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Surface acoustic waves — fundamentals
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Surface Acoustic Waves interfacing guantum nanosystems

Acousto-electric effect ‘ ‘ Quantum Acoustics

1, Nature Phys. 8,338 (2012)
Rocke, PRL 78, 4099 (1997)

Gustafsson, Science 346, 207 (2014)

Cerda-Mendez, PRL111, Fuhrmann, Nature Photon. 5, Metcalfe, PRL 105,
146401 (2013) 605 (2011) 037401 (2010) Schuetz, PRX'5,031031(2015)




Self assembled QD nanostructures
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PL Intensity (arb. Units)

Single dot PL with weak excitation

1.280 1.285 1.290 1.295

Energy (eV)

Charged excitons (Trions) e.g. X" = singlet-electrons + 3/2 hole

Studied by many groups over the past>20 years



Single photon emission

Autocorrelation function g(?)

Single Photon
D1 Detectors

Hanbury Brown & Twiss (HBT) Delay, = (ns)

Photon Correlation Measurement

P. Michler et al. — Science 290, 2282 (2000) Missing peak at t=0s

C. Santori et al. — Phys. Rev. Lett. 86, 1502 (2000) - : : C
A. Shields — Nat. Photonics 1, 215 (2007) Indicative for single photon emission




Purcell Factor

Q- (A/n)’

X

Three-dimensional confinement of light
Confined optical modes with

high quality factors

small mode volumes
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Cavity quantum electrodynamics in a solid state system

Exciton in Quantum Dot

Weak coupling:
Purcell effect

Photonic crystal cavity

| -

Changetal.,Phys.Rev.Lett. 96,117401 (2006)

Radiative lifetime of QD in
bulk ~1 ns —rate ~ 1 GHz

Purcell effect leads to fast
single photon emission
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Cavity with high Q/V required
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Outline

Acoustically regulated charge state
control of quantum dots

Acousto-optic tuning of integrated
photonic elements

Nanomechanical pulse shaper

Controlling the flow of sound and light
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Dynamic acoustic control
of the occupancy state
of single optically active
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S. Volk et al., Nano Lett. 10, 3399 (2010)
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Sample growth:

Gregor Kobimiiller, Kai Miiller, Jonathan Finley,
Walter Schottky Institut, TU Miinchen

Pierre Petroff
UC Santa Barbara

Andreas Wieck, Dirk Reuter
Ruhruniversitiat Bochum Florian Schilein Matthias Weil}



SAW-induced conveyance of electrons and holes
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C. Rocke et al., Phys. Rev. Lett. 78, 4099 (1997)




Long rang

e transfer - acoustically regulated injection
and high frequency single photon emission

Proposal by A. Wixforth and F. Haake:

Acoustically regulated single photon source
C. Wiele et al., Phys. Rev. A58, R2680 (1998)

EApET"i‘I'I'I'Eﬂ'fS.
O.D. D. Couto, Nature Photon. 3, 645 (2009)
(natural Quantum Dots)
A. Hernandez-Minguez, Nano Ldtt. 12, 252 (2012)
(Nanowires)

Light in § Quantum ight out

.

Planar heterost

All-electrical devices with
GHz emission rates

quantum post

>

Volk et al., Nanotechnology 23, 285201 (2012)



SAW-programming of QD excitonic occupancy state
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Direct excitation: |£€ 1 |
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With SAW — sequential injection

S. Volk et al., Nano Lett. 10, 3399 (2010)




Occupancy state programming — time integrated
experiments
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Time-resolved detection at h-stability
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“ Neutral exciton X° formed with
% M high probability with optical pump
S T /2 S  Time-delayed conversion of X° to
AW ST negative trion X" at T =Tan/2 by

Schiilein et al., Phys. Rev. B 88, 085307 (2013) SAW-driven electron injection




Radial heterostructure nanowire
Quantum dot-like emitters

Core 70 nm A|0‘3Ga0.7AS
S\nm GaAs QW
30nm Al, ;Gag ,As
B0 GaAs core

QwW
) Single EC
N\

Quantum Dot-like emission centers:

» Perfectly alighed Quantum Dots?
» Native alloy fluctuations and/or defects?

M. Heiss et al., Nature Materials 12,439 (2013)
D. Rudolphet al., Nano Letters 13,1522 (2013)




Anti-correlated intensity oscillations

SAW-regulated carrier injection???

C.Rockeet al., Phys. Rev. Le
C. Wiele et al., Phys. Rev.

O.D.D.Coutoetal., N cs3, 645(2009)

S.Volk et al., Nano Let 9(2010) .

F.J. R. Schilein et a s.Rev.B 88,085307(2013) %

M. WeiR et al., ). Phys.D.47,394011(2014) ;
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Occurs always from a 2D or 3D- 3
L

system at higher energies into low
energy EC/QD-levels
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No generation in bulk AlGaAs!

>> NEW mechanism
>> Quantum tunneling




Acoustically controlled tunneling

Blocking EC QW or Extraction

Transverse electric field component
periodically raises and lowers
tunneling barrier

Dynamic switching of Fowler-
Nordheim-like tunneling by SAW

M. Weils et al., Nano Lett. 14, 2256 (2014)



Perspectives — on-nanowire quantum state transfer

Photon to

Spin/charge Reconversion
conversion to photon

2N

oL

and Extraction Transfer Injection and Reconversion

1oL

M. WeiR et al., Nano Lett. 14, 2256 (2014) M. Weils et al., J. Phys.D.47,394011 (2014)



Dynamic acousto-
optic control of
nanophotonic
elements on a chip

Stephan Kapfinger Matthias Weil}

In collaboration with:

Michael Kaniber, Jonathan Finley, Thorsten Reichert, Kai Muller,
Stephan Lichtmannecker
Walter Schottky Institut, TU Miinchen

Dirk Bouwmeester, Pierre Petroff, Susanna Thon, Hyochul Kim
UC Santa Barbara



Dynamic nanocavity tuning by Surface Acoustic Waves

Mode
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Fuhrmann et al., Nature Photonics5, 605-609 (2011)



Optomechanical Nanocavity Tuning of an empty cavity
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Time-domain observation of
dynamic nanocavity tuning
at radio frequencies

Fuhrmann et al., Nature Photonics5, 605-609 (2011)



Single Quantum Dots

s
Deformation potential d_E — 150 peV
coupling dp MPa

Qiang, Pgl}lak, Hickman, Solid State Comm. 76, 1087 (1990)
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Gell, Appl. Phys. Lett. 93,081115 (2008)



Resolved SAW sidebands — towards parametric control

M. Metcalfe et al. PRL 105, 037401 (2010)



Controlling coherent interactions between quantum systems
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Coupling

\ O &

Dynamically controlled coupling

Scalable architecture:
Acousto-optic intercavity coupling
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Low modulation (J< A,,.4)
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S. Kapfinger et al., Nature Communications 8, 8540 (2015)



IDT

Acousto-optical dot-cavity coupling



Coupled Quantum dot—nanocavity system
Dynamic tuning
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IDT

SAW-driven quantum gates



SAW-control in the strong coupling regime

Can we generate an entangled state between a
single exciton in the QD and a single photon in the
cavity by a SAW?

IDT
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Blattmann, Krenner, Kohler, Hanggi, PRA 89, 012327 (2014)



Landau-Zener-Stiickelberg Problem

LZS-Transition probability

Landau, Zener, Stlckelberg, Majorana — 1932

7'('92

2hv

PLz(OO) — eXP

1 “LZS-Tunneling”

Energy (a.u.)

(

P(o0)
P (o)

_1‘.9X717> . Aciliaba’ficsta:tes_ — 05 “Mixed states”
T T\ (197 = = (11x,04) + 0x, 1,))
Bl v~ vl s

, , Bell state preparation
Dynamic detuning K. Saito et al., EPL 76, 22 (2006) (circuitQED)

Dissipative LZS-Transitions for quantum gates: K. Saito et al., PRB 75, 214308 (2007)



Energy (a.u.)

Dissipative LZS-Transitions in cQED

)

SAWSs: oscillatory drive

A= Ag+ Apar sin(27 fsawt)

ST

Static offset Amplitude Frequency

Periodic drive: Floguet-Markov Theory
Ht)=H(t+T)
M. Grifoni et al., Phys. Rep. 304, 299 (1998)

Floguet theory with dissipation:

R. Bliimel et al., Phys. Rev. A 44, 4521 (1991)
S. Kohler et al., Phys. Rev. E 55, 300 (1997)

) :@X707> X, 1)




LZS-Transition of QD-nanocavity system

0.8

Entanglement
0<(C<1

1.0- AO = 200 ,ueV 7 ]
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Experimentally accessible!

1 Optimum performance for tailored tuning rates
N Blattmann et al., Phys. RevA 89, 012327 (2014)

Q = 55000 [Ota, PRL 107, 233602 (2011)] @ onset of strong coupling (k = 25 peV = g)
SAW tuning:
Amplitude: A, = 1 meV & fouy = 3 GHz [Fuhrmann, Nat. Photon. 5, 605 (2011)]



Freely programmable
nanomechanic waves:
Phononic pulse shaping

In collaboration with:

Armando Rastelli, Rinaldo Trotta
JKU Linz

Oliver Schmidt, Eugenio Zallo, Paola Atkinson
IFW Dresden Florian Schulein



Pulse shaping —electromagnetic domain

NMR: radio frequencies Optical frequencies

EBURP-2

o
Chan, Science 331, 1165(2011)

Paradigm of pulse shaping
is key to initialize and
Freeman, Chem. Rev.91, 1397 (1991) manipUIate CIaSSicaI and

Quantum gates:
Vandersypen, Rev. Mod. Phys. 76,1037 (2004) qua ntum states

Spin response




Can we transter the paradigmniel

pulse shaping to nanomechanics?

Native mechanical coherent control
nanomechanical systems

=

Conventional SAW Shaping acoustic waveforms




The Hammond Organ

UNITED STATES PATENT OFFICE

-~

1,956,350
ELECTRICAL MUSICAL INSTRUMENT
Laurens Hammond, Chicago, 11l
Applicatloh January 19, 1934, Serial No. 707,280
74 Claims. (CL 84—1)

- It is & well known fact that any sustained mu-
sical sound. can be analyzed into sine wave com-
ponents, and for a given pitch the tone may be
analyzed into a fundamental tone of certain am-
plitude and various amplitudes of different har-
monics of the fundamental. It has been found

Fourier Series Expansion

Thus most musical tones may be produced by
definite combinations of.the fundamental tone
with various proportions of the first eight har-
monics. '

Additive Fourier Synthesis '




Transducers for multi-harmonic generation
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Experimental implementation

f,
O3 =

N K
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\Qs&
N
Q

Q IDT2
PID feedback :

— \/I/' Oscilloscope
Optomechanical coupling Slngle Quantum Dots
via deformation potential || ~ 100 nm below surface

Nanoscale pressure sensor Gell et al., Appl. Phys. Lett. 93,081115 (2008)




Example: Square wave
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A close look.
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Harmonic

Direct observation of
shaped and tailored
classical phonon fields at
radio frequencies

F. J. R. Schilein et al.,
Nature Nanotech. 10,512 (2015)




Perspectives

Baldram, Nat. Photon (2016)




SAWtrain Summer School

Further information soon on: http://www.sawtrain.eu/ l SAWtrain

network



