Brennecke et al., Science 322, 235 (2008).

Analogy opto-mechanics
To BEC in cavity:

27
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4. Cavity Mediated Interaction

Cavity field fluctuations will adiabatically follow membrane/atom fluctuations
Can be eliminated from dynamics

• Large detuned cavity drive:

• Second order Hamiltonian for cavity mediated interaction

Linear effect of atomic displacement on membrane and vice versa

28
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4a. Strong Coupling

• Open system dynamics: Atom and Membrane dissipate through
- cavity decay
- heating of atom due to spontaneous emission
- thermal coupling/heating due to absorption of membrane

• Decoherence due to cavity decay

• Heating due to spontaneous emission

Master Equation

requires

(rate of spont. em.) x (prob. to be excited) x (Lamb Dicke)2

requires a large cooperativity parameter

29
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4b. Strong Coupling
• Thermal heating of membrane

requires

For sufficient cooling the environment temperature T will be limited by laser 
power absorption:

- if the cavity Finesse was limited only by power absorption:

- temperature increase for a thermal link        :

-  if base temperature is lower than this increase, the thermal 
decoherence rate:

Absorbed power

30
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4c. Strong Coupling
• Conditions for strong coupling

• Case study for 

•  does not depend on the intracavity amplitude: requirements on the single 
photon/phonon level
•  trade-off between small mechanical line-width and large thermal link

SiN Membrane

(measured)

CavityCs Atom

waist

Inferred from
B. L. Zink, et al. Solid State Comm. 129, 199 (2004).

Circulating
power

31
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Innsbruck Projects: Opto-Nanomechanics + Atom(s)

• Strong coupling between a single atom and a membrane
Caltech + LMU + 
Innsbruck
J Kimble, J. Ye, 
K. Hammerer, et al.,
F. Marquardt,
P. Treutlein
PRL 2009membrane single atom

high-Q cavity

with existing experimental 
setups & parameters :-)

• Free space coupling between nanomechanical mirror + atomic ensemble

atoms

optical lattice

oscillator

LMU + Innsbruck
P. Treutlein et al.,
C. Genes,
K. Hammerer,
M. Wallquist 
K. Stannigel
PZ

• EPR entanglement between oscillator + atomic ensembles

K. Hammerer, 
M. Aspelmeyer, 
E. Polzik, 
PZ 
PRL 2009

laser

atomsoscillator
measurementEPR

(long distance)
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Basic ideas
• Formally equivalent to opto-mechanical coupling

• Sympathetic cooling of mirror via laser cooling of atoms

lattice laserZ

laser cooling:
dissipative bath

laser

�ωm

laser cooling = “engineered atomic reservoir”

decoherence set by mechanical system
33
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1. Direct Coupling of Atoms to Nanomechanical Oscillators

na
ive

• First approach:

Field modes with boundary condition 

Lattice potential

Effective coupling
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2a. Direct Coupling in Free Space

•First approach:

• Retardation & Causality?

Collectively enhanced coupling to com mode
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• Second approach along the route of cavity opto-mechanics:
– Start from a non-linear model including the EM field

 

2b. Direct Coupling in Free Space: Quantum Noise

Radiation pressure
on conducting mirror

AC Stark potential
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• Second approach along the route of cavity opto-mechanics:
– Start from a non-linear model including the EM field

– Linearize around laser field creating the lattice potential

 mirror and atoms couple to the same white noise process (EM 
field fluctuations) at time t and advanced/retarded times

– Eliminate field  in Born-Markov approximation (stochastic calculus for 
cascaded systems) yields master equation

 

2b. Direct Coupling in Free Space: Quantum Noise

see poster by Kai Stannigel

Radiation pressure
on conducting mirror

AC Stark potential
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2c. Direct Coupling in Free Space

• Master equation:

• Extensions: Works also for partially reflective membrane

• 1D Model? Requires atomic ensemble of ~unit Fresnel number.

Effective interaction (confirms result of first approach)

Radiation pressure noise on mirror: Momentum diffusion at rate

K. Karrai, I. Favero, C. Metzger,
PRL 100, 240801 (2008)

(Not the dominant heating process)
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3. Application

• Formally equivalent to radiation pressure opto-mechanical coupling

• Sympathetic cooling of the mirror with laser cooling of atoms

lattice laserZ

laser cooling:
dissipative bath

laser

�ωm

laser cooling = “engineered atomic reservoir”

decoherence set by mechanical system

• Hubbard models with nanomechanics (?)

experiment in progress:
P. Treutlein (LMU)
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Bose-Einstein Condensate Coupled to a Nanomechanical Resonator on an Atom Chip
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We theoretically study the coupling of Bose-Einstein condensed atoms to the mechanical oscillations of
a nanoscale cantilever with a magnetic tip. This is an experimentally viable hybrid quantum system which
allows one to explore the interface of quantum optics and condensed matter physics. We propose an
experiment where easily detectable atomic spin flips are induced by the cantilever motion. This can be
used to probe thermal oscillations of the cantilever with the atoms. At low cantilever temperatures, as
realized in recent experiments, the backaction of the atoms onto the cantilever is significant and the system
represents a mechanical analog of cavity quantum electrodynamics. With high but realistic cantilever
quality factors, the strong coupling regime can be reached, either with single atoms or collectively with
Bose-Einstein condensates. We discuss an implementation on an atom chip.

DOI: 10.1103/PhysRevLett.99.140403 PACS numbers: 03.75.Nt, 39.90.+d, 42.50.Pq, 85.85.+j

Quantum optics and condensed matter physics show a
strong convergence. On the one hand, quantum optical
systems, most notably neutral atoms in optical lattices,
have been used to experimentally investigate concepts of
condensed matter physics such as Bloch oscillations and
Fermi surfaces [1]. On the other hand, micro- and nano-
structured condensed matter systems enter a regime de-
scribed by concepts of quantum optics, as exemplified by
circuit cavity quantum electrodynamics [2], laser-cooling
of mechanical resonators [3], and measurement backaction
effects in cryogenic mechanical resonators [4]. A new
exciting possibility beyond this successful conceptual in-
teraction is to physically couple a quantum optical system
to a condensed matter system. Such a hybrid quantum
system can be used to study fundamental questions of
decoherence at the transition between quantum and classi-
cal physics, and it has possible applications in precision
measurement [5] and quantum information processing [6].

Atom chips [7] are ideally suited for the implementation
of hybrid quantum systems. Neutral atoms can be posi-
tioned with nanometer precision [8] and trapped at dis-
tances below 1 !m from the chip surface [9]. Coherent
control of internal [10] and motional [11] states of atoms in
chip traps is a reality. Atom-surface interactions are suffi-
ciently understood [7] so that undesired effects can be
mitigated by choice of materials and fabrication tech-
niques. This is an advantage over systems such as ions or
polar molecules on a chip, which have recently been
considered in this context [6,12]. A first milestone is to
realize a controlled interaction between atoms and a nano-
device on the chip surface.

In this Letter, we investigate magnetic coupling between
the spin of atoms in a Bose-Einstein condensate (BEC)
[13] and a single vibrational mode of a nanomechanical
resonator [14] on an atom chip. We find that the BEC can
be used as a sensitive quantum probe which allows one to
detect the thermal motion of the resonator at room tem-

perature. At lower resonator temperatures, the backaction
of the atoms onto the resonator is significant and the
coupled system realizes a mechanical analog of cavity
quantum electrodynamics (CQED) in the strong coupling
regime. We specify in detail a realistic setup for the ex-
periment, which can be performed with available atom
chip technology and thus allows one to explore this fasci-
nating field already today.

The physical situation is illustrated in Fig. 1(a). 87Rb
atoms are trapped in a magnetic microtrap at a distance y0
above a cantilever resonator, which is nanofabricated on
the atom chip surface. The cantilever tip carries a single-
domain ferromagnet which creates a magnetic field with a
strong gradient Gm. The magnet transduces out-of-plane
mechanical oscillations a!t" # a cos!!rt$ ’" of the can-

FIG. 1 (color online). BEC-resonator coupling mechanism.
(a) Atom chip with a BEC of 87Rb atoms (red: BEC wave
function) at a distance y0 from a nanomechanical resonator.
The freestanding structure (dark blue) is supported at one end
to form a cantilever-type resonator that performs out-of-plane
mechanical oscillations a!t". The single-domain ferromagnet
(purple) on the resonator tip creates a magnetic field with
oscillatory component Br!t" which couples to the atomic spin
F. (b) Hyperfine structure of 87Rb in the magnetic field B0.
Hyperfine levels jF;mFi are coupled (blue or green arrows,
depending on experiment) if the Larmor frequency !L is tuned
to the oscillation frequency of the resonator. Magnetically trap-
pable states indicated in red.
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• develop coherent quantum interface between solid state 
and AMO systems

- basic building block
- goal: combining advantages (benefit from 

complementary toolboxes) with compatible 
experimental setups

• hybrid quantum processor

• solid state traps / elements for AMO physics
- benefit from nanofabrication / integration (scalability)
- new physics ...

• AMO based preparation / measurement / sensors

Conclusions and Outlook
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