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The laws of classical mechanics are no longer applicable when we study physics at the atomic
scale. Particles start to behave like waves and their propagation is ruled by the Schrödinger
equation. Consequently, a particle can be in two or more states at the same time. The
corresponding wavefunction Ψ is a superposition.
But what happens if we apply the rules of quantum mechanics to macroscopic objects? Are

superpositions of macroscopically large objects possible? Schrödinger raised this question in
his famous thought experiment, in which a cat is in a superposition of two macroscopically
distinct states, e.g. ”dead” and ”alive”, [1].
In their quest to shed light on this question, recent experiments have tried to produce

”macroscopic” superpositions. Examples include the superposition of coherent states of the
microwave field in a cavity (Haroche), interference experiments with large molecules, [2], or
coherent superpositions in small superconducting quantum interference devices (SQUIDs),
[3], [4]. A SQUID in this context basically represents a superconducting ring in which a large
number of paired electrons (Cooper pairs) either move clockwise or counterclockwise without
any resistance. By controlling the externally applied magnetic flux it is possible to tune
the average current to zero. In that case the groundstate of the ring is a superposition of
two states in which the Cooper pairs are flowing clockwise or counterclockwise, respectively:
|Ψ〉 = (|	〉 + |�〉)/

√
2.

The question which naturally arises is how ”macroscopic” this superposition is. For the
specific case of the SQUID this means: What is the number of Cooper pairs that have to
change their state in order to turn the clockwise into the counterclockwise current state? A
large number would suggest that we are indeed dealing with a large ”Schrödinger cat”.
In the present work we propose a quantitative measure for the size of a Schrödinger cat.

This measure is in principle applicable to any superposition of two many-body states (with
fixed particle number). It is consistent with previous approaches by other authors, [5], that
had been restricted to a much smaller class of states. As an example we present results for
the case of a three-junction SQUID as it had been studied in the experiments of the Mooij
group. On the basis of these results, we will discuss in which region of parameter space
experimentalists have to look in order to find a ”fat” Schrödinger cat.
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An observer who receives an unknown quantum state, from a set of nonorthogonal states, 
cannot perfectly retrodicts which state he got. Furthermore in the act of trying to reveal the 
identity of the quantum state, the observer will inevitably alter the state. Obviously there is a 
trade-off between maximal extraction of information and minimal disturbance of the state. 
E.g. if the observer applies the best possible measurement strategy allowed by quantum 
mechanics by which he gains maximal information, the state will be maximally disturbed and 
vice versa. The fundamental and intriguing features of this trade-off have fuelled an explosion 
of research since the early days of quantum mechanics. Recently, however this research has 
become of practical relevance since it underpins the security of quantum key distribution 
schemes. 
 
In this poster we present the investigation of the optimal trade-off between information gained 
about an unknown coherent state and the state disturbance caused by the measurement process 
using fidelity as a measure. We present several optical schemes that can enable this task, and 
we present the implementation one of them, a scheme which relies on only linear optics and 
homodyne detection. Experimentally we reach near optimal performance, limited only by 
detection inefficiencies. In addition, in this poster we show how such a scheme can be used to 
enhance the transmission fidelity of certain noisy channels. 



Controlled Tunnel Hybridization Of Excitons In Individual Quantum Dot  
Molecules And Interlevel Phonon Relaxation 

 
E. C. Clark*1, H. J. Krenner1, T. Nakaoka1,2, M. Sabathil1, M. Bichler1, Y. Arakawa2,  

G. Abstreiter1 and J. J. Finley1

 
Walter Schottky Institut and Physik Department, Technische Universität München, 

Am Coulombwall 3, D-85748 Garching, Germany, *clark@wsi.tum.de
 

University of Tokyo,  4-6-1, Komaba, Meguro-ku, Tokyo, 153-8505, Japan 
 

The realization of robust and scalable hardware for quantum information processing is one of the 
most challenging goals facing modern solid-state physics. Qubits formed from single excitons in 
semiconductor quantum dots represent a particularly attractive system since they can be coherently 
manipulated using ultrafast laser pulses over timescales much shorter than their decoherence time 
and quantitative electrical readout is possible.  In order to explore the potential these systems pro-
vide for scalability and demonstrate conditional quantum operations, an important step is to achieve 
coherent coupling of quantum states in spatially separated dots and understand the mechanisms 
responsible for decoherence. 

We present an optical study of the manipulation of coupled excitonic states in an individual 
QDM using static electric fields and investigations of phonon mediated relaxation between the cou-
pled states. The samples investigated consist of single pairs of stacked, self assembled In-
GaAs/GaAs QDMs embedded in an n-type Schottky photodiode.  This device geometry enables us 
to tune the electric field (F) oriented along the stacking axis of the QDM using a bias voltage ap-
plied between the n-contact and the Schottky-gate.  At low excitation power densities, field depend-
ent photoluminescence (PL) measurements reveals a clear anticrossing of spatially direct (e,h in the 
same dot) and spatially indirect (e,h in different dots) single exciton states, with an average cou-
pling energy of 2V=1.6±0.3meV at resonance.  Our experimental findings are shown to be in very 
good accord with realistic calculations of the single exciton spectrum of the QDM, confirming that 
the tunnel coupling is mediated principally by the electron component of the exciton wavefunction.   

Phonon mediated relaxation between the bonding and antibonding excitonic states was investi-
gated using time resolved spectroscopy performed on a single molecule as a function of the detun-
ing (∆) away from the resonance (Edirect-Eindirect=(∆2+2E)½).  The results obtained clearly demon-
strate that the radiative lifetimes of the coupled excitonic states can be tuned from τ0~0.3 ns to 1.3 
ns, as the fraction of direct character of the exciton wavefunction is varied.  Moreover, close to the 
anticrossing (∆=0) where the electron component of the wavefunction hybridizes into symmetric 
and antisymmetric orbitals, the lifetimes of both transitions tends to the same value confirming the 
fully mixed nature of the eigenstates.  Temperature dependent measurements recorded for a range 
of detuning values demonstrate that relaxation from the antibonding to bonding state can occur dur-
ing the radiative lifetime.  Analysis of the temperature dependent data indicates that such inter level 
relaxation proceeds over timescales of ~100ps, believed to be mediated by acoustic phonon emis-
sion.   
 
References: H. J. Krenner et al., Phys. Rev. Lett. 94, 057402 (2005) 
          H. J. Krenner et al., New Journal of Physics 7, 184 (2005) 
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It is established experimentally that in long 
Josephson junctions~(LJJ), where the phase dynamics can be mapped 
to the sine-Gordon equation with phase discontinuities, fractional 
vortices can appear spontaneously. In contrast to fluxons which 
are solitons and can move freely along LJJs, fractional vortices 
are pinned at the discontinuities and may have positive or 
negative polarity. They are useful for information encoding and 
are similar to spin-$\frac{1}{2}$ systems. In contrast to fluxon 
based devices, a fractional vortex can represent the ground state 
of the system which makes it more robust.\par Fractional vortices, 
fractional vortex molecules and vortex crystals are interesting 
systems to study macroscopic quantum effects. We discuss the 
quantum properties of a single fractional vortex in a 0-$\pi$ LJJ 
and a two-fractional-vortex molecule in a 0-$\pi$-0 LJJ and give 
an estimation of the crossover temperature in typical experiments. 
Several possibilities to construct and manipulate the quantum 
states of one or more vortices are presented. Possible readout 
schemes using integer fluxons and/or RSFQ logic are discussed. 
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Quantum computation represents a major topic in the �eld of quantum information theory.

Pioneering theoretical and experimental work has been accomplished in interdisciplinary

branches and di�erent types of qubit system setups were proposed. The approach developed

in our group is based on eigenstates of vibrational normal modes of polyatomic molecules

encoding the qubits. This concept of molecular quantum computation combines IR fs-

spectroscopy with coherent control to design ultrafast laser pulses that act as quantum logic

gates.

In the present study we analyze the e�ects of molecular characteristics on the structure

of global quantum gates and the complexity of the resulting mechanisms systematically.

The aim is to rate a molecule’s suitability for molecular quantum computing. One decisive

property of a system described by a molecular vibration is the anharmonicity. In an extension

to multimode systems the mode coupling has to be taken into account. This is realized in

a parametrized two-dimensional model system. Here we can tune these characteristical

properties and explore their e�ects on quantum gates. We �nd that the interplay of the

anharmonicity and the coupling is of prime importance. Furthermore, we identify two basic

mechanisms for all highly e�cient universal quantum gates. The population transfer and

features of the global quantum gates are explained, referring to characteristic transition

frequencies, which are determined by the molecular parameters. Based on these optimized

quantum gates we realized an e�cient quantum fourier transformation.



Molecular states in a carbon nanotube double quantum dot
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We present electrical transport masurements through a semiconducting single-walled carbon nan-
otube (SWNT) with three additional top-gate-electrodes. At low temperatures the system acts as
a double quantum dot with large inter-dot tunnel coupling t allowing for the observation of tunnel-
coupled molecular states extending over the whole double dot system. Using a single particle picture
we precisely extract the tunnel coupling and identify the molecular states by the sequential-tunneling
line shape of the resonances in differential conductance. Due to their attractive properties carbon
nanotube double quantum dots may provide an alternative system for future spin-based quantum
computing.
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We investigate the quantum dynamics of charges in lateral quantum dots.
Albeit spins have longer coherence times, these structures are important i) be-
cause charge is easy to control and detect and ii) because spin control and
readout also makes use of the charge degree of freedom.

We perform a nonperturbative analysis of a charge qubit in a double quan-
tum dot structure coupled to its detector. We show that strong detector-dot
interaction tends to slow down and halt coherent oscillations. The transitions
to a classical and a low-temperature quantum overdamping (Zeno) regime are
studied. In the latter, the physics of the dissipative phase transition competes
with the effective shot noise [1].

Recent experiments by Hayashi et al. [2] demonstrate coherent oscillations
of a charge quantum bit (qubit) in laterally defined quantum dots. We study the
intrinsic electron-phonon decoherence and gate performance for the next step: a
system of two coupled charge qubits. The effective decoherence model contains
properties of local as well as collective decoherence. Decoherence channels can
be classified by their multipole moments, which leads to different low-energy
spectra. It is shown that due to the super-Ohmic spectrum, the gate quality is
limited by the single-qubit Hadamard gates. It can be significantly improved,
by using double-dots with weak tunnel coupling.

[1] U. Hartmann and F.K. Wilhelm, cond-mat/0505132
[2] T. Hayashi, T. Fujisawa, H.D. Cheong, Y.H. Jeong, and Y. Hirayama,

Phys. Rev. Lett. 91, 226804 (2003)
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Spin Dynamics of Optically Stimulated Charges in InGaAs Self-Assembled 
Quantum Dots 
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The spin of a single electron localized in a quantum dot (QD) provides a natural two 
level system that has been proposed to be suitable as a qubit [1]. We will present 
experiments that have enabled us to investigate the optical initialization of electrons 
and the spin dynamics of such qubits. 
 
Our measurements were performed with a spin memory device which enables the 
charging of a sub-ensemble of InGaAs self-assembled QDs. Electrons can be stored 
over microsecond timescales without any loss or interdot redistribution processes [2]. 
The reversibly transfer between optical polarization and electron spin orientation 
allows to control and probe the spin state of the stored electron. 
 
With this technique a very large degree of circular polarization in excess of ~85% at 
T=1K was found, which directly reflects the degree of spin polarization of the created 
electrons. With time resolved measurements we determined the electron spin T1 time 
for QDs and its dependence on lattice temperature, magnetic field and QD emission 
energy. The maximum electron spin lifetime is shown to be extremely long ( >>20ms 
at T=1K), decreasing with magnetic field according to a clear B-5 power law [3].  
Combined with the characteristic dependence observed on temperature and 
emission energy, these results support theoretical predictions indicating that spin flip 
events in QDs are mediated by single phonon scattering processes at low 
temperatures. 
 
[1] Loss, DiVicenzo, Phys. Rev. A 57 (1998) 
[2] Kroutvar et al., Appl. Phys. Lett. 83 (2003) 
[3] Kroutvar et al., Nature 432 (2004) 
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When current flows through lithographically patterned wires mounted on a chip surface 
magnetic fields can be generated with high precision. These chips can be used to create 
an “atom chip” where neutral atoms are magnetically trapped just above the surface. 
Miniaturized atom traps benefit from favorable scaling laws as the size of the 
components is decreased: Magnetic field gradients can be increased drastically, trap 
frequencies can reach very high values, and power consumption is reduced significantly. 
Most experiments this far have used static, or quasi-static fields to manipulate the atoms. 
Here we report recent advancements on integration of optical devices and RF-sources on 
the chip. Miniaturization of optics also benefits favorable scaling laws: Small spot-sizes 
for dipole traps and detectors are easy to achieve, high single-photon Rabi frequencies 
and cooperativity parameters can be reached in miniaturized cavities. Using chip 
mounted RF-antennas it is possible to accurately control the polarization of radio fields. 
These antennas can be used to generate robust and flexible adiabatic potentials suitable 
for on-chip interferometry with trapped atoms. 
 
References:  
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Molecular one- and two-electron states in a double quantum dot

A. K. Hüttel1,*, S. Ludwig1,*, K. Eberl2, and J. P. Kotthaus1

Electronic states in quantum dots (QD) and double quantum dots (DQD) are generally seen as interesting 
candidates for the definition of solid state spin and charge qubits. We present quasistatic transport 
measurements on a strongly tunnel coupled one-electron double quantum dot, defined electrostatically in the 
two-dimensional electron gas of a GaAs/AlGaAs heterostructure. A quantum point contact nearby serves as 
capacitive charge detector, providing proof of the number of trapped electrons.

The low energy spectrum of the strongly coupled DQD, if charged with only one electron, is characterized 
by its quantum mechanical tunnel splitting 2t0. We demonstrate how to unambiguously determine this tunnel 
splitting and tune it in a range between 30 µeV and 300 µeV [1]. At a high potential asymmetry, additional 
coupling between the ground state of one quantum dot and an excited state of the other dot is observed, 
leading to a second tunnel splitting in the level diagram [2].

For the case of two electrons on the double quantum dot, the low energy spectrum is dominated by the spin 
exchange energy J. We present a transport spectrum measurement of the two-electron states and provide an 
estimation for J.

*presenting authors

[1] A. K. Hüttel, S. Ludwig, H. Lorenz, K. Eberl, and J. P. Kotthaus, „Direct control of the tunnel splitting in 
a one-electron double quantum dot“, Phys. Rev. B 72, 081310(R) (2005)

[2] A. K. Hüttel, S. Ludwig, H. Lorenz, K. Eberl, and J. P. Kotthaus, „Molecular states in a one-electron 
double quantum dot“, cond-mat/0507101 (submitted).



Coherence time measurement of a flux qubit near the degeneracy point 
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A superconducting loop that has three Josephson junctions works as a flux qubit. Clockwise and 
anticlockwise supercurrent states correspond to the ground and excited states, respectively. We can 
control the qubit state by applying microwave pulses. 

We need a long coherence time if we are to perform several gate operations. A flux qubit is a 
solid-state device and so several types of environmental noises can destroy its coherence. It is very 
important to understand the origin of the decoherence of this system. At the degeneracy point, the 
differential of the qubit energy dispersion curve is flat. Therefore magnetic fluctuations do not 
contribute to the energy fluctuations at the degeneracy point. If magnetic fluctuations are the 
dominant noise source, the coherence time depends on the magnetic field. Therefore, we measured 
the magnetic field dependence of the energy relaxation time (T1) and phase relaxation time (T2) to 
estimate the magnetic flux fluctuations that cause the decoherence. 
 We used the echo method to measure the T2 value. By using this method, we can cancel out the low 
frequency noise component. As a result, we observed the T2 increase as we approached the 
degeneracy point. Moreover, we obtained T2=250ns and the relation T2~2T1 at the degeneracy point. 
These results mean that pure dephasing of the qubit is mainly caused by magnetic flux fluctuations, 
and the degeneracy point T2 is largely determined by the energy relaxation process. 
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We present investigations of the coupling of InGaAs quantum dots (QDs) to both extended 

and strongly localised optical modes in 2D photonic crystal (PC) nanostructures.  The samples 

consist of a 180nm thick GaAs membrane into which a PC is formed by etching a triangular 

lattice of air holes.  By measuring the local QD spontaneous emission rate (Rspon) we “image” 

the photonic DOS at frequencies throughout the photonic bandgap and close to localised 

modes at single missing hole defects (Q~10000, Vmode<0.5(λ/n)3).  For dots emitting into the 

photonic bandgap but detuned from the cavity mode, we observe a strong suppression of Rspon 

compared to its value in a homogenous photonic environment (R0/Rspon=30±6) due to the 

reduced photon DOS.  This effect vanishes when we spectrally approach the continuum 

photonic band edges or detect spatially away from the PC.  In contrast, for dots coupled to the 

cavity modes we measure 1/Rspon~50ps, corresponding to a large (Rcavity/R0=18x) Purcell 

enhancement of τspon over the intrinsic value (R0).   

Single dot measurements reveal clear photon anti-bunching when the emission frequency is 

detuned from the cavity mode and enhanced photon extraction efficiency (~30%) due to the 

photonic bandgap which suppresses in-plane emission.  Most surprisingly, anti-bunching is 

not observed for dots coupled to the cavity modes possibly due to the onset of low threshold 

lasing. 

Supported financially via Sonderforschungsbereich-631    
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Coherence stabilization of one- and two-qubit gates by AC fields

Sigmund Kohler, Universität Augsburg

In order to perform logical operations, a quantum computer requires tunable non-
linear interactions between two qubits. In particular, a spin-spin interaction of the
Heisenberg type has been proposed for the construction of a CNOT gate. The
quality of a gate operation is affected by decoherence which results from the cou-
pling of the qubits to external degrees of freedom. We propose a coherence sta-
bilization scheme which reduces the influence of bit-flip noise in two-qubit gate
operations by acting with an ac field upon one qubit. This scheme is distinctly
different from the dynamical decoupling of a single qubit from its environment.

As a microscopic model, we consider a pair of qubits coupled to a harmonic oscil-
lator bath with an ohmic spectral density. The bath is eliminated within a Floquet-
Bloch-Redfield formalism. This allows on the one hand to derive an approximate
analytical solution for the dephasing and relaxation times and, on the other hand,
provides a physical explanation of the observed coherence stabilization. Our ana-
lytical estimates are in good agreement with numerical results.

[1] K.M. Fonseca-Romero, S. Kohler, and P. Hänggi,
Phys. Rev. Lett. 95, 140502 (2005).
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Our concept for a quantum computational system is based on qubits encoded in vibrational

normal modes of polyatomic molecules. The quantum gates are implemented by shaped fem-

tosecond laser pulses. We adopt this concept to the new species Manganese-pentacarbonyl-

bromide [MnBr(CO)5] and show that it is a promising candidate in the mid-IR frequency

range to connect theory and experiment. As direct reference for the ab initio calculations

we evaluated experimentally the absorption bands of MnBr(CO)5 in the mid-IR as well as

the related transition dipole moments. The 2D potential energy surface spanned by the two

strongest IR active modes and the dipole vector surfaces are calculated with DFT. The vibra-

tional eigenstates representing the qubit system are determined. Laser pulses are optimized

by multi target optimal control theory (MTOCT) to form a set of global quantum gates:

NOT, CNOT, � and Hadamard. For all of them simply structured pulses with low pulse

energies around 1 µJ and switching e�ciencies above 99% could be obtained. Exemplarily

for the CNOT gate we investigated the possible transfer to experimental shaping, based on

the mask function for pulse shaping in the frequency regime as well as decomposition into a

train of subpulses.




