
LABORATORY FOR SOLID STATE PHYSICS
ETH Zurich

Department of Physics

Eidgenössische Technische Hochschule Zürich
Swiss Federal Institute of Technology Zurich

Annual Report 2008



Cover page:

Scanning Tunneling and Force Microscope in a vacuum chamber. This device is part of the Microstructure Research
Lab of Prof. Danilo Pescia.

This annual report was edited by Philip Moll



PREFACE

In this Annual Report the Laboratory for Solid State Physics at ETH Zurich presents the research highlights that mark
a productive and successful year 2008. Numerous scientific publications and presentations at international meetings
reflect the wide variety of topics pursued. Exploring new areas in solid state physics at the highest levels is highly
gratifying and also serves as training ground for educating new generations of scientists.

In the past year we had the pleasure to welcome two colleagues in the Laboratory: Prof. Joël Mesot and Prof. Andreas
Vaterlaus. Prof. Mesot has been appointed director of the PSI, and holds a professorship at ETH-Z and at EPFL. At the
Laboratory for Solid State Physics he will pursue solid state NMR, in addition to the neutron scattering and ARPES
research at PSI. Prof. Andreas Vaterlaus’ research interests in solid state physics focus on the dynamics of magnets
on the femto-second time scale. The experimental technique of time and energy resolved laser induced photo-electron
spectroscopy is being developed and employed at ETH and at the new free-electron laser facilities. In addition, Prof.
Vaterlaus works on the pedagogy of physics and has assumed a central role in the physics teacher education. The
Physics Department has considered high quality science teacher education to be of great importance, and we are now
very glad to have this position filled by such a highly esteemed colleague. We wish both colleagues all the best in
their endeavors. The search for additional professors is well underway and close to successful completion.

Members of the Laboratory continue to be committed to all levels of physics education for students in the Physics
Department and in other ETH departments. Introductory level courses, laboratory courses, and numerous courses up
to the doctoral level have been taught.

The many experimental research programs are made possible by the highly-developed infrastructure provided by our
Laboratory, the Physics Department and ETH Zurich in general. We would like to thank all the many people for their
technical and administrative expertise and dedicated services.

As in the past years, we express our sincere appreciation and thanks to the ETH Schulleitung for the broad and
unwavering support, to the Swiss National Science Foundation, to KTI, to our partners in industry, and to all the other
sources of support.

For preparing this Annual Report, we would like to thank Mr. Ph. Moll, Prof. L. Degiorgi and Mrs. H. Hediger.

Zürich, May 2008 Der Vorsteher

Prof. Dr. B. Batlogg
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1.1 Quinoid heteropentacenes as promising organic semiconductors for field-effect
transistor applications

W. L. Kalb, A. F. Stassen, B. Batlogg in collaboration with U. Berens, B. Schmidhalter, F. Bienewald, A. Hafner (Ciba Speciality Chemicals Inc., Group Re-

search, Basel, Switzerland) and T. Wagner (Novartis Institutes for BioMedical Research, Basel, Switzerland)

Figure 1.1: Transfer characteristic from a DPCX single-crystal
transistor (SC-FET) with OTS-treated SiO2 (µ = 0.16 cm2/Vs).
Also shown are the transfer characteristics from a DPCX thin-
film transistor (TFT) with OTS (µ = 0.01 cm2/Vs) and with a
bare SiO2 gate dielectric (µ = 2 × 10−5 cm2/Vs). Remarkable
is the near zero onset voltage Von and the small current hystere-
sis. Depending on the type of device, the field-effect mobility
spans five orders of magnitude. This highlights the importance
of structural order to obtain high field-effect mobilities.

The performance of organic field-effect transistors is getting
closer to fulfilling the requirements for applications: high field-
effect mobility, near zero threshold voltage, steep subthreshold
swing, low current at zero applied gate bias and high electrical
and environmental stability. Moreover, the organic transistors
should be inexpensive, i.e. low-cost synthesis, purification and
processing of all involved materials are required.

The semiconductor material plays an important role for the
performance of an organic field-effect transistor. Consequently,
intense research efforts are currently being undertaken to syn-
thesize improved organic semiconductors. Pentacene deriva-
tives and heteropentacenes are promising classes of materi-
als and are synthesized with the aim to mimic the excellent
transport properties of the benchmark material pentacene but
to have improved properties, such as a better stability or solu-
bility.

Both single crystal and thin-film transistors were fabricated
with the new quinoid heteropentacene
7,14-Diphenyl-chromeno[2,3-b]xanthene (DPCX, inset in
Fig. 1.1). Field-effect mobilities of 0.16 cm2/Vs and 0.01 cm2/Vs
were achieved respectively in single crystal and thin-film devices with this p-type small molecule material. In addi-
tion, the devices show favourable properties such as near zero onset/threshold voltages and a small current hysteresis
(Fig. 1.1). X-ray diffraction experiments show the molecules to be arranged in slipped stacks and to have a flat back-
bone in the crystals. A comparison of DPCX thin films on octadecyltrichlorosilane (OTS)-treated and bare SiO2 gate
dielectrics provides clear evidence that the OTS surface treatment leads to organic thin films with a better structural
order. The low-cost synthesis and purification of DPCX along with the improved processability and the good electrical
characteristics suggest that quinoid heteropentacenes are promising materials for organic field-effect transistors.
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1.2 Oxygen-related traps in pentacene thin films: Energetic position and implica-
tions for transistor performance

W. L. Kalb, K. Mattenberger, and B. Batlogg

Figure 1.2: Measured difference of the DOS prior to and af-
ter the oxygen exposure (full and dash-dotted black line). The
oxygen exposure leads to a broad peak of trap states centered at
EC = 0.28 eV. A Gaussian fit for energies ≥ 0.25 eV (dashed
red line) gives good agreement with the measured curve.

Charge carrier mobilities in organic field-effect transistors are
comparable to the mobilities in hydrogenated amorphous sili-
con transistors and are adequate for many applications. Criti-
cal issues, however, are electrical and environmental stability.
The electrical stability of both n- and p-type organic semicon-
ductor transistors has recently been shown to be very high if
suitable gate dielectrics are used. The environmental stability
of the organic semiconductor, thus, is an urgent issue to be ad-
dressed. It is crucial to understand in detail the way in which
an oxidation of the organic semiconductor impedes the charge
transport and thus degrades the transistor characteristics.

We studied the influence of oxygen on the electronic trap states
in a pentacene thin film. This was done by carrying out gated
four-terminal measurements on thin-film transistors as a func-
tion of temperature and without ever exposing the samples to
ambient air. Photooxidation of pentacene is shown to lead to a
peak of trap states centered at 0.28 eV from the mobility edge,
with trap densities of the order of 1018 cm−3 (Fig. 1.2). These trap states capture gate-induced charge and cause a
reduction in the number of free carriers. Moreover, the exposure to oxygen reduces the mobility of the charge carriers
above the mobility edge. We correlate the change of these transport parameters with the change of the essential device
parameters, i.e. subthreshold performance and effective field-effect mobility. The experiments support the assumption
of a mobility edge for charge transport, and contribute to a detailed understanding of an important degradation mecha-
nism of organic field-effect transistors: Deep traps in an organic field-effect transistor reduce the effective field-effect
mobility by reducing the number of free carriers and their mobility above the mobility edge.
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1.3 Stable complementary inverters with organic field-effect transistors on Cytop
fluoropolymer gate dielectric

M. P. Walser, W. L. Kalb, T. Mathis, T. J. Brenner and B. Batlogg

Intense efforts in research on organic semiconductors have lead to new organic materials with p- or n-type conduction,
being ready for the integration in low-cost large area electronics and electronics on flexible foils and transparent
substrates. A major challenge to the application of organic electronics is to realize complementary circuits. Charge
transport in organic thin-film transistors is mainly confined to the interface between the organic semiconductor and
the gate dielectric. The tendency for organic semiconductors to show p-type conduction, but rarely n-type conduction,
was attributed to the semiconductor-dielectric interface: electrons are trapped at the interface by hydroxyl groups,
present in the form of silanols in the case of the commonly used SiO2 dielectric. Thus the key in promising material
combinations for complementary organic circuits is a gate dielectric that (1) allows for both p- and n-type conduction
with the adjacent semiconductors, (2) provides for chemical and electrical stability, (3) can be easily processed and
(4) leads to highly reliable devices.

As a result of the present study we have come up with a promising materials combination for organic thin film transis-
tors. We have deposited ultrathin perfluorinated cyclic polymer (7-9 nm, Cytop) layers as dielectric on n++-Si/SiO2
substrates used as convenient bottom-gate. As p-type semiconductor we used pentacene and as n-type semiconductor
N,N’-ditridecylperylene-3,4,9,10- tetracarboxylicdiimide (PTCDI-C13). Typical transfer characteristics for PTCDI-
C13 with Cr electrodes and pentacene with Au electrodes are shown in Fig. 1.3. Due to the very low density of
’slow’ traps, the hysteresis in transfer characteristics is very small and output characteristics exhibit no hysteresis at
all. Particularly remarkable for PTCDI-C13 on Cytop is the very steep onset, a near zero onset and a subthreshold
swing as low as 0.6V/decade. To fabricate complementary inverters, the basic elements of complementary logics, we
combined pentacene and PTCDI-C13 thin-film-transistors (Fig. 1.4). The hysteresis is as low as 0.2V and reflects the
very small hysteresis of the combined transistors. The symmetry in the static response indicates that neither n- nor
p-type conduction is dominant. The maximal gain dVout/dVin is very high, with a maximum around 250. Inverters
still worked after 6 months in He atmosphere despite several days of contact to air. The devices are almost unaffected
by repeated gate bias stress.

Figure 1.3: Transfer- and output characteristics of the com-
bined p- and n-type TFT’s. Forward- and reverse-sweep are
shown in all panels. A very small hysteresis is visible only in
the subthreshold regime.

Figure 1.4: Static inverter characteristics for a complementary
pentacene/PTCDI-C13 inverter with a 8nm thick Cytop dielec-
tric and a common n++-Si/SiO2 bottom-gate. The dimensions
of the device are given in the photograph.
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1.4 NaxCoO2: Switching magnetic ground states by inducing
different Sodium arrangements

J. Kanter, S. Petitjean, K. Mattenberger and B. Batlogg

The sodium cobaltates (NaxCoO2) have emerged as an interesting candidate to study correlated electron phenomena.
The layered structure of this compound and the mobile dopant ions render NaxCoO2 a model system to study a
possible coupling between the spatial modulation of electronic states and sodium vacancy orderings. The rich phase
diagram as a function of sodium content, including superconductivity (when hydrated), a metal-insulator-transition,
one of the highest known Seebeck coefficients, and various magnetic orderings underline the subtle dependence of
the Co-O derived electronic states on the sodium concentration. In recent experiments we could show that different
sodium arrangements can be induced by defined cooling protocols, resulting in distinct magnetic transitions at low
temperatures. Applying a newly developed cooling technique we could show that these magnetic transitions can be
linked to a sodium reordering transition around 280 K. These findings allow studying the in influence of the sodium
ordering on the Co-3d electrons at one sodium concentration and may lead to a better understanding on how the
sodium ordering influences the spatial modulation of electronic states.

Figure 1.5: a) Temperature vs. time of the defined cooling protocol. Exploiting the hysteresis of the 280 K transition, the different low
temperature magnetic signatures could be linked to the sodium reordering transition. The same initial temperature was chosen for the quenching
process, once approached from above (preparing the configuration above the transition temperature) and once from below (configuration below
transition temperature). The inset shows the dilatation signature of the transition, the broad hysteresis can be seen. b) Sodium ordering pattern
below (left) and above (right) the transition temperature and the corresponding Coulomb potential landscape in the CoO layers. Figure credit:
Morris et al., PRB 79, 100103(R) (2009) c) Field dependence of the specific heat for the different magnetic transitions.
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1.5 Fermi surface gapping and magnetic long-range order in NaxCoO2 for x > 0.75

T. F. Schulze, M. Brühwiler, P. S. Häfliger, S. M. Kazakov, K. Mattenberger, J. Karpinski and B. Batlogg

The layered transition-metal oxide NaxCoO2 combines high thermopower and metallic conductivity, making it a
promising candidate for thermoelectric energy conversion. The discovery of superconductivity in hydrated com-
pounds and other types of ordered electronic ground states for higher sodium content have intensified the interest and
raised questions related to Fermi surface instabilities. Itinerant electrons moving on the CoO2 triangular lattice and
the ability to control the filling of the narrow Co-O derived bands through the sodium content x render it an appeal-
ing model system in the field of correlated electron physics. It is especially interesting to address the low-energy
electronic excitation density as it is both a measure of correlation effects and an indicator of collective ground states.
In order to explore the magnetic and thermodynamic properties of the electronic system in this context in detail, we
studied the heat capacity of a large number of both polycrystalline and single-crystalline samples.

Figure 1.6: a) Typical specific-heat data for a slowly cooled
Na0.85CoO2 single crystal with two transitions into a long range
ordered magnetic state (at 22 K and 8 K). a)The electronic density
of states at intermediate temperatures γint (above any Fermi sur-
face instabilities) is determined by a linear fit to the Cp/T vs T 2

data. b) The residual low-T DOS γlow is determined from a linear
extrapolation of the low-T data to T → 0K.

Figure 1.7: Phase diagram of the various electronic ground states in
Na0.85CoO2. The diagram contrasts the low-energy electronic ex-
citation density as measured via the specific heat at lowest temper-
atures (blue symbols) and intermediate temperatures (red symbols)
with the ARPES-measured values (open triangles) and the approxi-
mate LDA band-structure trend (dashed black line). Together with
our data (filled symbols) numerous previous results by other groups
are shown (open symbols). All specific-heat data on single crystals
are marked with square symbols while polycrystals are represented
by circles. The colored arches are guides to the eye.

The interpretation of our heat-capacity and muon-spin rotation data provides a consistent picture of the NaxCoO2

low-energy electronic excitation density for both intermediate and low temperatures over a large sodium concentration
range and for both single and polycrystals. New insight is gained from our in-depth analysis of both γint and γlow
(Fig. 1.7): Our field-dependent heat-capacity measurements in quantitative comparison with ARPES and LDA results
reveal a rich and complex picture, which renders spin fluctuations to be only one out of two coexisting low-energy
excitation density enhancement mechanisms for x ≈ 0.6. For the whole x range the high-energy band dispersion
as measured by ARPES yields a density of states consistent with LDA band-structure calculations (DOS around 10
mJ/mol K2). However, the low-energy excitation spectrum (<100 K) as measured by specific heat reveals distinctly
richer phenomena: For x>0.6 the intermediate-T DOS is two to three times higher (25-30 mJ/mol K2). In the range
0.6<x<0.75 the low-temperature excitation density is dominated by spin fluctuations that can be suppressed in a
magnetic field and cause even stronger renormalization of γ as compared to the intermediate-temperature range, but
no magnetic long-range order is present. A variety of magnetically ordered states is then observed for x ≈ 0.75,
including an 8K transition in addition to the previously studied SDW-like 22K transition. In the light of the low DOS
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derived from ARPES and LDA calculations and the existence of a second DOS enhancement mechanism seen in the
excitation density phase diagram the question whether Fermi surface gapping caused by magnetic ordering is present
in the high-x range is not trivially answered by a loss of low-T DOS as compared to intermediate-T DOS. Here, our
nuclear heat-capacity analysis provides important additional evidence based upon which it can be concluded that the
magnetic order involving the itinerant electrons indeed causes the disappearance of part of the Fermi surface.

1.6 Spin fluctuations in NaxCoO2 , (x=0.6 - 0.75), probed by Muon Spin Rotation

T. F. Schulze, M. Brühwiler, P. S. Häfliger, K. Mattenberger, S. M. Kazakov , J. Karpinski and B. Batlogg

In collaboration with Ch. Niedermayer, PSI Villigen

The central observation in this region of the phase diagram is the absence of any magnetic LRO, which can be
deduced from the heat-capacity. Shown in Fig. 1.8 are zero-field muon-spinrotation spectra taken on x=0.64 and
x=0.7 polycrystals. These SR data do not show any LRO down to 1.7 K, which would result in an oscillatory part in
the positron emission asymmetry. While mu-SR experiments reveal important information on the static magnetism
they cannot elucidate on the possible presence of spin fluctuations with a time scale shorter than the order of 10−10

s. On the other hand, from specific heat we get strong indications of low-energy magnetic excitations: we note the
absence of any sign of a phase transition in Cp for x=0.6-0.75, which confirms the mu SR results. However,the
low-temperature Cp trend shows some peculiarity: Cp distinctly increases below T = 10 K, not inconsistent with a T
log(T) behavior, indicating an increasing excitation density at lowest temperatures . The contribution of the nuclei to
the heat capacity has been subtracted for clarity. Dependent on x, values as large as 47 mJ/mol K2 are reached for T
→ 0 K. In an external magnetic field, these additional excitations are significantly suppressed. Upon application of a
14 T external field, γ(T→ 0 K) decreases to 31 mJ/mol K2. In the H range accessible with our magnet there is an
indication of a saturation of γlow toward the value of γint, which is 25-30 mJ/mol K2 for x=0.6-0.75. Here (and also
for higher x), γint is significantly higher than in the x<0.5 range. Obviously, compared to int a strong renormalization
of the electronic excitation density is present only at a low excitation energy scale. This behavior is consistent with
a magnetic origin of the apparent mass enhancement for x=0.6-0.75, which is likely to be spin fluctuations that arise
due to the proximity to magnetic ordering. This conclusion is in good agreement with NMR and neutron-diffraction
data that provide evidence for ferromagnetic (FM) in plane fluctuations being present in NaxCoO2 with x=0.7-0.75.
Additional support comes from theoretical studies yielding the onset of FM fluctuations for higher x assisted by charge
disproportionation or band-structure effects.
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Figure 1.8: Muon-spin-rotation data taken onNaxCoO2 poly-
crystals and single crystals contrasting the low-T magnetic state
for a sample with spin fluctuations and two with magnetic order.
a) The absence of any oscillatory contribution in the positron
decay asymmetry corresponds to the absence of static magnetic
LRO for a x=0.7 polycrystal. b) In the x=0.83 polycrystal, the
entire sample volume is magnetically ordered (within experi-
mental limits of±5%. c) The same is true for the x=0.85 single
crystal.

Figure 1.9: Specific heat measured onNaxCoO2 polycrystals.
The low-T DOS (T<10 K) is enhanced due to spin fluctuations
for 0.6<x<0.75. The nuclear contribution to the specific heat
has been subtracted.

1.7 Magnetoresistance in Iron Arsenide Superconductors in micro-cut crystals

P. Moll, J. Karpinski, Z. Bukowski, N. Zighadlo and B. Batlogg, in collaboration with K. Kunze, P. Gasser (Electron Microscopy ETH Zurich)

We grow crystals from two classes of the newly discovered iron arsenide superconductors ("1111" : Lanthanide-
FeAs(O,F), "122" : BaFe2As2) in high pressure synthesis. While the "122" materials grow as macroscopic crystals
( 1mm), the "1111" crystals grow as thin (≈ 10 µm) platelets with typical diameters of less than 100 µm. This size
is suitable for magnetization measurements in our SQUID magnetometer, but it is too small for conventional electric
measurements which provide indications for possible applications in superconducting wires and magnets. To reliably
contact samples of these dimensions for four-point and Hall-effect measurements, we use a Focused Ion Beam (FIB).
The ion beam is highly focused ( nm2) and consists of 30kV Ga2+ ions which are used to cut materials on a nanoscopic
scale in a process akin to atomic sandblasting. Furthermore, it is possible to precisely deposit Platinum onto the sam-
ple by ion-assisted chemical vapor deposition (IA-CVD). A Pt-precursor gas is introduced into the vacuum chamber
that decomposes upon ion beam irradiation into a Pt atom and lighter organic substances. In this way, electric leads
can be attached to the sample by controlled irradiation of the desired current path. This technique allowed us to study
electric transport of the iron-pnictide superconductors in great detail. A typical sample after FIB processing is shown
in Fig. 1.10: the crystal itself (blue) is glued to a substrate with photolithographically prepared Au electrodes, and
electric contact is made by Pt leads (red). We have studied the broadening of the superconducting transition with
increasing magnetic field and found both SmFeAs(O,F) and (Ba,Rb)Fe2As2 to be surprisingly resistant to magnetic
fields indicating strong pinning (Fig. 1.11. Keeping in mind that the derivation of upper critical fields from resistance
measurements depends on the criterium to define Hc2 because the transition is broadened by fluctuations and vortex
motion. We define Tc at 50 % of the normal state resistivity and evaluate Hc50%

2 as an indicator for the broadening
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in magnetic fields. Hc50%
2 depends linearly on temperature, and we find a slope dHc50%

2 /dT of 1.9 T/K for magnetic
fields in the FeAs-planes and 7.9 T/K perpendicular to the planes, which leads to a surprisingly small upper critical
field anisotropy γ = 4.2. These high upper critical fields and the reasonably low anisotropy are very promising for
applications of Iron-Pnictides in superconducting wires and magnets.

Figure 1.10: SmFeAsO0.7F0.25 single crystal (blue) glued onto
a photolithographically prepared gold structure (yellow) on a
SiO2 substrate. The FIB was used to connect the crystal to the
gold by deposition of platinum leads (red) and to cut it into rect-
angular shape (lighter blue) to optimize the current geometry.

Figure 1.11: Superconducting transition of SmFeAsO0.7F0.25 and
Ba0.9Rb0.1Fe2As2 for two magnetic field alignments (H orthogonal to
or in the FeAs-planes) and fields from 0 T to 13.5 T (2T steps)

1.8 Single crystals of LnFeAsO1−xFy (Ln=La, Pr, Nd, Sm, Gd)

N.D. Zhigadlo, S. Katrych, P. Moll, Z. Bukowski, J. Karpinski and B. Batlogg

We have successfully grown single crystals of LnFeAsO1−xFy (Ln=La, Pr, Nd, Sm, Gd) at high pressure. The crystals
(Fig. 1.12) were grown in NaCl/KCl flux at 30 kbar and 1350-1450 ◦C using a cubic anvil high-pressure system and
we performed structural, electrical, magnetic and spectroscopic measurements. These studies revealed systematic
changes of the structural parameters and the superconducting transition temperature Tc with rare-earth substitution.
A typical magnetic susceptibility of SmFeAsO1−xFy in 1 mT is shown in Fig. 1.13. The lower branch shows the
perfect Meissner-diamagnetism when the magnetic field is applied after cooling the crystal in zero-field below Tc. In
contrast, the upper branch shows almost no diamagnetic signal because of vortex trapping. The sharp transition to the
superconducting state is characteristic for the good quality of this single crystal. It shows a transition temperature of 52
K indicating that the doping is close to optimal doping levels in SmFeAsO1−xFy which reach transition temperatures
of 55 K. The influence of the rare-earth element was investigated in a detailed substitution study, which yielded a
clear dependence of Tc on the used element (Fig. 1.14). The maximal Tc of 52 K was reached in the SmFeAsO1−xFy
system, while the LnFeAsO1−xFy system showed the lowest Tc of 26 K.

Our single crystals were studied on a four-circle X-ray diffractometer equipped with a CCD detector (Mo Kα ra-
diation, X-calibur PX, Oxford Diffraction). We found well-resolved reflection patterns indicating a high quality of
the crystallographic structure. From the structure refinement (space group P4/nmm) of the LnFeAsO1−xFx crystals
we found the lanthanide contraction to lead to a systematic reduction of the lattice parameters across the series upon
rare-earth substitution (Fig. 1.15). The absolute value of the Ln-O distance (dLn−O ∼ 2.28-2.34 Å) is close to the sum
of covalent radii of the elements (∼2.27-2.35 Å for Gd-La series) indicating covalent bonding in the Ln-O planes.
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Figure 1.12: SmFeAsO0.7F0.25 single crystals grown from
NaCl/KCl flux at high pressure
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Figure 1.13: Temperature dependence of magnetic moment
measured on SmFeAsO0.6F0.35 single crystal in an applied field
of 1mT.

The planes are mainly ionically bound as can be seen from the sum of the covalent radii of the Ln and As atoms
(rcov,Ln + rcov,As ∼ 2.82-2.90 Å for Gd-La series), that is smaller than the measured distances between these atoms
(dLn−As 3.24-3.34 Å) indicating ionic bonding. But we also found more than 10 % vacancies on the O(F) indicating
the difficulty to dope the material with Fluorine.
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1.9 Single crystals of Rb-substituted BaFe2As2

Z. Bukowski, S. Katrych, N.D. Zhigadlo, P. Moll, J.Karpinski and B. Batlogg

Single crystals of Ba1−xRbxFe2As22 with x = 0.05-0.1 were grown from Sn flux and found to be bulk superconductors
with Tc up to 23 K. The single crystals of Ba1−xRbxFe2As2 grow in a plate-like shape with typical dimensions (1-3)
x (1-2) x (0.05-0.1) mm3 (Fig. 11). Depending on the starting composition, the crystals displayed a broad variety
of properties from nonsuperconducting to superconducting with sharp transitions to the superconducting state. The
crystals studied by XRD reveal good quality, and no additional phases (impurities, twins or intergrowing crystals)
were detected by examining the reconstructed reciprocal space sections (Fig. 12).

Figure 1.16: Three single crystals of Ba0.9Rb0.1Fe2As2 on a
millimeter grid.

Figure 1.17: The hk0 reciprocal space section of the
Ba1−xRbxFe2As2 crystal.

The crystal structure was refined by X ray diffraction analysis. Sn is found to substitute for ∼ 5% of Ba and is
displaced by 1.1 Å from the Ba site (Fig. 1.18, 1.19). The upper critical field deduced from resistance measurements
is slightly anisotropic with slopes of 7-7.3 T/K (H || ab-plane) and 3.9-4.3 T/K (H || c-axis). The deduced upper
critical field anisotropy, around 3 close to Tc, was found to be in good agreement with estimations from magnetic
torque measurements. This is indicative of significantly more isotropic electronic properties in the doped BaFe2As2

compound compared to the LnFeAsO family. The in-plane critical current density at 5 K exceeds 106 A/cm2, which
suggests the iron-pnictides to be suitable for high-current superconductor applications.
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Figure 1.18: (1 1 0) section of the F0-Fc difference Fourier
map. The enhanced electron density reveals the location of Sn
atoms, shifted by 1.1 Å towards the (Fe2As2) - layers. The
black spot shows the Ba/Rb position and black squares mark As
positions.

Figure 1.19: Schematic illustration of two unit cells of Rb and
Sn substituted BaFe2As2. A possible Sn location is shown, for
clarity on one site only.

1.10 Bulk single crystal growth of AlxGa1−xN from solution in gallium under high
pressure

A. A. Belousov, S. Katrych, J. Jun, J. Karpinski and B. Batlogg

Figure 1.20: Schematic illustration of the AlxGa1−xN
crystal growth crucible. Pre-reacted pellets (left) and
Al0.86Ga0.14N crystals (right) are shown on a 1 mm grid.

Single crystals of AlxGa1−xN with an Al content from 50 % to
90 % were successfully grown from solution in Ga using a high
pressure nitrogen gas autoclave. A crystal growth rate of up to 0.1
mm/day was achieved, a rate comparable to the growth of GaN
from solution or by the ammonothermal method. As a source
of Al the previously synthesized polycrystalline AlyGa1−yN was
used.

To grow AlxGa1−xN single crystals, the previously sintered pel-
let of AlyGa1−yN was placed in Ga in the upper part of a graphite
crucible and this assembly was introduced into the gas pressure
chamber (Figure1.20). By applying a thermal gradient of about
20 K/cm at constant temperature for 6-7 days, AlxGa1−xN crys-
tals grew in the colder part of the crucible. The crucible had an
internal diameter of 14 mm and was 70-mm long.

The grown crystals were up to 0.8x0.8x0.8 mm3 in size and were colorless, of a hexagonal habit, and of wurtzite
structure. The morphology of the crystals depends on the nitrogen pressure, temperature and temperature gradient.

Two methods have been employed to determine the composition: laser ablation mass spectrometry and a structure
refinement based on the X-ray diffraction data. No twinning or intergrowth could be detected. As the laser ablation
drilled a small hole into the crystals, the depth profile of the composition was monitored. Accordingly, the Ga/Al ratio
was found to be constant (±0.5 %) inside the crystals. There was satisfactory agreement between the composition
determined by these two methods.

In order to study the pressure-temperature (p-T) equilibrium of the (Al,Ga)N system, several experiments were per-
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formed at 5 to 10kbar nitrogen pressure and at a temperature of 1490-1780 ◦C. The symbols in Figure1.21 mark the
p-T parameters for which crystals of a particular composition were grown. The dashed lines are tentative lines for
constant Al composition, guided by the shape of the well-established equilibrium line for GaN. With increasing Al
content, growth of AlxGa1−xN crystals takes place at lower pressures than that required for GaN at the same tem-
perature. By choosing the appropriate pressure and temperature conditions, AlxGa1−xN crystals with a particular Al
composition could be grown. For example, to grow crystals with x = 0.62, the required conditions are 8.4 kbar and
1540 ◦C. By decreasing the pressure to approx. 2.54 kbar and maintaining almost the same temperature of 1550 ◦C,
crystals with x = 0.85 could be synthesized.

Figure 1.21: Equilibrium pressure of N2 over GaN and AlxGa1−xN esti-
mated experimentally for various Al ratios as a function of the temperature.
Each symbol is derived from a separate growth experiment. Dashed lines
are guides to the eye for constant composition x.
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2.1 Tunable quantum dots in nanostructured graphene

J. Güttinger, F. Molitor, E. Schurtenberger, C. Stampfer, T. Ihn, and K. Ensslin

Graphene is a promising material to investigate mesoscopic phenomena in two dimensions (2D). Unique electronic
properties, such as massless carriers, electron-hole symmetry near the charge neutrality point, and weak spin orbit
coupling makes graphene interesting for high mobility electronics, for tracing quantum electrodynamics in 2D solids,
and for the realization of spin qubits. While diffusive transport in graphene and the anomalous quantum Hall effect
have been investigated intensively, graphene quantum dots are still in their infancy from an experimental point of
view. This is mainly due to diffculties in creating tunable quantum dots in graphene because of the absence of an
energy gap. Also, phenomena related to Klein tunneling make it hard to confine carriers laterally using electrostatic
potentials.

The nanodevice shown in Fig. 2.1 has been fabricated from graphene, which has been extracted from bulk graphite by
mechanical exfoliation onto 300 nm SiO2 on n-Si. Raman imaging is applied to verify the single-layer character of the
investigated devices. PMMA (polymethylmethacrylate) is then spun onto the samples and electron-beam lithography
is used to pattern the etch mask for the graphene devices. Reactive ion etching based on an Ar / O2 plasma is
introduced to etch away unprotected graphene. The scanning force microscope image of the etched graphene structure
after removing the residual PMMA is shown in Fig. 2.1. Finally, the graphene device is contacted by e-beam patterned
2 nm Ti and 50 nm Au electrodes.

Figure 2.1: Scanning force microscopy image of the graphene
single electron transistor after RIE etching. The gold contacts to
the various parts of the graphene devices are indicated in yellow.
The current flows from source to drain contact. The back gate
is used to tune the overall Fermi level in the system. Side gates
SG1 and SG2 allow to tune the tunnel barriers and the plunger
gate PG is used to tune the charge on the island.

Figure 2.2: Coulomb diamonds in differential conductance rep-
resented in a logarithmic color scale plot. Dark regions repre-
sent low conductance. A dc bias with a small ac modulation is
applied symmetrically across the dot, and the current through
the dot is measured.

Transport measurements have been performed in a variable temperature He cryostat at a base temperature of 1.7
K. Before the cool down, the sample has been baked in vacuum at 135 ◦C for 12 h. We have measured the two-
terminal conductance through the dot by applying a small symmetric dc or ac bias voltage Vbias. At high bias, the
backgate characteristics clearly reveal the charge neutrality point of the graphene material. Such measurements are
used to adjust the useful range of the back gate voltage. By sweeping the side gate voltages VSG1 and VSG2 to a
regime where the back ground current is significantly suppressed, the plunger gate VPG can be used to trace Coulomb
resonances.

Coulomb diamond measurements, i.e., measurements of the differential conductance as function of symmetric bias
voltage Vbias and plunger gate voltage VPG, are shown in Fig. 2.2. The elevated background at the left and right
sides is due to barrier dependent conductance modulations. Please note that within the swept plunger gate voltage
range, no charge rearrangements have been observed. From the extent of the diamonds in bias direction, we estimate
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the charging energy of the graphene dot to be about 3.5 meV. This charging energy corresponds to a capacitance of
the dot C = 45.8 aF in agreement with estimates based on its geometrical size.

2.2 Scanning gate microscopy measurements on a superconducting single electron
transistor

M. Huefner, C. May, R. Monnier, K. Ensslin, and T. Ihn, in collaboration with M. Hilke, McGill University, Canada; K. Suter and N. de Rooij, EPFL, Switzer-

land; U. Staufer, TU. Delft, The Netherlands

In semiconductor quantum dots there are two dominant energy scales, namely, the charging energy, which depends on
the capacitance and therefore the geometry of the dot and its gate electrodes including the tip, and the single-particle
level spacing arising from the quantum mechanical confinement of the system. In metallic single electron transistors
(SETs) the single-particle level spacing is orders of magnitude too small for being observable. For superconducting
single electron transistors new energy scales enter the problem, namely, the energy gap ∆ of the superconductor, and
the Josephson energy EJ .

Here we present scanning gate measurements performed on a superconducting SET. Spatial images of the differential
conductance give insight into the interaction potential between the tip and the electrons in the SET. We investigate
in detail how the charging energy as well the superconducting gap of the SET island depend on tip position and the
voltage applied to the tip.

Figure 2.3: Scanning gate measurements for different magnetic fields. The tip sample distance is around 50 nm, VG = 0 V and VSD = 1.5 mV.
The scanned area is 1.51 µm x 1.51 µm (a) at B = 0.5 T and (b) at B = 0 T. The insets show crossections at the position of the grey dotted line.
The white lines in (a) mark the approximate position of source, drain and SET of the structure.

Fig. 2.3 shows scanning gate measurements taken at two different magnetic fields. Let us start by discussing the SET
in the normal conducting state. Fig. 2.3 (a) shows a scanning gate image taken at a magnetic field of B = 0.5 T which
drives Al into the normal conducting state. We observe concentric ring-shaped features. The island itself is expected to
be located at the center of the concentric rings. The inset shows a cross-section through the scanning gate image taken
along the dashed line in Fig. 2.3 (a). Fig. 2.3 (b) shows a scanning gate measurement of the same scan frame as in
Fig. 2.3 (a) but in the situation where the SET is in the superconducting state. Since the two measurements have been
carried out one right after another and no charge rearrangements were observed, we can assume the SET to be in the
same now superconducting state until the clearly visible charge rearrangement in the last quarter of the measurement
in the superconducting state takes place. The signature of superconductivity at this source drain voltage is the splitting
of the resonance rings. Every single ring splits up into two when the SET is scanned in the superconducting state.
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This finding is consistent with the features observed in the Coulomb diamonds. Since the number of features as well
as their spacing is the same for the superconducting and normal conducting state, we know that we can controllably
load single electrons onto the SET by scanning the tip.

2.3 Charge detection in graphene quantum dots

J. Güttinger, C. Stampfer, S. Hellmüller, F. Molitor, T. Ihn, and K. Ensslin

By etching graphene it is possible to make tunable graphene nanodevices, as it has been shown by the fabrication of
graphene nanoribbons, interference devices, and graphene quantum dots. For semiconductor systems electrostatically
coupled quantum systems have been realized. The capacitive coupling between neighboring systems can be used
to perform a read-out of the charged state of one system (typically a quantum dot) with another system (typically a
quantum point contact). Here we set out to realize a similar quantum circuit in an all graphene system.

Figure 2.4: Scanning force micrograph of the measured device. The central island is connected to source S and drain D contacts by two
constrictions. The diameter of the dot is 200 nm and the constrictions are 35 nm wide. The graphene nanoribbon acts as charge detector (CD).
Three lateral gates B1, B2, and PG are used to tune the devices.

Figure 2.5: (a) Dot conductance Gqd and (b) charge detector conductance Gcd as a function of plunger gate voltage Vpg for a fixed back
gate voltage VBG = 6.5 V. The arrows indicate Coulomb blockade resonances that can be hardly measured by conventional means because the
current levels are too low. (b) However, they can be detected by the charge detector (CD).

Fig. 2.4 shows a scanning force microscope image of the all graphene structure. The quantum dot device consists of
two 35 nm wide graphene constrictions separating source (S) and drain (D) contacts from the graphene island with a
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diameter of 200 nm. The constrictions and the island are electrostatically tuned independently by two barrier gates
(B1) and (B2), and a plunger gate (PG), respectively. The highly doped silicon back gate (BG) allows to adjust the
overall Fermi level. In addition, we placed a 45 nm wide graphene nanoribbon 60 nm next to the island, which acts
as a charge detector (CD), as shown below.

Fig. 2.5 (a) shows almost equidistantly spaced Coulomb blockade resonances as a function of plunger gate voltage
Vpg. The strong modulation of the conductance peak amplitudes is due to superimposed resonances in the graphene
constrictions defining the island.

In Fig. 2.5 (b) we plot the simultaneously measured conductance through the nearby CD for the same plunger gate
voltage range. On top of the peak-shaped charge detector resonance we observe conductance steps that are well
aligned (see dotted lines) with single charging events on the nearby quantum dot. The conductance step is related to
a shift in the charge detector resonance with respect to the plunger gate voltage.

Here we demonstrated the functionality of an integrated graphene CD based on a nanoribbon nearby a graphene QD.
We confirm the detection of charging events in regimes where Coulomb blockade resonances can hardly be resolved
because the current levels are too low, see e.g., arrows in Fig. 2.5 (a). In contrast to state-of-the art quantum-point
contact charge detectors, we do not make use of slopes between quantized conductance plateaus. We rather use local
resonances in the graphene nanoribbon to detect charging. We anticipate that this technique will play an important
role for the investigation of the electron-hole crossover and spin states in graphene QDs.

2.4 Observation of excited states in a graphene quantum dot

S. Schnez, F. Molitor, C. Stampfer, J. Güttinger, I. Shorubalko, T. Ihn, and K. Ensslin

The identification of individual orbital quantum states, well established in GaAs quantum dot devices, has so far
remained on the wish list of physicists aiming at quantum information processing with graphene.

The experiments were carried out in a dilution refrigerator at a base temperature of 40 mK. Coulomb diamond mea-
surements, i.e., plots of the differential conductance as a function of the quantum dot bias voltage and plunger gate
voltage are shown in Fig. 2.6. Within this plunger gate voltage range, no charge rearrangements were observed and
the sample was stable for more than two weeks. We extract a typical energy scale of the order of 10 meV.

Excited states appear in Fig. 2.6 (a) as distinct lines of increased conductance running parallel to the edge of the
Coulomb diamonds. Fig. 2.6 (b) showing a closeup of Fig. 2.6 (a) allows to extract an excitation energy 1.6 meV as
marked by the white arrow. A line cut (dashed line) presented in the left panel of Fig. 2.6 (b) shows the peak of the
excited state at finite bias. The broadening of the peak significantly exceeds thermal broadening and might be due to
the energy dependent coupling of the excited state to the graphene leads. Fig. 2.6 (c) shows two Coulomb diamonds at
lower plunger gate voltage, where more than one excited state is observed as a function of increasing energy, as shown
by pairs of dashed lines. These excitations are found at energies of around 1.6 and 3.3 meV (black dashed lines) and
2.1 and 4.2 meV (white dashed lines), respectively. The observation of excitations at finite source-drain voltage finds
support by the detection of inelastic cotunneling onsets at lower bias. Inside the upper Coulomb diamond of Fig. 2.6
(c), we distinguish between regions of suppressed and slightly elevated conductance separated by the dotted line. The
edge of this conductance step is aligned with the first excited state outside the diamond at an energy of 1.6 meV as
highlighted by an arrow.
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Figure 2.6: (a) Differential conductance as a function of source-drain voltage Vbias and plunger gate voltage VPG. (b) The right panel is a
zoom of the framed area in (a). An excited state is clearly visible (white arrow). A cut along the dashed line at Vbias = −2.87mV is shown
in the left panel. (c) Stability diagram at different plunger gate voltages. Several excited states are visible as shown by dashed lines. In the
upper diamond, regions of higher conductance (in the left part of the diamond) can be seen. This is interpreted as a signature of cotunneling in
a graphene quantum dot (see arrow).

2.5 Self-aligned charge read-out for InAs nanowire quantum dots

I. Shorubalko, R. Leturcq, A. Pfund, D. Tyndall, R. Krischek, T. Ihn, and K. Ensslin, in collaboration with S. Schön, FIRST lab, ETH Zurich

The control and measurement of individual charges via transport experiments through semiconductor quantum dots
(QD) have been complemented by so-called charge detection via a nearby quantum point contact (QPC). These devices
are typically realized in two-dimensional electron gases in AlGaAs/GaAs heterostructures. The QPC is placed in close
vicinity to the QD giving rise to a strong capacitive coupling between the two systems. The QPC is tuned to a regime
where its conductance is a steep function of a gate voltage.

QDs in InAs nanowires represent another fascinating avenue to realize high quality electronic nanostructures. The
bandstructure of InAs gives rise to strong spin-orbit interactions and large confinement energies caused by the small
effective mass of the conduction band electrons. This makes QDs in InAs nanowires excellent candidates for spin
qubits especially in view of electric field-induced spin manipulation.

We set out to realize a charge read-out for QDs in InAs nanowires with optimized coupling and sensing ability. An
InAs nanowire is deposited on top of a shallow 2DEG. The QD in the InAs nanowire and the QPC in the underlying
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Figure 2.7: Scanning electron microscope image of the etched
sample structure. The white bar has a length of 200 nm. The
top nanowire (colored magenta between S and D) is reduced in
width in the center where the QD forms between two barriers.
The blue lines define insulating barriers in the underlying elec-
tron gas. Contacts S and D are source and drain contacts of the
nanowire. Contacts L and R are the lateral gates to tune the
electronic width of the QPC.

Figure 2.8: Conductance of the quantum point contact in the
parameter regime where one electron is added to the InAs
nanowire quantum dot.

2DEG are defined in a single-etching step. This way the alignment of the two devices is guaranteed and strong
coupling is ensured.

The sample structure looks as shown in Fig. 2.7. The etching parameters are carefully optimized such that the
constrictions in the nanowire form tunnel barriers suitable for operation of the dot while the etched trenches in the
2DEG underneath are deep enough to act as laterally insulating barriers.

The conductance of the QPC GQPC is shown in Fig. 2.8. For each additional electron entering the quantum dot, the
QPC current changes by about 20-50%. This extraordinaryly strong signal is useful for time-resolved measurements
and for studies of back action between the two quantum devices.

2.6 Observation of excited states in a p-type GaAs quantum dot

Y. Komijani, M. Csontos, T. Ihn, K. Ensslin, D. Reuter, and A. D. Wieck, in collaboration with D. Reuter, and A. D. Wieck, Univ. of Bochum, Germany

Quantum dots implemented in GaAs heterostructures represent promising candidates for the experimental realization
of quantum computation, as well as various spintronic devices. However, research based on electronic transport
through such small conducting islands has been, so far, almost exclusively focused on quantum dots defined on n-type
GaAs heterostructures. The recently emerging interest in low-dimensional hole-doped systems arises primarily from
the fact that spin-orbit as well as carrier-carrier Coulomb interaction effects are more pronounced in such systems
compared to the more established n-doped systems. The main reason for this is that holes have a much higher
effective mass than electrons, and thus a smaller Fermi energy. This enables the investigation of novel regimes with
much higher relative interaction strength.

The sample was patterned in the 2DHG by local anodic oxidation lithography. The bright oxide lines displayed in
Fig. 2.9 (a) are created on the wafer surface by using the charged tip of an atomic force microscope (AFM) in a humid
environment. Oxide lines as high as 15 nm are able to locally deplete the 2DHG situated 45 nm below the surface
separating the 2DHG into laterally disconnected regions which are individually connected to metallic leads. Voltages
in the range of 200mV can be applied between separated regions without any significant leakage current across the
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(b)(b)

Figure 2.9: (a) AFM image of the sample topology. The 15nm high oxide lines are prepared by local anodic oxidation and create insulating
barriers in the underlying 2DHG separating it into electrically disconnected areas. The dashed circle indicates the location of the QD which is
connected to source and drain contacts by two QPCs. The couplings of the dot to the leads are tuned individually by the in-plane gates qpc1 and
qpc2 while the electrochemical potential of the dot can be varied by applying a voltage on the nearby plunger gate. (b) High-resolution scan
of a Coulomb diamond. The parallel lines of higher conductivity outside the diamonds are attributed to sequential elastic tunneling through
single-particle excited states of the dot. The corresponding excitation energies of the levels are also indicated.

oxide line. A small quantum dot is formed between the source (S) and drain (D) leads. The coupling of the dot to
S and D through two quantum point contacts (QPCs) can be tuned individually by applying voltages on the nearby
in-plane gates qpc1 and qpc2. The third in-plane plunger gate PG is used to align the electrochemical potential and
thus the number of the confined holes in the dot with respect to the electrochemical potentials in S and D.

The transport experiments were carried out at 60mK base temperature of a standard dilution refrigerator. The two-
terminal electrical conductance was measured by the simultaneous application of a symmetrical ac bias with an am-
plitude of 20 µV at 31Hz lock-in frequency and dc biases up to 2mV between S and D.

A refined Coulomb diamond scan was perform for the data presented in Fig. 2.9 (b). Apart from a small displacement
due to a background charge rearrangement at Vpg ≈ 4.5meV the three diamonds in Fig. 2.9 (b) show outside the
diamonds, parallel to the edges, lines of higher differential conductance. Apart from the missing left-side counterpart
of the right-hand side line at ≈380 µeV which reveals the weak coupling of the excited states to the leads, the
well-visible left-right symmetry of the line distribution excludes an alternative explanation in terms of resonances
in the random potential landscape of the leads. One can, therefore, unambiguously attribute these lines to elastic
sequential tunneling through the single-level excited states of the dot. The weak coupling of the excited states made
the simultaneous detection of second-order current steps in the Coulomb blockaded region, characteristic to inelastic
co-tunneling via the excited states, difficult. However, a faint contrast in the middle of the Coulomb diamonds was
found in the strongly coupled regime where the connecting excited-state lines outside the diamonds were no longer
resolvable.

2.7 Detecting terahertz current fluctuations in a quantum point contact using a
nanowire quantum dot

S. Gustavsson, I. Shorubalko, R. Leturcq, T. Ihn, and K. Ensslin, in collaboration with S. Schön, FIRST lab, ETH Zurich

Charge detection with single-electron precision provides a highly-sensitive method for probing properties of meso-
scopic structures. If the detector bandwidth is larger than the timescale of the tunneling electrons, single-electron
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transitions may be detected in real-time. The sample is the same as the one presented in Fig. 2.7.

Figure 2.10: (a) Energy level diagram describing the absorption process. The electron in the QD is excited due to photon absorption, which
allows it to tunnel out to the lead. (b) Quantum dot excitations, measured versus QPC bias voltage. The main peak at zero chemical potential
is due to equilibrium fluctuations between the source lead and the QD. As the gate voltage VL is increased, the electrochemical potential of the
QD drops below the Fermi level of the lead and only tunneling processes involving QD excitations become possible. Photon absorption is only
possible for QPC bias voltages higher than the QD level separation ∆E, giving rise to the shoulderlike features appearing at high VQPC .

We discuss the QD configuration used for probing the radiation of the QPC. Since the QD level spectrum is not
tunable, we can only drive transitions at fixed frequencies corresponding to excited states in the QD. Fig. 2.10 (a)
shows the level configuration of the system, with the QD electrochemical potential below the Fermi level of the leads.
The tunneling barriers are highly asymmetric, with the barrier connecting the QD to the drain lead being almost
completely pinched off. We do not apply any bias voltage to the QD. The system is in Coulomb blockade, but by
absorbing a photon the QD may be put into an excited state with electrochemical potential above the Fermi energy of
the leads. From here, the electron may leave to the source contact, the QD is refilled and the cycle may be repeated.

In Fig. 2.10 (b) we plot the electron count rate versus QD potential and QPC bias. The peak at zero chemical
potential is due to equilibrium fluctuations between the QD and the source contact, with the width set by the electron
temperature in the lead. As the QPC bias is increased above 2.5 mV, a shoulder appears in the region of negative
chemical potential. This is consistent with the picture in Fig. 2.10 (a). We need to apply a QPC bias larger than the
single-level spacing for the photon-assisted tunneling to become possible. The width of the shoulder is set byE = 2.5
meV and is therefore expected to be independent of QPC bias. The apparent smearing of the features in Fig. 2.10
(b) is due to temperature and tuning of the tunneling rates. The picture is symmetric with respect to VQPC , meaning
that the emission and absorption processes do not depend on the direction of the QPC current. The lack of data points
around VQPC = 0 V is due to the fact that the low QPC bias prevents the operation of the QPC as a charge detector.
Due to the asymmetric coupling of the QD to the source and drain lead, we could not make a direct confirmation of the
existence of an excited state with ∆E = 2.5 meV using finite bias spectroscopy. However, the value is consistent with
excited states found in Coulomb diamond measurements in regimes where the tunnel barriers are more symmetric.
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2.8 Time-resolved detection of single-electron interference

S. Gustavsson, M. Studer, R. Leturcq, T. Ihn, K. Ensslin, in collaboration with D. C. Driscoll and A. C. Gossard, University of California, Santa Barbara, USA

One of the cornerstone concepts of quantum mechanics is the superposition principle as demonstrated in the doubleslit
experiment. The partial waves of individual particles passing a double slit interfere with each other. The ensemble
average of many particles detected on a screen agrees with the interference pattern calculated using propagating waves
(Fig. 2.11 (a)). This has been demonstrated for photons, electrons in vacuum and more massive objects like C60-
molecules. The Aharonov-Bohm (AB) geometry provides an analogous experiment in solid-state systems. Partial
waves passing the arms of a ring acquire a phase difference due to a magnetic flux, enclosed by the two paths (Fig.
2.11 (b)).

Figure 2.11: (a) Setup of a traditional double-slit experiment. Electrons passing through the two slits give rise to interference pattern on
the observation screen. (b) Schematic drawing of the setup used for measuring single-electron Aharonov-Bohm interference. Electrons are
injected from the source lead, tunnel through QD1 and end up in QD2, where they are detected. The interference pattern is due to the applied
B-field, which introduce a phase difference between the left and right arm connecting the two quantum dots. (c) Double quantum dot used in
the experiment. Yellow lines are written with a scanning force microscope on top of a semiconductor heterostructure and represent the potential
landscape for the electrons. The QDs (marked by 1 and 2) are connected by two separate arms, allowing partial waves taking different paths to
interfere. The current in the nearby QPC (IQPC) is used to monitor the electron population in the system.

The sample was fabricated by local oxidation of the surface of a GaAs/AlGaAs heterostructure containing a two-
dimensional electron gas 34 nm below the surface. Following the sketch in Fig. 2.11 (b), electrons are provided from
the source lead, tunnel into QD1 and pass on to QD2 through either of the two arms. Upon arriving in QD2, the
electrons are detected in real-time by operating a near-by quantum point contact (QPC) as a charge detector. Coulomb
blockade prohibits more than one excess electron to populate the structure, implying that the first electron must leave
to the drain before a new one can enter. This enables time-resolved operation of the charge detector and ensures that
we measure interference due to individual electrons.

The electrons travel one-by-one through the system but still build up a well-pronounced interference pattern with
period 130 mT as seen in Fig. 2.12. This corresponds well to one flux quantum penetrating the area enclosed by the
two paths. The visibility of the AB oscillations is higher than 90%, which is a remarkably large number demonstrating
the high degree of phase coherence in the system. We attribute the high visibility to the short time available for the
cotunneling process and to strong suppression of electrons being backscattered in the reverse direction, which is
otherwise present in AB experiments. Another requirement for the high visibility is that the two tunnel barriers
connecting the QDs are carefully symmetrized. The overall decay of the maxima of the AB oscillation with increasing
B is probably due to magnetic field effects on the orbital wave functions in QD1 and QD2.

The dephasing of open QD systems is thought to be due to electron-electron interaction, giving dephasing rates that
depend strongly on temperature. Fig. 2.12 shows the temperature dependence of the AB oscillations in our system.
The amplitude of the oscillations remains almost unaffected up to ≈ 400 mK, indicating that the coherence is not
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Figure 2.12: Aharonov-Bohm (AB) oscillations measured at different temperatures. At ≈ 400 mK, the visibility of the oscillations drops
drastically.

affected by temperature until the thermal energy becomes comparable to the single-particle level spacing of the QDs.
We conclude that the decreased visibility at higher temperatures is due to an increase in thermal fluctuations of the
QD population.

We have demonstrated interference of single electrons in a semiconductor system. Such experiments have so far
been limited to photons or massive particles in a high-vacuum environment to decouple the quantum mechanical
degrees of freedom as much as possible from the environment. Our experiments demonstrate the exquisite control of
modern semiconductor nanostructures which enables interference experiment at the level of single quasi-particles in
a solid-state environment.

2.9 Statistical electron excitation in a double quantum dot induced by two inde-
pendent quantum point contacts

U. Gasser, S. Gustavsson, B. Küng, K. Ensslin, T. Ihn, in collaboration with D. C. Driscoll and A. C. Gossard, University of California, Santa Barbara, USA

The application of a quantum point contact (QPC) as a source of energy to drive interdot electronic transitions in a
double quantum dot (DQD) was recently realized. These experiments were explained in terms of acoustic phonon
based energy transfer between the QPC and the DQD circuits.

The sample shown in Fig. 2.13 is based on a GaAs/AlGaAs heterostructure with a two-dimensional electron gas
2DEG 34 nm below the surface. It was fabricated by double layer local oxidation with a scanning force microscope
(SFM). The 2DEG is depleted below the oxide lines written on the GaAs surface (white lines in Fig. 2.13 (a)). A 4
nm titanium film was evaporated and patterned by local oxidation to create mutually isolated top gates indicated by
the dashed lines in Fig. 2.13 (a). The confinement potential produced by the top gates and the oxide lines is shown
in the contour plot in Fig. 2.13 (b). It was calculated assuming a pinned surface model using the lithographic sizes
of the gates measured after the sample was fabricated. It shows an approximately circular symmetry for the dots with
the left quantum dot being slightly larger than the right one.

Fig. 2.14 shows the dot current versus detuning. The black data points in Fig. 2.14 (a) were taken with zero bias
applied to the DQD as well as to QPC1 and QPC2. No measurable current above the noise level is detected. When
a dc current of 50 nA is driven through QPC1, an asymmetric peak with a maximum of about 125 fA along the
detuning line is observed (blue points in Fig. 2.14 (a)). This effect is strongly enhanced if the current through QPC1
is further increased to 75 (green points) and 100 nA (red points). A similar but significantly more pronounced effect is
observed if QPC2 is driven, as shown in Fig. 2.14 (b). Moreover, for negative detuning a small negative DQD current
is observed. QPC2 is more sensitive as a charge readout and it has a stronger effect on the DQD.
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Figure 2.13: (a) SFM image of the sample. In-plane gates are defined by the thick white lines while titanium oxide lines are indicated by
dashed lines. Top gates are labeled with black letters. The QDs are indicated with red circles. The yellow arrows indicate the positive direction
of the current in the QPCs. (b) Calculated electrostatic potential in the 2DEG generated by the oxide lines and the top gates.

Figure 2.14: Current through the DQD along the detuning line: (a) for different QPC1 and (b) different QPC2 currents. Fits are plotted with
solid lines.

The possible mechanisms of the pumping effect are coupling to acoustic or optical phonons, plasmons, photons, shot
noise, or thermopower effect. Scattering with optical phonons is strongly suppressed as long as the relevant energy
scales are smaller than the optical phonon energy. Coupling to plasmons can be ruled out as well. We can also exclude
the shot noise as a source of the energy because during the experiment both QPCs were tuned to their first plateau.

We have established the possible dominant mechanism of energy transfer between the double quantum dot and the
quantum point contact in the investigated regime. Driving current through the QPC leads to emission of energy that
increases the temperature of the bosonic environment. We identify these bosons as acoustic phonons. To model the
interaction of the phonons with the double quantum dot, we have assumed that their energy distribution is described
by Bose-Einstein statistics. Another important point is a non-additive effect of both QPC currents. It is understood in
terms of the temperature of the bosonic bath. We find that the DQD current is proportional to the power emitted by
the QPCs.
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2.10 Spin-orbit interaction and spin relaxation in a two-dimensional electron gas

M. Studer, and K. Ensslin, in collaboration with G. Salis, IBM Zurich, and S. Schön, FIRST lab, ETH Zurich

The possibility to manipulate spins in semiconductors is a requirement for future spin-based information processing.
Using the spin-orbit interaction is a promising way to precisely control spin polarization because of its simple principle
based on external gate electrodes.

Figure 2.15: (a) The InGaAs/GaAs QW is shaped into a cross with 150 nm wide arms contacted by ohmic contacts. Additional contacts on
one arm of the cross allow a four-point measurement of the voltage drop Vxx and the determination of electron sheet density and mobility. (b)
θ and Φ are the angles of the magnetic and electric fields with respect to the [1-10] axis. Btot is the vector sum of the external magnetic field
and the two SO effective magnetic field contributions.

The 2DEG we use in this work is located in an InGaAs/GaAs QW. Electrons are confined to a 20-nm thick InGaAs
layer that is n-doped to ensure a small electron scattering time such that we are in the dirty limit of the SO interaction,
where the frequency of spin precession about the SO fields is small compared with the momentum scattering rate.

We obtain the resistivity of the 2DEG during optical experiments by monitoring the ratio of the voltage drop Vxx and
the current I0 through one arm of the cross [Fig. 2.15 (a)]. An external magnetic field Bext is applied in the direction
Θ as seen in Fig. 2.15 (b). Because of the different angular dependencies of the Rashba and Dresselhaus spin-orbit
fields, the two contributions can be distinguished.

We have measured the spin orbit interaction coefficients and found no significant temperature dependence. From
the Rashba and Dresselhaus coefficients, the measured Hall mobility and the anisotropy in 1/T ∗2 , we estimate the
contribution from Dyakonov-Perelspin dephasing and find that this mechanism alone cannot explain the measured
1/T ∗2 . From a linear increase in 1/T ∗2 with Bext, we identify an inhomogeneous broadening from a spread in the
electron g factor. These effects do not account for all of the measured spin-dephasing rate. We speculate that Elliott-
Yafet or aninhomogeneous spin-orbit field might induce an additional isotropic contribution. A more detailed study
of the nature of the elastic and inelastic electron-scattering mechanisms involved might facilitate an exact attribution
to the different decay mechanisms.
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2.11 Dynamics of coupled spins in quantum dots with strong spin-orbit interaction

A. Pfund, I. Shorubalko, R. Leturcq, and K. Ensslin

Double quantum dots (DQDs) are considered as model systems for quantum bits (qubits) in spin-based solid-state
quantum computation schemes.

Figure 2.16: Number of pumped electrons per cycle as a function of the time spent in (1,1). (a) Dependent on the external field, the average
number of electrons shows oscillations with a period 9.4 ns and characteristic decay time of 25ns for 0 mT and 45 ns in 100 mT. (b) When
changing the initialization state of the cycle, the phase of the oscillations changes by Π.

We employ a charge pumping scheme to measure the time dependence of two-electron spin states by transport through
the DQD. When the system contains two excess electrons, the Pauli exclusion principle suppresses certain transitions.
This spin-blockade (SB) can be used to electrically determine the spin state.

We investigate a DQD formed by lithographically defined top gates on an epitaxially grown InAs nanowire. To probe
the time evolution of the spin states, we use pumping cycles where single electrons are shuttled through the DQD. Fast
ns pulses are applied to the gates in a loop around the (0,1),(-1,1)(-1,2)-triple point in the charge stability diagram.
The pumped current is measured with zero bias across the device and is strongly reduced in the blockaded direction
compared to cycling in the opposite way, which reflects the spin transition rules leading to the SB.

The number of pumped charges is shown as a function of the time spend in the (1,1) state, see 2.16 (a). The total cycle
time is constant (140 ns) in a regime, where the signal only depends on t(1,1) [t(0,2)=20 ns] is fixed. The oscillation
period does not vary with magnetic field, but the decay is changed. A purely exponentially decaying function cannot
be fitted to the amplitude. Nevertheless it allows to estimate a decay time, which increases monotonically from 25 ns
at 0T to 45 ns at 100 mT. A detection of coherent oscillations in the pumping scheme would imply a selective state
preparation. In 2.16 (b) we observe a striking dependence of the phase of the oscillations on the way the two-electron
state is loaded. Moving the initial state from (0,1) t0 (1,2) in the charge stability diagram results in a phase shift of Π.
In both cases, the charge is pumped in the direction of spin blockade.
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3.1 Low-Voltage Field Emission Scanning Electron Microscope

T. Kirk, U. Ramsperger, D.Pescia

R. D. Young (R. D. Young, J. Ward, and F. Scire, Rev. Sci. Instrum. 37, 43, 999 (1972)) was the first to employ a
field emission (FE) current between a sharp metallic tip and sample to resolve surface features, as small as 400nm. In
the experiment proposed by Young, a tip is brought in close proximity to the sample surface until the desired current
is achieved. The tip is then rastered along the surface at the set current, which is maintained by a feedback controller
that adjusts the vertical piezo voltage accordingly. The voltage applied is much larger than the work function of the
emitting material, which results in an I-V relation consistent with Fowler-Nordheim field emission law. This primary
beam of electrons impinges the surface at a well-defined area and undergoes elastic as well as inelastic collisions
penetrating the top most layer of the surface ( 1nm). The ejected secondary electrons from the collisions were col-
lected using an electron multiplier. The electron intensity from the electron multiplier signal displays the surface
topography. Young was aware that decreasing the tip radius and the tip sample separation would increase the reso-
lution; however Binnig and Rohrer were the first to implement these conditions in the MVM (metal-vacuum-metal
tunneling) regime. The vertical motion of the tip in constant current mode, as described above, was used to determine
surface topography instead of the secondary electron intensity, i.e. scanning tunneling microscope (STM) mode. Bin-
nig and Rohrer achieved atomic resolution, which initiated the birth of scanning probe microscopy. The experiments
involving Young’s Field Emission Scanning Microscopy (FESM) are the most significant to the current project. These
experiments show promising results as well as a variety of methods in the analysis of the secondary electrons which
even led to patents in some cases (H.W. Fink, Phys. Scripta 38, 260 (1988),B. Reihl and J. K. Gimzewski, Surf.
Sci. 189/190, 36 (1987), H.W. Fink, US patent 4954711, Frohn and Ibach, US patent 5099117, Kitamura, US patent
5438196, R. Palmer, US patent 6855926, G. Bednorz, US patent 4698502). A recent realization of the experiment
by Young is described e.g. in F. Festy et al., J. Appl. Phys. D: 34, 1849 (2001), which produced topographic images
with 40 nm lateral resolution. This group went further by analyzing the energy of the backscattered electrons and thus
were able to perform Electron Energy Loss Experiments with high spatial resolution. A study comparing scanning
electron microscopy (SEM) and STM (Ph. Niedermann and O Fisher,IEEE Transactions on Electrical Insulation, 24,
905 (1989)) exploits the benefits of near field FE-microscopy to bridge the gap between the two techniques. There
are two previous attempts to use FESM with spin polarization analysis of the secondary electrons. The experiment
by R. Allenspach at IBM measured a hysteresis loop with secondary electrons emitted by an STM tip FE-excitation
(R. Allenspach and A. Bischof, Appl. Phys. Lett. 54 54, 587 (1989) ). First et al. at NIST(P.N. First, J. Vac. Sci.
Technol. B 9 531 (1991) ) produced magnetic images using FESM and with a spatial resolution of about 50 nm. J.J.
Saenz et al., Appl. Phys. Lett. 14 65 (23) (1994) calculated the spatial resolution of an STM in field emission mode
from geometrical arguments, which is on the order of ≈

√
(R+ d) · d, where R is the tip Radius and d the distance

between tip and surface. Although the calculations do not take into consideration surface roughness or work function
dependence, it predicts a lateral resolution of a few nanometers. Fink has already achieved 3nm lateral resolution
on a polycrystalline gold surface by measuring the electron intensity from an electron multiplier. All these experi-
mental results point out that, although FE-SEMPA will not achieve atomic resolution, it is potentially an attractive
technique because it allows ”good” spatial resolution in combination with large area scans, which are often important
when both the spin configuration within a domain wall and within the interior of magnetic domains are investigated
simultaneously. Second, it measures directly the magnetization and is conceptually very close to SEMPA – a fact
that is important when distinguishing between topographic and magnetic contrast. In addition, it is contact free and,
being performed with a non-magnetic tip, hence it cannot affect the magnetic state of the sample one seeks to image.
Finally, it should offer a less cumbersome and inexpensive alternative to a conventional SEMPA instrument, which
uses ad hoc developed UHV electron guns which are very rare and prohibitively expensive.

Taryl Kirk and U. Ramsperger have designed and constructed a working prototype of an FE-microscope (without spin
analysis). This prototype is shown in Fig.1 schematically. An important improvement with respect to earlier designs
is the use of very sharp Tungsten tips with high FE yield (we thank Prof. W. Fink for his essential help in developing
these tips) and to the positioning of the scintillator in close proximity to the sample surface. The Tungsten tips are
made by the standard electro-chemical etching process, and we estimate a nominal tip radius of approximately 2nm.
We also took profit of the important fact (R. Palmer) that near field FE-excited electrons travel almost parallel to the
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Figure 3.1: Schematic diagram of the near field emission microscope and secondary electron detector. A primary electron beam is produced
via a STM-tip at energies ranging from 30 to 60 eV. The resultant secondary electrons are accelerated to the detector at glancing angles with
respect to the sample surface

surface. The preliminary images taken with our own self-made device (Fig.2) are very encouraging, in our opinion.
We are able to measure step edges 12-15nm wide, which is slightly larger than what we measure with the STM. We
expect this new instrument to make magnetic imaging at nanometer resolution available to a larger community than
presently. It represents a technological challenge that also have a high education value for those involved with it, as it
encompasses a large amount of self-development of new technology and/or integration of well-developed technologies
into one single innovative instrument.

Figure 3.2: Micrograph of a single crystal Cu(100)-surface. (a) 500 × 500 nm topographic image from the electron intensity of secondary
electrons. The primary beam energy was 47 eV with a field emission current of 50 nA, and the tip-sample separation was about 75 nm.
The image was scanned at constant height mode. Frequent jumps occurred during the scan, due to adsorbate movement between tip and
sample.(b) 300×300 nm topographic image froma STM with tunnel current of 0.1 nA and a bias of 200 mV. The two images show the similar,
characteristic disordered step-like features.
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3.2 Co deposition onto icosahedral Al-Pd-Mn quasicrystals

S. Burkardt, M. Erbudak, Y. Weisskopf

Figure 3.3: Dependence of the Kerr intensity on the Co deposit in monolayers.

We have evaporated Co onto the pentagonal surface of an icosahedral Al-Pd-Mn quasicrystal, kept at room temper-
ature. For submonolayer (ML) Co deposits, the growth of five AlCo domains is observed exposing their (110) faces
parallel to the surface and rotated azimuthally by 72◦ with respect to each other. For thicker layers, Co grows epi-
taxially on the AlCo domains in a novel body-centered cubic (bcc) structure. We extract the details of the growth
resulting in ordered nanostructures from low-energy electron diffraction (LEED) investigations. The ordering at the
atomic scale can be explained by a strain-relieved surface reconstruction of the Co film during growth. The hysteresis
loops obtained in magneto-optical Kerr effect measurements for different Co deposits show that the coercive force ,
i.e., anisotropic magnetization, is not dependent on the film thickness, as seen in the inset of Fig. 3.3. This observation
implies that the coupling of the magnetic moments is independent of the atomic coordination. The straight line in the
figure is a linear fit to the data points recorded for deposits between 1.5 and 6.5 ML, and the dotted line is a fit to
the magnetization values for 8.5 to 20 ML. The straight line passes approximately through the origin suggesting that
no magnetically dead layer is present. Thus, the entire Co film deposited onto the bcc AlCo domains formed in the
submonolayer regime is ferromagnetic.

3.3 Adsorption of oxygen on the decagonal Al-Co-Ni quasicrystal

S. Burkardt, M. Erbudak

We have detected an ordered formation of the oxygen layer upon high-temperature exposure of the decagonal surface
of the Al-Co-Ni quasicrystal. Like on the (111) surface of Al, oxygen exists in a state of dissociative adsorption
on this quasicrystalline surface even though the heat of formation is extremely large for Al2O3. This observation
complements those by other groups that have observed pseudomorphic growth for noble gases on the same surface.
We also have determined conditions for which oxygen chemically binds to Al of the quasicrystal and forms ordered
alumina layers. Measurements at different temperatures and oxygen doses show that alumina layers can be grown that
are thicker than one single atomic layer, because the diffusion of Al becomes possible at elevated temperatures and
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post-annealing of the surface layers establishes the crystalline order. We anticipate that these results may find some
application in quantum electronics.

3.4 Nanometer-size alumina substrates on quasicrystal surfaces

S. Burkardt, M. Erbudak

We have grown thin Al-oxide layers on the pentagonal surface of the icosahedral Al-Pd-Mn quasicrystal by selective
segregation epitaxy, in which Al segregates to the surface and is oxidized in a controlled way at a particular tem-
perature. The formed ultra-thin oxide domains are only a few nanometers in size and especially attractive because
of their thermodynamic stability, e.g. their chemical and mechanical robustness, they may act as nanosubstrates for
the growth of material in a laterally restricted size. The fabrication of quantum dots may become feasible with sub-
stances that would otherwise not grow in the desired small size. We have tested this novel approach for the growth of
low-dimensional systems using Al. LEED and secondary-electron imaging investigations show that Al nanocrystals
grow in their natural face-centered cubic structure and show their (111) faces parallel to the pentagonal surface of the
quasicrystal, while the in-plane orientation of the crystallites is random. Spot-profile analysis of the diffraction beams
indicate that the Al nanocrystals grow in 3 nm large domains up to a deposition thickness of ∼ 50 ML.

3.5 Simulation of structure formation on quasicrystals

S. Burkardt, M. Erbudak, M. Mungan

Figure 3.4: Overall adotom configuration at 3.5 ML coverage. Observe the different orientation of atom rows in the domains.

Using molecular dynamics simulations, we have studied the structure formation when atoms are deposited onto a
substrate with a quasicrystalline order. Keeping the substrate atoms as a rigid template, we investigate the three
dimensional adlayer growth up to a deposition that corresponds to ∼ 3.5 ML. We consider the deposition process
under conditions of very slow energy dissipation, leading to a large thermal relaxation time for the deposited atoms.
The interaction between the adatoms, like that between the adatoms and the substrate atoms, the ratio of which is
called η, is assumed to be pairwise and of Lennard-Jones type. For η = 1, our simulations show that the initial
lateral distribution of atoms is homogeneous giving rise to layer-by-layer growth. Larger values of η will increase the
probability for arriving new adatoms to be deposited on already present ones giving rise to a cluster-type growth. This
is encountered even for η = 1.2 resulting in a configuration where the adlayer structure, while well ordered, is highly
corrugated and does not fully cover the substrate. This configuration, shown in Fig. 3.4, exactly corresponds to what
we have observed in the growth of material on different surfaces of Al-Pd-Mn as well as Al-Co-Ni quasicrystals.
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4.1 Epitaxial IV-VI narrow-gap semiconductor layers and mid-IR devices

F. Felder, M. Fill, M. Rahim, D. Boye, A. Fognini, A. Khiar and H. Zogg

Epitaxial narrow gap lead chalcogenide (IV-VI) layers like PbX, Pb1−ySnyX, Pb1−yEuyX and Pb1−ySryX (X = Te,
Se) are investigated for applications and basic research. The band gaps of the active infrared layers range from < 0.1
to 0.4 eV (corresponding to wavelengths in the mid-IR range). Larger band gaps are realised with larger y values for
the cladding Pb1−yEuyX and Pb1−ySryX layers. All layers are grown by solid source molecular beam epitaxy (MBE)
onto Si(111)-substrates by employing a CaF2 buffer layer, or onto BaF2(111) substrates. The layers are heavily
lattice- and (for Si-substrates) thermal-expansion mismatched. Lead-chalcogenides are fault tolerant, and allow to
realize high quality mid-infrared optoelectronic devices even with such mismatched layers.
In addition, epitaxial Bragg mirrors with very high reflectivity over a broad spectral range are easily obtained with a
few quarter wavelength layers with alternating high and low refractive indices.

Vertical External Cavity Surface Emitting Laser (VECSEL)

VECSELs for the visible and near-infrared range are popular due to their easy fabrication, scalability, and good beam
quality. We realized the first VECSELs emitting above 3 µm wavelength. The devices were grown on BaF2 or Si
substrates, optically pumped with a commercial 1.55 µm wavelength laser diode, and operated up to 175 K. The active
layer was PbTe with emission wavelength around 5 µm. Recently, we built the first mid-IR VECSEL operating up to
above room temperature. A resonant design was chosen: The active part consists of a single 850 nm thick epitaxial
PbSe gain layer. It is followed by a 2.5 pair Pb1−yEuyTe/BaF2 Bragg mirror and an Al heat spreader layer. No
microstructural processing is needed. The device operates up to 45◦C with 100 ns pulses and delivers 6 mW output
power at 27◦C heat-sink temperature. Compared to edge-emitting mid-IR lasers like type-W or quantum cascade
lasers (QCL), the structure is remarkably simple, easily wavelength tunable and emission is into a narrow output
beam cone only.
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Figure 4.1: (left) Schematic representation of a PbSe-based IV-VI VECSEL. The curved Bragg mirror is used as output coupler. (right)
Light-in/light-out characteristics at different temperatures.
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Figure 4.2: Normalized PbSe based VECSEL lasing spectra at different heat sink temperatures.

Resonant Cavity Enhanced Detector (RCED)

A resonant cavity enhanced detector (RCED) is an embedded absorber layer within a Fabry-Perot cavity. It is sensitive
mainly at the resonance wavelengths, where it exhibits a high quantum efficiency. By changing the cavity length,
wavelength tuning is possible. We realized a RCED with movable MEMS micromirrors. Due to alloying the bandgap
of the Pb0.98Sr0.02Te absorber layer is blue-shifted. The total tunable range is ∼ 0.5 µm wide.
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Figure 4.3: Schematics of a RCED and measured spectra for different MEMS actuation voltages.

PbTe quantum dots in a CdTe-layer on Si(111)

Quantum dot infrared photodetectors (QDIP) have high sensitivity limits and are especially suited to be employed in
RCEDs. PbTe QDs are promising IV-VI candidates for this purpose. They may be embedded in a CdTe matrix. PbTe
is nearly lattice matched with CdTe but has a different crystal structure: The lattice is rocksalt for PbTe, while it is
zinkblende for CdTe. Coherent PbTe precipitates form since intermixing is avoided. PbTe QD in a CdTe matrix were
studied on different substrates, for example on GaAs(100). Here we present the formation of self assembled PbTe QD
in a CdTe matrix on Si(111). Fig. 2 shows the PL spectra of an ensemble of PbTe QD showing a blueshift with regard
to bulk PbTe as well as the calculated energies for a specific QD size.
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4.2 Thin-film Cu(In,Ga)Se2 and CdTe compound semiconductors solar cells

D. Bremaud*, S. Bücheler*, A. Chirila*, S. Seyrling*, R. Verma*, A.N.Tiwari* and H. Zogg

* Now at EMPA, Dübendorf, www.empa.ch/tfpv

Thin film solar cells based on Cu(In,Ga)Se2 (CIGS) and CdTe have potential to provide cost effective solar electricity.
Flexible and lightweight solar cells are interesting for a variety of terrestrial and space applications as they offer
potentially lower production cost and new application possibilities where lightweight, rollability, portability and high
specific power (kW/kg, ratio of output electrical power to the weight of the solar module) are desired.

Alternative buffer layers and deposition

State of the art high efficiency CIGS solar cells contain a thin cadmium sulphide buffer layer between cell absorber
and front contact. This buffer layer deposited by chemical bath deposition has limitations due to optical absorption
loses below 2.4 eV and is not ideal for continuous in-line manufacturability. Therefore alternative materials and depo-
sition processes are investigated and the properties of layers, heterojunctions, devices and meta-stabilities are studied
with various analytical tools.
Non-vacuum deposited indium sulfide layers are a promising low-cost option as alternative buffer layers in CIGS thin
film solar cells. The indium sulfide layers were grown by an ultrasonic spray pyrolysis method. Chemical analysis of
the sprayed In2S3 films by RBS and ERDA revealed Cl, O, N, and C impurities; their concentration decreases with
increasing substrate temperature and S excess in the solution. A chemical treatment of the as-deposited In2S3 buffer
layer on CIGS for 2 min in a aqueous solution containing cadmium acetate, thiourea, and ammonia showed an im-
provement of the solar cell performance. Two distinct effects were observed: an increase of the Voc and FF for middle-
high efficiency cells and for low efficiency cells additionally an increase in the Jsc. The external quantum efficiency
(EQE) measurements suggest that collection of charge carriers is drastically improved if the buffer layer is chemically
treated in Cd containing solution. The figure show the plan and cross-section of the polyimide/Mo/CIGS/(∼ 30nm)
In2S3 stack. It was observed that the In2S3 film only non-uniformly covers the rough CIGS surface, which resulted in
limited cell efficiencies. Furthermore the presence of intermediate residual Na(F) layer could be identified between
the CIGS and buffer layers, which originates from the NaF post deposition treatment after CIGS growth. The presence
of this residual layer is detrimental and a surface treatment method is needed to improve the interface properties of
the hetetrojunction. A best cell efficiency of 10.1% was achieved for the flexible CIGS cell with indium sulfide buffer
layer. This is 76% of the CdS reference cell, which yielded an efficiency of 13.2%.
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Figure 4.5: (left) Composition of layers on (111)-Si substrate deposited at different surface temperatures using solution of different In:S ratios
as derived from ERDA measurements. (right) External quantum efficiency (EQE) of Cu(In,Ga)Se2 based solar cells with different buffer layer:
(a) sprayed In2S3, (b) sprayed In2S3 with 2 min chemical treatment (CT), and (c) CBD-CdS buffer reference cell.

Figure 4.6: Surface morphology of the In2S3 film deposited on CIGS surface (a), and cross-section micrograph showing the presence of In2S3

buffer layer on CIGS film (b).

CdTe thin film solar cells by low-temperature deposition process

A highly resistive buffer layer between the front contact and the CdS layer in low temperature processed high vacuum
evaporation (HVE)-CdTe/CdS thin film solar cells was implemented in order to reduce the optical absorption losses.
An intrinsic ZnO layer, deposited by rf-magnetron sputtering, was used as high resistive transparent buffer layer. Sub-
strate temperature as well as chamber pressure strongly influence grain structure, layer thickness and compactness.
The growth rate of the layer increases with decreasing chamber pressure. X-ray diffraction revealed a preferred ori-
entation in (002) direction with average grain size of 30 nm. The CdCl2 layer thickness for the CdTe recrystallisation
treatment was optimized to the new configuration. All solar cell parameters improved significantly with increasing
CdCl2 thickness and saturated with CdCl2 thickness more than 400 nm. Best cell efficiency was 11.8%.

High growth rates for CIGS solar cells

We investigated the so-called three-stage vacuum evaporation process for the growth CIGS layers which yields the
highest efficiencies up to date. In order to enhance the deposition rates the process steps were scaled down in time
independently from each other. It was found that in each step very high deposition rates can lead to deterioration in
solar cell performance. In the 1st stage the main problem is attributed to the selenium pressure which must be chosen
appropriately high in order to avoid blisters forming due to stress relaxation. The 2nd stage was found to lead to
degradation only at very high deposition rates. The 3rd stage proved to be crucial and we found that the selenium
pressure needs to be extremely high in order to prevent the formation of copper whiskers which lead to shunts in the
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Figure 4.7: (left) SEM image of a CdTe thin film solar cell in superstrate configuration with highly resistive layer between the TCO and the
CdS n-type junction partner. (right) Efficiency of CdTe solar cells versus the CdCl2 layer thickness during the activation treatment.

devices. The microstructures of CIGS absorbers grown at high deposition rates are shown in the figure. Depicted
are the above described phenomena as the development of blisters and whiskers. Plots of cell efficiencies versus
deposition time show, that the deposition speed can be increased by a factor of ∼ 3-4 without a significant efficiency
loss if the modified three-stage process can be optimized further.

Figure 4.8: SEM micrographs (top) from CIGS films grown at high rates in the 1st stage (left), 2nd stage (middle) and 3rd stage (right) and
solar efficiency dependence on the deposition time (bottom).
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5.1 Evidence for coupling between charge-density-wave and phonons in
two-dimensional rare-earth tri-tellurides

M. Lavagnini, A. Sacchetti, R. Monnier and L. Degiorgi

work in collaboration with M. Baldini, D. Di Castro and P. Postorino, Università “La Sapienza” Rome, Italy, B. Delley, PSI-Villigen, Switzerland, J.-H. Chu, N.

Ru and I.R. Fisher, Stanford University, California, U.S.A.

The electron-phonon coupling is of fundamental relevance for the development of several types of charge ordering in
solids, of which the charge-density-wave (CDW) state, first predicted by Peierls, is an interesting realization. Peierls
argued that one-dimensional (1D) metals are intrinsically unstable, and that a new broken-symmetry ground state
results from the selfconsistent rearrangement of the electronic charge density in response to the (static) modulation
of the ionic positions. The new lattice periodicity leads moreover to the opening of a gap at the Fermi level. The
consequences of this intimate connection between electronic properties and lattice dynamics have been intensively
investigated in a number of prototype quasi-1D materials.

CDW’s have been observed in transition metal di- and trichalcogenides, in the ladder compounds Sr14−xCaxCu24O41

and in some copper oxide high temperature superconductors (where they are known as “stripes") as well, suggesting
that similar effects are to be expected also in layered quasi-2D systems. A recent theoretical study confirms that
this is indeed the case, and that two orthogonal CDW’s may even combine to generate a checkerboard-like charge
pattern. However, high temperature superconductors are bad candidates for a systematic study of the interplay between
electronic and phononic degrees of freedom in quasi-2D materials, given the strongly correlated nature of the electrons
in these systems. One class of quasi-2D compounds well suited to address this issue are the rare-earth (R) tri-
tellurides. They host a CDW state already at 300 K and their structure consists of alternating double Te (ac) planes
(where the CDW resides) sandwiched between RTe layer blocks and stacked along the long b axis in the weakly
orthorhombic (pseudo-tetragonal) cell. In our first optical investigations, we have established the excitation across
the CDW-gap and discovered that this gap is progressively reduced upon compressing the lattice either with chemical
substitution (i.e., by changing R) or with externally applied pressure.

The formation of the CDW condensate in RTe3 only partially gaps the Fermi surface and therefore these materials
remain metallic even well below the critical temperature TCDW at which the CDW appears. This prevents the investi-
gation of the phonon modes and more generally of the impact of the lattice dynamics on the CDW state in an infrared
absorption experiment, as the corresponding signals are overwhelmed by the metallic contribution. We therefore ad-
dress the issue of the coupling between vibrational modes and CDW condensate in these prototype 2D systems from
the perspective of the Raman scattering response.

We have reported on a Raman scattering investigation of RTe3 (R= La, Ce, Pr, Nd, Sm, Gd and Dy) at ambient
pressure, and of LaTe3 and CeTe3 under externally applied pressure. Figure 5.1(a) summarizes the Raman scattering
spectra, collected for the whole RTe3 series (i.e., chemical pressure). Four distinct modes at 72, 88, 98 and 109
cm−1 and a weak bump at 136 cm−1 (labelled P1-P5, respectively) can be identified in the La compound. The P1
mode slightly softens from La to Nd and slowly moves outside the measurable spectral range at ambient pressure (i.e.,
in SmTe3 only its high frequency tail is still observable). The remaining modes weakly disperse and progressively
disappear when going from the La to the Dy compound along the rare-earth series. Panels (b) and (c) in Fig. 5.1 display
the Raman scattering spectra of LaTe3 and CeTe3, under increasing and decreasing externally applied pressure. The
spectral range covered within the DAC is limited at low frequencies at about 75 cm−1, while at ambient pressure it
extends down to 65 cm−1. Therefore, the lowest zero-pressure mode P1 cannot be clearly detected in the applied
pressure experiment. As in the chemical pressure case, all other modes slightly disperse and disappear upon applying
pressure. This qualitative equivalence between chemical and applied pressure is also supported by the fact that the
peaks in LaTe3 disappear at a slightly higher pressure than in CeTe3. The pressure dependence is fully reversible
since upon decreasing pressure the modes reappear again. The observed phonon peaks can be ascribed to the Raman
active modes for both the undistorted as well as the distorted lattice in the CDW state by means of a first principles
calculation.
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Figure 5.1: Raman scattering spectra at 300 K for the RTe3 series at ambient pressure (a), and for LaTe3 (b) and CeTe3 (c) for increasing
(continuous lines) and decreasing (dashed lines) pressure. All spectra have been shifted for clarity.
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An important result of our experimental investigation is the observation of a systematic decrease of the integrated
intensity (I) of the most prominent peaks P2 and P4 in the Raman spectra of Fig. 5.1 with pressure, which bears a
striking similarity with the behaviour of the amplitude of the CDW-gap ∆ (i.e., the order parameter) upon compressing
the lattice, as obtained from the optical conductivity. One could first argue that these modes disappear because of
an enhancement of their width and a concomitant decrease of their apparent amplitude due to the increase in free
carrier concentration upon compressing the lattice. The modes’ width remains, however, almost constant so that
this possibility is rather unlikely. Our optical data also allow us to exclude the possibility that the phonon modes
disappear due to an increase of the absorption coefficient at the laser frequency with decreasing lattice constant.
Figure 5.2 shows that the intensities of the P2 and P4 peaks scale fairly well with ∆4 and ∆2, respectively, suggestive
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of a coupling between the lattice vibrational modes and the CDW condensate. This is not at all surprising, as our
calculations predict these peaks only in the distorted structure. Furthermore, the specific behaviour (I ∼ ∆q, q=2 or
4) is consistent with theoretical predictions for the intensity in the distorted phase of originally silent modes, obtained
from a group theoretical analysis in the framework of Landau’s theory of second order phase transitions.

In summary, we have been able to draw a consistent picture of the Raman response of the CDW rare-earth tri-tellurides,
by combining experimental observations and numerical simulations. In particular, we have provided clear evidence
for the tight coupling between the CDW-gap and the lattice degrees of freedom and have made a robust prediction
(not shown) for the Kohn anomaly inducing the CDW phase transition. Therefore, the easily tuneable RTe3 series
provides a rather unique playground for a systematic study of the mechanism leading to CDW formation.

5.2 Pressure-induced quenching of the charge-density-wave state observed by x-
ray diffraction

F. Pfuner; M. Lavagnini, A. Sacchetti and L. Degiorgi

work in collaboration with M. Baldini and P. Postorino, Università “La Sapienza” Rome, Italy, C.L. Condron, J.-H. Chu, M.F. Toney and I.R. Fisher, Stanford

University, California, U.S.A., S.N. Gvasaliya and J. Mesot, PSI Villigen, Switzerland, M. Merlini and M. Hanfland, ESRF Grenoble, France

Low dimensionality plays an important role in condensed-matter physics owing to the observation of intriguing phe-
nomena such as the formation of spin- and charge-density-waves (CDW), as well as non Fermi-liquid behavior of the
electronic properties in a variety of materials. As pointed out above, a revival of interest in low-dimensional interacting
electron gas systems, and in their wealth of astonishing properties, took place since the discovery of high-temperature
superconductivity in the layered two-dimensional (2D) copper oxides. This furthermore led to the quest for prototype
layered systems, allowing a systematic study of these phenomena. In this context, the already introduced rare-earth
tri-tellurides (RTe3, withR=La-Sm, Gd-Tm) were recently revisited and recognized as a paramount example of easily
tunable 2D materials. The formation of the CDW condensate, hosted within Te-layers, is to a large extent driven by the
nesting of the Fermi-surface (FS), which is thus gapped over a sizeable portion. Systematic x-ray diffraction (XRD)
studies of the RTe3 series revealed that the modulation vector ~q ≈ (2/7)~c∗ (~c∗ is the reciprocal lattice vector of the c
axis) is almost the same for every member of this family, and that the CDW state is progressively suppressed as the
lattice is chemically compressed (i.e., going from R=La to R=Tm). The transition temperature TCDW is 250 K for
TmTe3, increases gradually up to 410 K in SmTe3, and is larger than 450 K in the tri-tellurides with lighter rare-earth
elements (R=La-Nd).

We have presented a high-pressure XRD diffraction study on LaTe3 and CeTe3, with the goal of monitoring the
evolution of the CDW distortion with pressure. XRD patterns were collected at room temperature as a function of
pressure for LaTe3 and CeTe3 single crystal and as a function of temperature for a LaTe3 polycrystal at 6.0±0.2 GPa.
Representative areas of the diffraction patterns at selected pressures and temperatures are shown in Fig. 5.3. At low-
pressure and at 300 K, several Bragg-peaks in both LaTe3 and CeTe3 display pairs of satellites, which are due to the
modulated CDW lattice-distortion. Upon increasing pressure, the intensity of these satellite peaks is progressively
reduced and they eventually disappear at high enough pressure (3 and 5 GPa in CeTe3 and LaTe3, respectively) as
shown in Fig. 5.3(a-d). At 6.0 ± 0.2 GPa the satellite peaks in LaTe3 are recovered by cooling the polycrystalline
specimen well below 300 K [see Fig. 5.3(e,f)]. This indicates that at this pressure the CDW transition occurs at a
lower critical temperature TCDW (i.e., < 300 K).

From the positions of selected Bragg peaks we obtained the lattice parameters and thus the unit-cell volume. The
corresponding results for CeTe3 under pressure at 300 K and for LaTe3 as a function of temperature at 6.0± 0.2 GPa
are shown in Fig. 5.4. The pressure experiment on LaTe3 at room temperature provides similar results (not shown)
as for CeTe3. At ambient pressure the slight orthorhombic distortion of the unit-cell results in a small difference
between the in-plane lattice parameters a and c. Upon increasing pressure this difference between the a and c axes
decreases and both lattice constants become nearly indistinguishable above 3 GPa in CeTe3 [Fig. 5.4(a)]. A similar
effect is observed in LaTe3 at 5 GPa and was previously reported for RTe3 with R=Sm-Tm on crossing TCDW
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Figure 5.3: Selected 2D XRD patterns on single-crystals of LaTe3 at 300 K and at 0.3 GPa (a) and 5.1 GPa (b), and of CeTe3 at 300 K and at
0.7 GPa (c) and 3.0 GPa (d), and finally on polycrystalline LaTe3 at 270 K and 6.2 GPa (e), and at 30 K and 5.9 GPa (f). Circles highlight the
CDW satellite peaks. The modulation vector ~q is also shown in (a).

at ambient pressure. The unit-cell volume [Fig. 5.4(b)] decreases smoothly with pressure and follows the Birch-
Murnaghan equation of state. A change in the temperature dependence of the c and a lattice constant is also observed
when lowering the temperature below 180 K in LaTe3 at 6 GPa [Fig. 5.4(c)]. While the scatter in the data is more
pronounced than in the experiment as a function of pressure at fixed temperature, the tendency for a and c to diverge
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Figure 5.4: Lattice parameters (left panels) and unit-cell volume (right panels) for CeTe3 at 300 K as a function of pressure (a,b) and for LaTe3

polycrystal at 6.0 ± 0.2 GPa as a function of temperature (c,d). The solid line in (b) is the Birch-Murnaghan fit to the data. Vertical dashed
lines indicate the pressure and temperature where the CDW satellite peaks (Fig. 5.3) disappear.

below 180 K is evident, like the weak discontinuity in the unit-cell volume [Fig. 5.4(d)]. The overall temperature
dependence of the lattice parameters is very similar to that observed at ambient pressure in the heavy rare-earth
tri-tellurides, suggesting an analogous impact of both chemical and applied pressure on the structural properties of
RTe3.

In summary, the pressure dependence of the in-plane lattice parameters is consistent with a pressure-induced reduction
of the pseudo-tetragonal phase, i.e. of the lattice distortion accompanying the formation of the CDW condensate. This
is similar to what has been observed upon cooling across the CDW transition in LaTe3 at high pressure (present work),
as well as at ambient pressure in the heavy rare-earth tri-tellurides. More striking evidence of the pressure-induced
quenching of the CDW phase is provided by the intensities of the CDW satellite peaks (Fig. 5.3), which tend to zero
with increasing pressure. Such observations support ideas based on the equivalence between chemical and applied
pressure in RTe3, put forward in our previous work.
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6.1 Observing the
√

n Nonlinearity in a Cavity QED System

J. M. Fink, M. Göppl, M. Baur, R. Bianchetti, P. J. Leek and A. Wallraff

in collaboration with A. Blais, Université de Sherbrooke, Canada

The already very active field of cavity quantum electrodynamics (QED), traditionally studied in atomic systems,
has recently gained additional momentum by the advent of experiments with semiconducting and superconducting
systems. In these solid state implementations, novel quantum optics experiments are enabled by the possibility to
engineer many of the characteristic parameters at will. In cavity QED, the observation of the vacuum Rabi mode
splitting is a hallmark experiment aimed at probing the nature of matter-light interaction on the level of a single
quantum. However, this effect can, at least in principle, be explained classically as the normal mode splitting of
two coupled linear oscillators. It has been suggested that an observation of the scaling of the resonant atom-photon
coupling strength in the Jaynes-Cummings energy ladder, see Fig. 6.1 a, with the square root of photon number n is
sufficient to prove that the system is quantum mechanical in nature.

We report a direct spectroscopic observation of this characteristic quantum nonlinearity. Measuring the photonic de-
gree of freedom of the coupled system, our measurements provide an unambiguous, long sought for spectroscopic
evidence for the quantum nature of the resonant atom-field interaction in cavity QED. We explore atom-photon super-
position states involving up to two photons, using a spectroscopic pump and probe technique. The experiments have
been performed in a circuit QED setup, in which ultra strong coupling is realized by the large dipole coupling strength
and the long coherence time of a superconducting qubit embedded in a high quality on-chip microwave cavity.

We observe the quantum nonlinearity directly using a scheme similar to the one suggested by Thompson et al. by
pumping the system selectively into the first doublet |1±〉 and probing transitions to the second doublet |2±〉, see
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Figure 6.1: (a) Resonant (νr = νge) Jaynes-Cummings energy ladder. Black bars indicate bare states of the cavity (|0〉, |1〉, ...|n〉) and the
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(red lines) vacuum Rabi splitting versus applied flux bias in the presence of only one excitation. (c) Measured resonator transmission on
resonance. (d) Extracted vacuum Rabi splitting in the presence of two photons. (e) Measured transmission spectrum on resonance offset by the
applied pump tone frequencies.
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Fig. 6.1 a. This technique realizes efficient excitation into higher doublets at small intra cavity photon numbers
avoiding unwanted a.c. Stark shifts occurring in high drive and elevated temperature experiments.

First the system is prepared in its ground state |g, 0〉 by cooling it to temperatures below 20 mK in a dilution refrig-
erator. We then probe the energies of the lowest doublet |1±〉 measuring the cavity transmission spectrum T and
varying the detuning between the qubit transition frequency νge and the cavity frequency νr by applying a magnetic
flux Φ. Measuring cavity transmission T as a function of flux bias Φ in the anti-crossing region yields transmission
maxima at frequencies corresponding to transitions to the first doublet |1±〉 in the Jaynes-Cummings ladder as shown
in Fig. 6.1 b. On resonance (∆ = 0), we extract a coupling strength of gge/2π = 154 MHz, see Fig. 6.1 c.

In our pump and probe scheme we then apply a pump tone at the fixed frequency νg0,1− or νg0,1+ to populate the
respective first doublet state |1±〉. A probe tone of the same power is then scanned over the frequency range of the
splitting. This procedure is repeated for different flux controlled detunings and the transmission at the pump and probe
frequencies is spectrally resolved in a heterodyne detection scheme. Populating the symmetric state |1+〉, we observe
an additional transmission peak at a probe tone frequency that varies with flux, as shown in Fig. 6.1 e. This peak
corresponds to the transition between the symmetric doublet states |1+〉 and |2+〉 at frequency ν1+,2+. Similarly,
when the antisymmetric state |1−〉 is populated we measure a transmission peak that corresponds to the transition
between the two antisymmetric doublet states |1−〉 and |2−〉 at frequency ν1−,2−.

The energies of the first doublet |1±〉, split by gge/π on resonance, are in excellent agreement with the dressed states
theory (solid red lines) over the full range of flux Φ controlled detunings, see Fig. 6.1 b. The absolute energies of
the second doublet states |2±〉 are obtained by adding the extracted probe tone frequencies ν1−,2− and ν1+,2+ to the
applied pump frequencies νg0,1− or νg0,1+, see blue dots in Fig. 6.1 d. For the second doublet, we observe two peaks
split by 1.34 gge/π on resonance, a value very close to the expected

√
2 ∼ 1.41. This small frequency shift can easily

be understood, without any fit parameters, by taking into account a third qubit level |f, 0〉 which is at a frequency νgf,
just below the second doublet states |2±〉 for the transmon type qubit.

Our experiments clearly demonstrate the quantum non-linearity of a system of one or two photons strongly coupled
to a single artificial atom in a cavity QED setting. Both symmetric and antisymmetric superposition states involving
up to two photons are resolved by many tens of linewidths. We have also observed that higher excited states of the
artificial atom can induce energy shifts in the coupled atom-photon states. The observed very strong nonlinearity on
the level of single or few quanta could be used for the realization of a single photon transistor, parametric down-
conversion, and for the generation and detection of individual microwave photons. Circuit QED systems also provide
a natural quantum interface between flying qubits (photons) and stationary qubits for applications in quantum infor-
mation processing and communication (QIPC).

6.2 Measuring the Lamb Shift in an Electrical Circuit

A. Fragner, M. Göppl, J. M. Fink, M. Baur, R. Bianchetti, P.J. Leek, A. Wallraff

in collaboration with A. Blais, Université de Sherbrooke, Canada

Quantum theory predicts that empty space is not truly empty. Even in the absence of any particles or radiation, that
is in pure vacuum, virtual particles are constantly created and annihilated. In an electromagnetic field, the presence
of virtual photons manifests itself as a small renormalization of the energy of a quantum system, known as the Lamb
shift. We have experimentally observed the Lamb shift in a solid state system. The strong dispersive coupling of a
superconducting electronic circuit acting as a quantum bit (qubit) to the vacuum field in a transmission line resonator
leads to measurable Lamb shifts of up to 1.4 % of the qubit transition frequency. The qubit is also observed to couple
more strongly to the vacuum field than to a single photon inside the cavity, an effect that is explained by taking into
account the limited anharmonicity of the higher excited qubit states.

The concept of the vacuum field was originally invoked as an explanation for the natural linewidths of atoms in free
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Figure 6.2: Spectrum of the coupled qubit/cavity system. (a) Measured transition frequencies of cavity (blue data points) and qubit (red
data points) versus normalized flux bias Φ/Φ0. Dashed horizontal line is cavity transition frequency ωr, dashed slanted line is calculated bare
qubit transtion frequency ωge. Green solid lines are numerically calculated eigenfrequencies of the coupled system. Overlap of resonator
transmission (open blue) and qubit spectroscopy data (solid red points) is indicated by black arrows on detuning axis. See text for details. (b)
Measured resonant vacuum Rabi mode-split cavity transmission spectrum T (blue line) vs. probe frequency νrf at flux bias indicated by blue
arrows in (a). Solid red line is a fit to a double-peak Lorentzian. (c) Measured spectroscopic qubit line shape (blue line) vs. spectroscopy
frequency νs at flux bias indicated by red arrows in (a). Solid red line is a fit to a Lorentzian. (d) Difference between measured qubit transition
frequency eωge/2π dressed by the vacuum field fluctuations (red data points) and calculated bare qubit transition frequency ωge/2π vs. qubit-
cavity detuning ∆/2π (bottom axis) and normalized flux bias Φ/Φ0 (top axis). The right axis shows the Lamb shift as a percentage relative
to the bare qubit transition frequency. Red line is predicted Lamb shift calculated using exact numerical diagonalization of the generalized
Jaynes-Cummings hamiltonian, dashed green line is g2

ge/∆ from a dispersive approximation of the hamiltonian.

space and given its physical interpretation in terms of virtual particles within the framework of quantum field theory.
The electromagnetic vacuum leads to a number of observable effects, most notably the Casimir forces, which cause
mechanical displacements of parallel conducting plates in vacuum, the Purcell effect, which governs the spontaneous
emission of a quantum system coupled to a cavity field, and the Lamb shift, a radiative level shift first observed
in hydrogen atoms. The Lamb shift has since been investigated in a number of experiments in the atomic domain
where it is also being established as an ultra-high precision test of the theory of quantum electrodynamics (QED).
The interaction with the vacuum fluctuations is the underlying reason for the spontaneous emission of radiation from
any excited quantum system. The same effect also triggers the well-known process of vacuum Rabi oscillations
in cavity QED. Quantum fluctuations have been demonstrated to determine the spontaneous emission lifetime of
superconducting qubits and they also serve as a benchmark for amplifiers and squeezing of quantum noise at the
quantum limit or for detecting the zero-point motion of nano-mechanical oscillators.

Here we observe the cavity enhanced Lamb shift, see Fig. 6.2, of an individual superconducting two-level system
coupled to a high quality factor resonator with large vacuum field strength in an architecture known as circuit QED.

Our measurements have been carried out using a superconducting transmon-type qubit, a Cooper pair box with a large
ratio of Josephson to charging energy EJ/EC . The transmon qubit provides for both a large dipole coupling strength
to the resonator and long relative coherence times, at the expense of limited anharmonicity in the energy level spec-
trum. The Lamb shift induced in a solid state quantum system by the vacuum fluctuations of the electromagnetic field
in a resonator is observed spectroscopically. In resolving this effect we explicitly demonstrate the presence of disper-
sive vacuum field interactions in circuit QED and show that these can exceed the interaction with a photon populated
field. The clear observation of vacuum fluctuations in this strongly coupled system should serve as a motivation for
further experiments aimed at investigating other effects triggered by quantum fluctuations of electromagnetic or even
nano-mechanical degrees of freedom in solid state systems.
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6.3 Coplanar Waveguide Resonators for Circuit Quantum Electrodynamics

M. Göppl, A. Fragner, M. Baur, R. Bianchetti, S. Filipp, J. M. Fink, P. J. Leek, G. Puebla, L. Steffen and A. Wallraff

Superconducting coplanar waveguide (CPW) resonators find prominent applications in quantum optics and quan-
tum information processing with superconducting electronic circuits and in single photon detectors and parametric
amplifiers.

We have demonstrated that we are able to design and fabricate CPW resonators with well defined resonance frequency
and coupled quality factors. The resonance frequency is controlled by the resonator length and its loaded quality
factor is controlled by its capacitive coupling to input and output transmission lines. Strongly coupled (overcoupled)
resonators with accordingly low quality factors are ideal for performing fast measurements of the state of a qubit
integrated into the resonator. On the other hand, undercoupled resonators with large quality factors can be used to
store photons in the cavity on a long time scale, with potential use as a quantum memory.

The planar geometry of a capacitively coupled CPW resonator is sketched in Figure 6.3 a. The resonator is formed
of a center conductor of width w = 10µm separated from the lateral ground planes by a gap of width s = 6.6µm.
Resonators with various center conductor lengths l between 8 and 29 mm aiming at fundamental frequencies f0

between 2 and 9 GHz were designed. These structures are easily fabricated in optical lithography while providing
sufficiently large vacuum field strengths. The center conductor is coupled via gap- or finger capacitors to the input
and output transmission lines. For small coupling capacitances gap capacitors of widths wg = 10 to 50µm have been
realized. To achieve larger coupling finger capacitors formed by from one up to eight pairs of fingers of length lf =
100µm, widthwf = 3.3µm and separation sf = 3.3µm have been designed and fabricated, see Fig. 6.3 a. Resonators
are fabricated by evaporating a layer of t = 200 nm±5 nm aluminum on high resistivity, thermally oxidized silicon
(oxide thickness h2 = 500nm) or on pure sapphire two inch wafers which both have a thickness of h1 = 500µm.
Figure 6.3 c shows optical microscope images of the final Al resonators with different finger and gap capacitors.

Altogether, more than 80 Al CPW resonators with fundamental frequencies from 2 to 9 GHz and loaded quality
factors ranging from a few hundreds to a several hundred thousands reached at temperatures of 20 mK were realized
and more than 30 of these devices were carefully characterized at microwave frequencies. Transmission spectra were
measured and analyzed using both a lumped element model and a distributed element transmission matrix method.

s sb)

h1

h2

t

w

ε1

ε2

metallization

l

lf wg

a) wf sf

1mm

100μm

100μm100μm

E H

I K

100μm

Dc)

Figure 6.3: (a) Top view of a CPW resonator with finger capacitors (l.h.s.) and gap capacitors (r.h.s.). (b) Cross section of a CPW resonator
design. Center conductor and lateral ground metallization (blue) on top of a double layer substrate (grey/yellow). Parameters are discussed
in the main text. (c) Optical microscope images of an Al coplanar waveguide resonator (white is metallization, grey is substrate). The red
squares in the upper image indicate the positions of the input/output capacitors. Also shown are microscope images of finger- and gap capacitor
structures. The labels D, E, H, I, K refer to the device ID listed in Tab. 6.1.
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Figure 6.4: S21 transmission spectra of 2.3 GHz resonators, symmetrically coupled to input/output lines. The left part of the split plot shows
spectra of finger capacitor coupled resonators whereas on the right hand side one can see spectra of gap capacitor coupled resonators. The data
points (blue) were fitted (black) with the transmission matrix method.

To study the effect of the capacitive coupling strength on the microwave properties of CPW resonators, twelve 2.3 GHz
devices, symmetrically coupled to input/output lines with different gap and finger capacitors have been characterized,
see Table 6.1 for a list of devices. The measured transmission spectra are shown in Fig. 6.4. The left hand part of
Fig. 6.4 depicts spectra of resonators coupled via finger capacitors having 8 down to one pairs of fingers (devices A
to H). The right hand part of Fig. 6.4 shows those resonators coupled via gap capacitors with gap widths of wg = 10,
20, 30 and 50µm (devices I to L) respectively. The coupling capacitance continuously decreases from device A to
device L. The nominal values for the coupling capacitance Cκ obtained from EM-simulations for the investigated
substrate properties and geometry are listed in table 6.1. The resonance frequency f0 and the measured quality factor
QL = f0/δf of the respective device is obtained by fitting a Lorentzian line to the data, where δf is the full width
half maximum of the resonance. With increasing coupling capacitance Cκ, Fig. 6.4 shows a decrease in the measured
(loaded) quality factor QL and an increase in the peak transmission, as well as a shift of f0 to lower frequencies.
The experimentally determined resonance frequencies, quality factors and insertion losses are fully and consistently
characterized by the two models for all measured devices [4].

ID Coupling Cκ (fF) f0 (GHz) QL

A 8 + 8 finger 56.4 2.2678 3.7 · 102

B 7 + 7 finger 48.6 2.2763 4.9 · 102

C 6 + 6 finger 42.9 2.2848 7.5 · 102

D 5 + 5 finger 35.4 2.2943 1.1 · 103

E 4 + 4 finger 26.4 2.3086 1.7 · 103

F 3 + 3 finger 18.0 2.3164 3.9 · 103

G 2 + 2 finger 11.3 2.3259 9.8 · 103

H 1 + 1 finger 3.98 2.3343 7.5 · 104

I 10µm gap 0.44 2.3430 2.0 · 105

J 20µm gap 0.38 2.3448 2.0 · 105

K 30µm gap 0.32 2.3459 2.3 · 105

L 50µm gap 0.24 2.3464 2.3 · 105

Table 6.1: Properties of the different CPW resonators whose transmission spectra are shown in Fig. 6.4. Cκ denotes the simulated coupling
capacitances, f0 is the measured resonance frequency and QL is the measured quality factor.
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