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PREFACE

In this Annual Report the Laboratory for Solid State Physics at ETH Zurich is pleased to present an overview of its
productive and successful work in 2007. Members of the research groups pursue their broad scientific interest in
solid state physics and several results have been well recognized by the community. It is a challenging, exciting and
gratifying endeavor to push the frontiers of solid state physics and to enter uncharted territory.

In addition to research, members of the Laboratory for Solid State Physics continue to devote significant time and
energy to teaching. All levels of teaching are covered, from introductory courses and laboratory courses for physics
students and for students of other departments at ETH, to advanced courses for students at the MSc and doctoral level.
The introduction of the BSc/MSc studies and the associated modifications of the curriculum have required an even
higher level of commitment to teaching.

The excellent infrastructure and support on all levels provided by the Physics Department of ETH Zurich is a most
valuable and solid basis for our work. With appreciation we thank all people in the Laboratory, in the Department and
at ETH in general for their expertise and continued support in all technical and administrative matters.

We very gratefully acknowledge the unwavering substantial support first and foremost by the Schulleitung of ETH,
but also by the Swiss National Science Foundation, KTI, industrial partners and all other sources.

Many thanks to Dr. S. Gustavsson, Prof. L. Degiorgi and Mrs. H. Hediger for their help in preparing this Annual
Report.

Zürich, May 2007 Der Vorsteher

Prof. Dr. B. Batlogg
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Lisa Kreuzer Thomas Mathis Kurt Pernstich
Dr. Blandine Alloing Dr. Peter Cristea PD Dr. Hans von Känel

Technical Staff
Kurt Mattenberger

Academic Guest
Prof. Dr. Yoshihiro Kubozono, Research Laboratory for Surface Science, Okayama University, Okayama (Japan)

Administrative Staff
Gabriela Strahm

Doctoral theses
Kurt Pernstich
The influence of trap states on charge transport in organic transistors
May 2007

Diploma theses
Thomas Brenner HS 2007
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1.1 High performance C60 thin-film field-effect transistors with parylene gate in-
sulator

S. Haas, W. L. Kalb, P. Joris, F. Meng, B. Batlogg in collaboration with Y. Kubozono (Research Laboratory for Surface Science, Okayama University, Japan)

and A. Fujiwara (Japan Advanced Institute for Science and Technology, Ishikawa, Japan)

Figure 1.1: Structure of the C60 field-effect tran-
sistor with parylene dielectric and transfer charac-
teristic from a device made on a PET substrate.

Organic semiconductors are promising for the future’s low-cost, flexible
electronics such as rollable displays. In order to implement complemen-
tary logic, however, transistors with both n- and p-type semiconductors
are needed. We have fabricated high performance n-type organic thin-
film transistors with vacuum evaporated C60 as the active material. The
devices employ the organic gate dielectric parylene. The C60 thin-film
transistors were made on Si/SiO2 substrates and on flexible poly(ethylene
terephthalate) [PET] substrates or on commercially available transparent
sheets. The field-effect mobility is a key figure of merit and mobilities
up to 0.41 cm2/Vs were achieved which is comparable to the mobilities in
hydrogenated amorphous silicon.

C60-baased thin-film transistors generally need to be annealed even after
a short exposure to ambient air. It is most remarkable that the annealing
step is not necessary when a parylene gate dielectric is used. This may
be due to the high water repellency of the parylene gate dielectric on a
microscopic level. Water is known to be detrimental for the charge trans-
port in organic semiconductors, even more so in the case of certain n-type
materials.

In the case when flexible substrates were employed, the effect of bending the substrates on the performance of the field-
effect transistors was investigated. These results are of importance since organic field-effect transistors are envisioned
to play a key role in flexible electronic devices. The field-effect mobility of the C60 transistors decreases only slightly
down to a bending radius of 6 mm. If the samples are bent further, however, the mobility drops significantly and the
mobility degradation is irreversible.
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1.2 Modulating the Seebeck coefficient in organic transistors

K. P. Pernstich, B. R̈ossner, B. Batlogg

As a basic transport property of solids, the Seebeck coefficientS provides deep insight as it is given by the entropy
transported by thermally excited charge carriers and involves in the simplest case only electronic contributions where
the transported entropy is determined by details of the band structure and scattering events. We have succeeded for the
first time to measure the temperature- and carrier density dependent thermopower in Rubrene single crystal transistors
and in pentacene thin film transistors [1]. Fig.1.2shows the gate voltage dependent Seebeck coefficient in a Rubrene
transistor measured at various gate voltages and temperatures. Also shown in Fig.1.2 is the calculated Seebeck
coefficient that has been obtained from a numerical model and the separately measured transistor characteristics. By
using the transistor model, we were able to predict the gate voltage and the temperature dependence of the Seebeck
coefficient, which allowed us to determine the parameterA in the general equation ofS in a semiconductor

S =
kB

e

(
EF − Ev

kBT
+A

)
(1.1)

The value of the parameterA falls in the narrow range of2...4 which is well within the range of the electronic
contribution in conventional inorganic semiconductors. This close agreement highlights the similarity of transport
mechanisms in organic and inorganic semiconductors. Charge and entropy transport in these devices is best described
as band-like transport of quasiparticles that are subjected to scattering, with exponentially distributed in-gap trap
states, and without further contributions toS.

Figure 1.2: Measured and calculated Seebeck coefficient in
a Rubrene single-crystal field-effect transistor at various gate
voltages and temperatures. The value of the parameterA is
consistent with values found in conventional inorganic semi-
conductors.

[1] K. P. Pernstich, B. R̈ossner, and B. Batlogg, Nature Materials 7, 321-325 (2008).
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1.3 Defect healing at room temperature in pentacene thin films and improved tran-
sistor performance

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

Charge transport in organic semiconductors takes place in extended states above a mobility edge. The charge carriers,
however, are multiply trapped by and thermally released from trap states below the mobility edge. Consequently,
trap states are of crucial importance to the performance of organic field-effect transistors. We observed a healing of
structural defects at room temperature in the prototypical organic semiconductor pentacene.

Figure 1.3: Due to the weak van der Waals type interaction
between the pentacene molecules, some structural defects within
the crystals “anneal” even at room temperature. This leads to a
reduction in density of shallow traps close to the valence band
edge.

Pentacene thin-film transistors were fabricated by thermal evap-
oration and were characterizedin situ by gated four-terminal
measurements. Under high vacuum conditions (base pres-
sure of order 10−8 mbar), the device performance improves
with time. The effective field-effect mobility increases by as
much as a factor of two and the contact resistance decreases
by more than an order of magnitude. Oxygen/nitrogen expo-
sure and annealing experiments reveal, that the improvement
of the electronic parameters is driven by a healing of structural
defects at room temperature and not by chemical doping. This
peculiar effect is a direct consequence of the weak van der
Waals type intermolecular interaction which is characteristic
of organic semiconductors.

To gain information about the energies and densities of the
charge carrier traps caused by the structural defects, the spec-
tral density of states was extracted from the transistor charac-
teristics with a straightforward scheme. The scheme allows
for a calculation of the trap densities with high accuracy. The
performance improvement could thus be related to a reduction in the density of shallow traps≤ 0.15 eV from the
valence band edge, while the energetically deeper traps are essentially unaffected.
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1.4 X-ray induced trap states in organic semiconductors

T. Morf, S. Haas, B. Batlogg

Figure 1.4: Density of states in the band gap of a rubrene
single crystal. When exposed to x-ray radiation (8 keV ) for
one hour, the DOS increases significantly in the range of0.18
– 0.35 eV .

Localised states in the band gap of organic semiconductors are an
important limitation to intrinsic conductivities as they are able to
trap a large part of the injected space charge. The understanding
of processes introducing such states is therefore of great signif-
icance for the development of industrial products based on or-
ganic semiconductor technology.

Temperature-dependent space-charge limited current spectroscopy
probes the density of states (DOS) by shifting the quasi-Fermi
level towards the conducting band edge. In a controlled degrada-
tion experiment, we here studied the formation of trap states in
response to x-ray irradiation. High quality rubrene crystals with
an inital trap state density of1015 – 1017 cm−3eV −1 are exposed
to x-rays for one and two hours. Due to radiation exposure the
trap DOS increases by up to one order of magnitude in the range
of 0.18 – 0.35 eV from the conducting band edge. The newly
formed states are partially attributed to chemical defects while

the structural ones are annealed at elevated temperature.

1.5 Direct link between high temperature Na-vacancy ordering
and low temperature magnetism in NaxCoO2

J. Kanter, V. Wittwer, T. F. Schulze, P. Häfliger, K. Mattenberger and B. Batlogg

The sodium cobaltates (NaxCoO2), built of CoO2 layers intercalated with Na ions, constitute an interesting model
system for studying the interplay between localized spins and itinerant charge carriers on a triangular lattice. The
rich phenomenology as a function of sodium concentration (NaxCoO2 displays an enhanced thermopower, various
magnetic orderings and even superconductivity when hydrated) has lead to many studies about the doping dependence
of physical properties and the underlying phenomena. One main reason for the rich phase diagram is that the Co-d
bands, origin of the electronic properties, are strongly influenced by the Na sheets, both through valence tuning (the
sodium atoms are each donating an electron) and through the Coulomb potential landscape of the Na ions. In addition
to the well know dependence on sodium concentration, we found that for x≈ 0.80 - 0.85 the magnetic ground states
at low temperatures (i.e. below 22 K) are controlled by the cooling speed through a temperature range of 200-240 K,
below 200 K Na loses its mobility, i.e. the ability to change sites within a sodium layer. A slow cooling process (< 10
K/min) leads to newly found phase transition at 8 K which is suppressed by fast cooling (> 40 K/min) but results in
turn in a phase transition at 15 K. This proves that not only the sheer Na concentration but as well the Na patterning
are responsible for influencing the CoO2-layers. The fast cooling process affects the sodium ordering by suppressing
either reordering or healing processes of the sodium superstructures. Using this dependence might lead to a better
understanding of the magnetic ground states of this compound.
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Figure 1.5: a) is showing a possible sodium superstructure, red dots represent occupied Na1 positions, i.e. Na ions sitting directly above a Co
ion, blue dots are Na2 positions, Na2 are energetically more favourable than Na1 positions but Coulomb repulsion between Na ions leads to
the occupation of Na2 sites, figure from Roger et al Nature445, 631 (2007)b) specific heat data in the slow cooled (red) and fast cooled (blue)
state showing the 8 K, respectively 15 K transitionc) resistivity measurements reveal the transition process from the fast to the slow cooled
state around 200 K, the inset shows the temperature derivative ofρ, the 8 and 15 K transitions can be seen

1.6 High pressure crystal growth, thermodynamics and physical properties of
AlxGa1−xN

A. A. Belousov, S. Katrych, P. Ẅagli, J. Karpinski and B. Batlogg

AlxGa1−xN bulk single crystals with x=0.85 at % were synthesized from the solution in Ga melt under high pressure
(up to 10 kbar) and high temperature using the high nitrogen gas pressure system. Typically, a growth run lasted for
5-6 days at about 7 kbar and at 1800◦C, using a constant thermal gradient of about 20K/cm. The synthesized crystals
are colorless, up to 0.8x0.8x0.8 mm3 in size and have a hexagonal shape (Figure1.6).

Figure 1.6: AlxGa1−xN (x=0.8 - 0.85) crystals grown at 7 kbar and 1780◦C.

As precursor for the crystal growth, polycrystalline AlyGa1−yN pellets have been synthesized in an anvil apparatus.
The pellet was placed in the Ga melt in the upper part of graphite crucible that has an internal diameter of 7.8 mm
and 70 mm length. The amount of AlyGa1−yN was chosen so that the total concentration of aluminium in the Ga
melt should not exceed 1 at % (typically 0.4 - 0.55 at %). The applied pressure and temperature during the synthesis,
especially during the cooling, have been optimized in order to prevent the growth of GaN crystals.
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Figure 1.7: Depth profile of Al/Ga composition using LAICP
Mass Spectrometry.

The EDX measurements confirmed the growth of the Al-Ga-
N phase. No evidence of any additional phases such as ox-
ides were found. The structure refinement of various crystals,
determined by 2 four-circle Oxford x-ray diffractometer us-
ing Mo radiation equipped with a CCD showed the hexagonal
AlxGa1−xN phase and the structure refinement gave an alu-
minium content of 80-85 at %. The typical c-axis lattice con-
stant of AlxGa1−xN (x=0.85) was 5.015(1)̊A, smaller than
that of pure GaN (5.185̊A). This is assumed to be due to the
smaller Al atomic radius (1.18̊A) than Ga (1.26Å). The pre-
ferred crystal growth on the wall and bottom of crucible is
along the c-axis. LAICP Mass Spectrometry was performed
using an ArF excimer laser (193nm) for ablation the
AlxGa1−xN crystals in a He flow and it showed the constant
distribution of Al content of about 86 at % in the bulk, in agree-

ment with X-ray diffraction measurements (Figure1.7). A thin, inhomogenously substituted AlyGa1−yN capping
layer with lower Al content forms on the crystal surface during the final cool-down of during the growth phase. The
layer thickness is estimated to be in range of ca. 1µm. Oxygen, carbon (as dopants), or nitrogen can not be detected
due to a high analytical background.

1.7 Exploring InN crystal growth: phase stability studies.

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

Figure 1.8: p-T equilibrium diagram of
InN

A hemispherical anvil high pressure cell, capable of reaching 70 kbar, was used
to investigate thermodynamic properties and synthesis of InN crystals. InN is
characterized by the highest nitrogen equilibrium pressure among III-V nitrides.
Available experimental data are not enough to evaluate the InN/In phase dia-
gram at high pressure and at high temperature above 920◦C. The p-T equilib-
rium curve was studied by decomposition of InN under high pressure of about
65 kbar (Figure1.8). Metallic Indium was placed in a BN crucible together with
InN powder, serving as a nitrogen source. The setup is completed by a graphite
heater and a ceramic cell was used as a solid pressure transmitting medium. Un-
der pressure of 65 kbar the decomposition of InN starts at 1510◦C. After 1 hour
dwell time at 1510◦C the InN powder is completely decomposed. Thereby the
kinetics of the process plays a major role and at this temperature the decomposi-
tion is rather fast. The figure 3 summarizes the data obtained from InN decom-
position experiments (symbols: o - calculated curve described in text, square
- and * - high pressure annealing: InN undecomposed and InN decomposed
respectively, straight line - extrapolation of ideal gas approximation according
to MacChesney’s data [1] and some data points from the literature [1,2].) As-
suming that at 1 bar, InN is in equilibrium with its constituents at 813◦C, we
evaluated the equilibrium p-T curve of the reaction InN←→ In+1/2 N2 (circled

line) by using the van’t Hoff equation. At higher pressure the chemical potential (free energy) cannot longer be de-
scribed by the logarithm of pressure but the pressure for real gases has to be replaced by the fugacityf. The fugacity
coefficient as function of pressure and temperature was calculated up to 25 kbar pressure according to the numerically
estimated equation of J. Unland et. al [3]. As it can be seen in the figure 3, our experimental points are comparable
with the calculated data extrapolated to the high pressure. As at high temperature (up to ca. 1400◦C) InN seems to be
stable it might be possible to synthesize InN crystals from the solution in In melt.
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1.8 New high pressure polymorphic modification of KOs2O6

S. Katrych, Z. Bukowski, N.D. Zhigadlo, J. Karpinski

A new compound, the representative of a new structural type was synthesized employing high pressure technique
(Pearson symbol aP18, a=5.5664(2)Å, b=6.4554(3)Å, c=7.2363(3)Å, α=65.398(4)◦, β=70.546(3)◦, γ=75.679(3)
◦, space group P-1, no. 2). Its structure was determined by single-crystal X-ray diffraction.

This structure is a polymorphic modification of the cubic KOs2O6 pyrochlore and reveals close structural relation to
this compound, which is superconductor at 9.6 K [1]. The high pressure triclinic KOs2O6 modification is about 17 %
more dense than the cubic prototype. It is very interesting that, as in the cubic KOs2O6 - pyrochlore structure [2], the
structure of triclinic KOs2O6 involves a network with the same OsO6 octahedra as the building blocks, and K atoms
are located in the big voids (Figure1.9).

The calculated enthalpies of formation show that both phases are stable at normal pressure and have almost the
same enthalpy, but at high pressure the formation of the triclinic modification is energetically more favourable than
formation of cubic prototype. Formation of triclinic KOs2O6 could explain the vanishing of superconductivity in the
cubic KOs2O6 at high pressure [3]. We found that a first order phase transition between both structures occurs at high
pressure (3 GPa) and high temperature (900◦C).

Figure 1.9: Schematic representation of KOs2O6 crystal structures. Left side: 3x3x3 unit cells projection of a triclinic KOs2O6 along the a
direction. Right side: unit cell projection of a cubic pyrochlore KOs2O6. Red polygons indicate the big voids where K atoms are located.

References:
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1.9 Studies of intermetallic compounds with the Ir3Ge7-type structure. Mo3Sb7 -
superconductor exhibiting a spin-gap in the normal state.

Z. Bukowski, J. Karpinski and B. Batlogg, in collaboration with V. H. Tran (Inst. Low Temp. Wroclaw, Poland)

Figure 1.10: Left: Magnetic susceptibility of Mo3Sb7 measured at 3.5 T. The susceptibility below T∗ follows χM (T ) =∼ exp(−2∆c/kBT ),
as predicted for a spin-gap systems. The insets show the temperature derivative of the magnetic susceptibility and the schematic crystal structure
of Mo3Sb7 with Mo ions only (solid spheres). The intradimer J0 and interdimer exchange interactions J1 and J2 are indicated. Right: The
specific heat of Mo3Sb7 divided by temperature as a function of temperature. The phonon specific heat was calculated from the phonon part of
specific heat of Ir3Ga3Ge4 after correction of the mass effect. The magnetic specific heat is the difference Cmag = Cp(Mo3Sb7) - γT - Cph.

Figure 1.11: Single crystals of Pt3In7 grown from In flux.

The intermetallic compounds T3X7 (T=transition metal; X=As,
Sb, Ge, Sn, Ga, In) crystallize with the D8f -type structure (cu-
bic Im3m space group). Superconductivity has been observed
for Ir3Ge7 (Tc=0.87 K) and Mo3Sb7 (Tc=2.2 K). Our magneti-
zation, specific heat and electrical resistivity measurements on
polycrystalline Mo3Sb7 revealed another anomalous feature at
50 K which has been attributed to the opening of a spin-gap
[1].

We have successfully grown single crystals of Pt3In7 - another
member of the family of Ir3Ge7-type compounds. It shows
diamagnetic properties down to 2 K. Further studies are in
progress.

[1] V. H. Tran, W. Miiller, Z. Bukowski, Phys. Rev. Lett., (2008)
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1.10 Influence of Mg deficiency in MgB2 single crystals on crystal structure and
superconducting properties

N.D. Zhigadlo, S. Katrych and J. Karpinski

The influence of Mg deficiency in MgB2 single crystals on crystal structure and superconducting properties has been
investigated. To this end MgB2 single crystals were annealed in vacuum (4x10−6 mbar) at various temperatures
between 800 and 1000◦C for 2 hr followed by cooling at 300◦C/h to room temperature. After each step of annealing,
single crystals were characterized by SQUID magnetometry and single crystal X-ray diffraction. The results show
that MgB2 is a stable phase up to 975◦C. Increasing the annealing temperature results in a slight broadening of the
superconducting transition from 0.55 K at 800◦C to 1.3 K at 975◦C (Fig. 1.12b). The critical temperature Tc=38.7
K has not been changed with annealing, but the magnetic moment decreases at annealing temperatures above 850◦C,
which indicate lowering of the superconducting volume fraction (Fig.1.12a). The Mg deficiency was determined
by X-ray structural refinement. The Mg deficiency slightly increased with the annealing temperature until complete
decomposition of MgB2 at 1000◦C (Fig. 1.12a). Crystal annealed at 975◦C has composition Mg0.92B2. X-ray
diffraction analysis shows that the final product of decomposition is polycrystalline MgB4. MgB4 is the product
expected for decomposition of MgB2 due to Mg volatility at elevated temperatures. The decomposition of MgB2 can
thus be described as follows: 2MgB2(s)=MgB4(s)+Mg(g).

Figure 1.12: a) Mg occupation in MgB2 single crystals and relative diamagnetic signal measured on annealed crystals as a function of
annealing temperature in vacuum. b) Broadening of the superconducting transition width as a function of annealing temperature.



1.11. GaN/Si(111) heteroepitaxy 19

1.11 GaN/Si(111) heteroepitaxy

B. Alloing, P. Cristea, H. von K̈anel

in collaboration with E. Choumas, M. Kummer (EpiSpeed AG)

Figure 1.13: GaN growth rate on Si(111) as a function of in-
verse temperature of the Ga effusion cell. The dashed vertical
line corresponds to an effusion cell temperature of1250o C.

The development of a new process for the economical deposition
of group III nitride layers was continued. This process, called
low-energy plasma-enhanced vapor phase epitaxy (LEPEVPE),
is based on elemental metal and nitrogen sources rather than
toxic gases as are used in metal-organic chemical vapor deposi-
tion (MOCVD). The experiments were carried out on a custom-
built tool suitable for 2-inch substrates designed by the indus-
trial partner. Epitaxial GaN layers were grown at exceptional
rates onto AlN/Si(111) substrates in magnetically confined high-
density DC plasmas (Fig. 1). X-ray diffraction experiments did
not reveal any indications of diminished crystal quality or even
epitaxy break down at growth rates above 20µm/h. Layer mor-
phology, thickness uniformity, process stability and scalability
turned out to be incompatible with magnetically confined DC
plasmas. A second generation 4-inch tool is therefore based on
an inductively coupled RF plasma source. The tool was again

developed by the industrial partner, and is currently undergoing the initial hardware tests.
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1.12 Pressure dependence of the optical properties of the charge-density-wave com-
pound LaTe2

M. Lavagnini, A. Sacchetti and L. Degiorgi

work in collaboration with E. Arcangeletti, L. Baldassarre, P. Postorino, S. Lupi and A. Perucchi, Università “La Sapienza” Rome, Italy, and K.Y. Shin and I.R.

Fisher, Stanford University, California, U.S.A.

Peierls was the first, in the early sixties, to predict the formation of a charge-density-wave (CDW) ground state for
one-dimensional (1D) metals, when turning on the electron-phonon interaction. The CDW phase transition relates
to a balance between electronic energy and lattice structural stability. For 1D metals it is energetically favorable to
introduce a lattice distortion which, combined with a so-called Fermi-surface (FS) nesting, leads to a novel collective
charge ordering. The formation of the CDW condensate implies the opening of a gap on FS and therefore the lowering
of the overall electronic energy.

The discovery of superconductivity at high temperature in the low-dimensional layered-like cuprates also induces a
revival of interest in the prototype CDW systems, because they provide excellent opportunities for theoretical investi-
gation towards how strongly-correlated electron-phonon systems behave and how electron-phonon interaction affects
the band structure. In this context the rare-earth polychalcogenideRTen (R stays for rare earth, andn= 2, 2.5 and
3) systems have attracted a great deal of interest, due to their intrinsic low dimensionality. Their crystal structure
shares some similar features with that of the cuprates, both in terms of the symmetry and also in terms of having
two-dimensional layers which are responsible for the electronic properties and which are doped by interleaving block
layers. The interest on these systems principally resides in the onset at high temperature of a CDW broken symmetry
ground state, driven by a suitable FS nesting.

Recently, we have intensively investigated theRTe3 andRTe2 series by optical means. Our first optical reflectivity
data onRTe3 (R=La, Ce, Nd, Sm, Gd, Tb and Dy), collected over an extremely broad spectral range, allowed us to
observe both the Drude component and the single-particle peak, ascribed to the contributions due to the free charge
carriers and to the excitation across the CDW gap, respectively. We have then measured the pressure dependence of
the optical reflectivity on CeTe3 at 300 K (i.e., in the CDW state). Upon increasing the externally applied pressure the
excitation due to the CDW gap decreases, in a quite equivalent manner when compressing the lattice by substituting
large with small ionic radius rare-earth elements (i.e., by reducing the lattice constanta). Furthermore, the metallic
(Drude) weight was found to be moderately enhanced with chemical pressure (i.e., along the rare earth series). These
results demonstrate that chemical and applied pressure similarly affect the electronic properties and equivalently
govern the onset of the CDW state inRTe3.

The latest optical investigation of the related rare-earth di-telluridesRTe2 (R= La and Ce) confirms our previous
findings onRTe3. We have extracted the energy for the CDW gap and found that the CDW collective state gaps a
large portion of the Fermi surface. Analogous to CeTe3 pressure dependent optical investigations may be of great
relevance, since applied pressure might affect to some extent the electronic structure and the CDW condensate in
RTe2, as well. It is then instructive to establish a comparison between the physical properties of the two classes of
rare-earth telluride compounds upon lattice compression.

We have then studied the pressure dependence of the optical response of LaTe2, which is deep in the charge-density-
wave (CDW) ground state even at 300 K. The reflectivity spectrumR(ω) (Fig.1.14) is collected in the rather large mid-
infrared spectral range at room temperature and at pressures between 0 and 7 GPa. These are important prerequisites in
order to expand and precisely interpolate our measured spectra within the phenomenological Lorentz-Drude approach
and consequently in oder to extract the energy scale due to the single particle excitation (ωSP ) across the CDW gap
and the Drude weight (i.e., the plasma frequencyωp). The low pressureR(ω) reproduces the depletion around 5000
cm−1, already observed at ambient pressure and ascribed to the onset of the CDW gap excitation. The striking feature
in Fig. 1.14is the progressive increase with increasing pressure of the reflectivity signal, accompanied by the filling-
in of the deep minimum inR(ω) at about 5000 cm−1. We established that the gap decreases upon compressing the
lattice, which shares common features with the behavior seen previously in theRTe3 series and in our recent data on
CeTe3 under pressure (Fig.1.15). This signals a reduction in the quality of nesting upon applying pressure, therefore
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Figure 1.14: Pressure dependence of the reflec-
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inducing a lesser impact of the CDW condensate on the electronic properties of LaTe2. The consequent suppression
of the CDW gap leads to a release of additional charge carriers, manifested by the shift of weight from the gap feature
into the metallic component of the optical response and indicated by the enhancement ofωp (inset of Fig.1.15).
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Figure 1.15: Single particle peak energyωSP

(i.e., the CDW gap) as a function of the lattice
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ries. Inset: single particle peak energyωSP versus
plasma frequencyωp for LaTe2, as a function of
pressure. Pressure is here an implicit variable.

Finally, it is worth mentioning that the investigated spectral range as a function of pressure is broad enough to allow
furthermore educated guesses on the issue to which extent the applied pressure may influence the effect of electron-
electron interactions. The power-law behavior, seen in the optical conductivity at energies above the gap excitation
and indicating a weakly interacting limit within the Tomonaga-Luttinger liquid scenario (not shown here), seems to be
only moderately dependent on pressure. Therefore, the lattice compression weakly affects the electronic correlations
in LaTe2.
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1.13 Magneto-optical behavior of EuIn2P2

F. Pfuner and L. Degiorgi

work in collaboration with H.R. Ott, ETH Zurich, and A. Bianchi and Z. Fisk, Department of Physics, University of California at Irvine, U.S.A.

EuIn2P2 belongs to the broad class of materials known as Zintl compounds. The Zintl concept for the formation
of compensated-valence intermetallic compounds is based on a complete charge transfer from an alkali or alkaline-
earth element to a post-transition element of the groups 13 (IIIA) or 15 (VA) in the periodic table. The concept was
later extended to synthesize more complicated intermetallic compounds with new types of structures and a variety of
physical properties, such as magnetic order and superconductivity. Concerning magnetism, Zintl-phase compounds
with rare-earth elements as one of the regular constituents were investigated. For EuIn2P2, the magnetic order involves
the local moments of the partially occupied Eu 4f-electron orbitals and is thought to be induced by common exchange
interactions. In the latter case, the onset of magnetic order is accompanied by a considerable reduction of the electrical
resistance in the ordered state and related magnetoresistance effects upon the application of external magnetic fields.
In view of similar observations in previous studies of materials, such as the perovskitesLVO3 (L=La, Lu and Y),
EuO and EuB6, and the discovery of giant magneto-optical effects, at least in EuB6, it seemed of interest to probe the
optical properties of EuIn2P2 in a wide spectral range and, in addition, their variation with temperature and external
magnetic field.

Figure1.16displays the measured optical reflectivityR(ω) as a function of temperature (panel (a)), and as a function
of magnetic field at 10 and 30 K (panels (b) and (c)), respectively. The main panels of Fig.1.16 emphasize the
far-infrared (FIR) range, where the temperature and magnetic field dependences are significant. Above 50 K the
magnetic field dependence is negligible. The inset of Fig.1.16(a) displaysR(ω) across the entire measured spectral
range at room temperature. It exhibits a metallic component with a plasma edge at very low frequencies (ω ≤250
cm−1), a strong infrared active phonon mode, peaking at 270 cm−1 with a shoulder on its high frequency tail, a broad
excitation centered at 600 cm−1 and several absorptions above 1000 cm−1. The strong absorption centered at 600
cm−1 bears a striking similarity with what has been often observed in heavy-electron or Kondo materials and was
ascribed to excitations across the hybridization gap (hg). For each combination of temperature and magnetic field the
high-frequency parts of all spectra merge. Remarkable is the extremely low plasma edge which suggests that EuIn2P2

is a system with a low itinerant charge-carrier density. The reflectivity is significantly influenced by magnetic field
[Fig. 1.16(b) and1.16(c)], much less so, however, by temperature [Fig.1.16(a)].

The decomposition of the optical properties into their characteristic components (i.e., metallic component, hg, phonon
and interband transitions) also provides the basis for discussing the distribution of the spectral weight (S) in the
absorption spectrum. To this end, the spectra were described within the phenomenological Lorentz-Drude approach,
ascribing the Drude term to the metallic component and a selection of Lorentz harmonic oscillators (h.o.) to the finite
frequency excitations. Figure1.17shows the spectral weight distribution for some of these components as a function
of magnetic field at selected temperatures. Included are the effective metallic component, i.e., the Drude term plus its
high frequency tail described by the h.o. at 150 cm−1, the phonon signal at 270 cm−1 together with its high frequency
shoulder at 310 cm−1 and the broad absorption peaking at 600 cm−1. The most significant result of the spectral weight
analysis presented in Fig.1.17is the remarkable gain of spectral weight of the effective metallic component (i.e., for
frequenciesω ≤ 200 cm−1) and the hg feature centered at about 600 cm−1. It is particularly pronounced at 30 K and
even more so at 10 K [Fig.1.17(a) and 1.17(b)]. The renormalized density of states is significantly enhanced both
at low temperatures and in high magnetic fields and is due to the increasing hybridization between the localized 4f
states and the itinerant states of the d bands. This immediately leads to an enhancement of the transition probability,
across the hg, i.e., a gain of the mode strength. The enhancements of the metallic component and hg excitation tend to
saturate in high magnetic fields at all temperatures. This saturation is actually expected because of the fully ordered
magnetic state in high fields. The spectral weight for all components ofσ1(ω) remains almost constant at any fields
above 50 K [Fig.1.17(c)], confirming the direct experimental observation that at these temperatures, there is nearly
no magnetic field dependence in theR(ω) spectra. In order to satisfy the optical sum rule, the gain of spectral weight
of the low energy excitations of EuIn2P2 below 30 K is accounted for by an equivalent loss of signal at high energies,
possibly above 1 eV. The transfer of weight from energies even higher than the experimentally covered spectral range
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Figure 1.16: Reflectivity spectraR(ω) of EuIn2P2 in
the infrared spectral range as a function of tempera-
ture atB = 0 T (a). Panels (b) and (c) showR(ω)
at 10 and 30 K, and in magnetic fields between 0 T
and 7 T, respectively. The inset in panel (a) displays
R(ω) at 300 K in the whole measured spectral range
(logarithmic energy scale).

seems to be a common feature of highly correlated systems.

The non-negligible enhancement of spectral weight inσ1(ω) into the low-energy metallic component with increasing
magnetic field implies a release of additional charge carriers upon spin polarizing the material. Therefore, EuIn2P2

shares common features with other CMR compounds. An intimate relation between the magnetization and the elec-
tronic conductivity, leading to large or colossal magnetoresistive effects (CMR), has been indeed identified in a variety
of compounds (e.g., Eu1−xCaxB6 and the well-known manganites), which were intensively studied both experimen-
tally and theoretically. In interpreting our data on EuIn2P2 as well as on the Eu1−xCaxB6 series we favored the
recently developed concepts based on the double-exchange scenario, which, although by no means unique, catches
some of the experimental findings. The reduced itinerant carrier concentration in these systems places the Fermi level
near a magnetization dependent mobility edge, which emerges in the spectral density because of the disordered spin
background. Within this scenario it may then be argued that the increasing magnetization due to increasing mag-
netic fields shifts the mobility edge away from the Fermi energy towards the lower band edge, therefore inducing
substantial changes in the concentration of itinerant charge carriers. An obvious consequence of this scenario is the
expectation of a redistribution of spectral weight between excitations at higher energies in the optical absorption spec-
trum and the Drude component. Since additional charge carriers are indeed released, the Drude weight then grows
upon magnetizing the system.
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2.1 Frequency-Selective Single-Photon Detection Using a Double Quantum Dot

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

The interplay between quantum optics and mesoscopic physics opens up new horizons for investigating radiation
produced in nanoscale conductors. Microwave photons emitted from quantum conductors are predicted to show
nonclassical behavior such as antibunching and entanglement. Experimental investigations of such systems require
sensitive, high-bandwidth detectors operating at microwave frequency. On-chip detection schemes, with the device
and detector being strongly capacitively coupled, offer advantages in terms of sensitivity and large bandwidths.

Figure 2.1: The sample fabricated by local oxidation of an AlGaAs
heterostructure. The two quantum dots are marked by 1 and 2, a nearby
quantum point contact by QPC.

The sample [see Fig.2.1] was fabricated by local oxi-
dation of a GaAs=AlGaAs heterostructure, containing a
two-dimensional electron gas (2DEG) 34 nm below the
surface. The structure consists of two quantum dots in
series (marked by 1 and 2 in the figure) with a nearby
quantum point contact used as a charge detector (lower-
right corner of the figure). The dots are coupled via
two separate tunneling barriers, formed in the upper and
lower arms between the QDs

The idea is sketched in Fig.2.2, showing the energy
levels of the double quantum dot (DQD) together with a
quantum point contact (QPC) acting as a noise source.
The DQD is operated with a fixed detuningδ between
the electrochemical potentials of the left and right QD.
If the system absorbs an energyE = δ from the envi-
ronment, the electron in QD1 is excited to QD2. This
electron may leave to the drain lead, a new electron en-
ters from the source contact and the cycle can be repeated. The process induces a current flow through the system.
Since the detuning may be varied continuously by applying appropriate gate voltages, the absorbtion energy is fully
tunable.

Figure 2.2: Schematic for operating a double quantum dot (DQD) as a high-
frequency noise detector. The tunable level separationδ of the DQD allows
frequency selective detection.

The scheme is experimentally challenging, due to
low current levels and fast relaxation processes be-
tween the QDs. We have shown that these prob-
lems can be overcome by using time-resolved charge-
detection techniques to detect single electrons tun-
neling into and out of the DQD. Apart from giving
higher sensitivity than conventional current mea-
surement techniques, the method also allows us
to directly relate a single-electron tunneling event
to the absorbtion of a single photon. The system
can thus be viewed as a frequency-selective single-
photon detector for microwave energies. This, to-
gether with the fact that the charge-detection meth-
ods allow precise determination of the device pa-
rameters, provide major advantages compared to
other setups. To prove the principle of the device

we have investigated the high-frequency spectrum of radiation emitted from a voltage-biased QPC. The emission rate
was found to increase linearly with applied bias, with a spectrum having a sharp cutoff for frequencies higher than the
QPC bias.
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2.2 Suppression of Spin Relaxation in an InAs Nanowire Double Quantum Dot

A. Pfund, I. Shorubalko, K. Ensslin, and R. Leturcq, in collaboration with E. Gini, FIRST lab, ETH Zurich

Coherent spin manipulation has been demonstrated on quantum dots in GaAs heterostructures, benefiting from the
high quality of these systems and the highly developed manufacturing technology. Alternative materials such as InAs
may offer advantageous spin properties. The large electronic g-factor could allow for easier spin control with magnetic
fields, while the enhanced spin-orbit interactions motivated recent proposals for purely electrical manipulation of
individual spins.

Spin relaxation can be probed by the leakage current through a double quantum dot (DQD) in the Pauli spin blockade
regime. We consider three different leakage processes: (i) cotunneling through the DQD, (ii) relaxation due to spin-
orbit interaction, and (iii) relaxation as a result of hyperfine interaction with the nuclei of the host material. When
studying the kinetics of different processes occurring in parallel, it is common to consider a global reaction rate as the
sum of the individual rates. We show that the interplay between the different spin relaxation mechanisms can lead to
more complex phenomena, and even to a pronounced reduction of the global relaxation rate.

Figure 2.3: Scanning electron microscope image of a nanowire
device. The currentISD for an applied source-drain voltageVSD

is measured between the outer contacts to the nanowire. Voltages
on the top gates G1, G2, GC create a double quantum dot.

The InAs nanowires (NWs) are catalytically grown using me-
tal organic vapor phase epitaxy, and are subsequently trans-
ferred to an oxidized silicon substrate. Ohmic contacts and
top gates are then created in a two-step lithographic process,
yielding devices as shown in Fig.2.3. We perform transport
measurements in a dilution refrigerator at a base temperature
of 30 mK. A magnetic field is applied perpendicular to the
wire axis. Two quantum dots in series are formed along the
NW by applying voltages to the top gates G1, G2, and GC.
In the Coulomb blockade regime, the number of electrons (n,
m) in dot 1 or 2 can be tuned with the gates G1/G2, while the
gate GC is used to adjust the coupling between the dots. This
way the double dot is tuned to the Pauli spin-blockade (SB)
regime.

To investigate the relaxation processes, we measure the leak-
age current through the SB as a function of magnetic field
and level detuning∆12. The observed relaxation changes
drastically for different coupling between the two dots. We
can tune the tunnel coupling energy over a wide range in our
device and estimate values of75 − 125µeV for the regimes
considered here.

For weakly coupled dots, we observe a current peak around
B = 0 mT with a width of≈ 1.5 mT. In InAs dots, spin-orbit
interaction is strong which results in an additional broadening
of the peak compared to GaAs. The situation is reversed for
strong interdot coupling. Spin blockade is observed around
B = 0 mT and lifted for finite fields. After a monotonic
increase for small fields, the leakage current saturates to a
field independent value probably limited by the coupling to
the leads.

Tuning to intermediate coupling, we observe a complex behavior. The leakage current is suppressed by an order
of magnitude in a sharply defined region of magnetic field and detuning. The reduced leakage current exhibits a
pronounced bistability. In Fig.2.4(c), current traces for up (green) and down (black) sweeps of the magnetic field are
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shown. The bistable suppression abruptly vanishes above a critical temperature ofTcr = 600 mK; see Fig.2.4(d). At
high temperatures, the current traces are similar to the ones for high coupling [dotted line in Fig.2.4(c)].

Figure 2.4: (a) Dependence of the singlet branches S and the three tripletsT0,±(1, 1) on the detuning∆12 of the dot levels. (b) Evolution
of the triplet energies at fixed∆12 for up and down sweeps of the magnetic field, including the influence of dynamical nuclear polarization.
Arrows indicate the sweep direction. (c) Current traces: up sweeps (green) and down sweeps (black). The dotted curve for strong coupling
does not exhibit bistability. (d) Same for different temperatures.

To explain our results, we propose a model where a net nuclear polarization can be achieved only when hyperfine-
induced processes occur in parallel with alternative relaxation paths, which we attribute to spin-orbit interaction. The
polarized nuclei then create an effective magnetic fieldBN opposite to the external field B, which suppresses the
relaxation at larger fields.

The scenario we propose is depicted in Fig.2.4(b). For small fields,T+ approaches the lower singlet branch S, while
T− is shifted away in energy. The relaxationT+ to S thus dominates. During this process, an electron is flipped
from parallel to antiparallel alignment with the external field. Correspondingly, an increasing amount of nuclear spins
are flipped parallel to the field. Due to the negative g factor in InAs, the nuclear field BN therefore counteracts the
external field. Further Zeeman splitting is inhibited and the triplets evolve along the inner traces in Fig.2.4(b) (green
arrow). The leakage current is thus sustained at the low field value≈ 1 pA [Fig. 2.4(c)]. For further increasing field,
a saturation for the nuclear polarization is reached and the triplets split more. As soon asT− crosses the upper singlet
branch, theT+ to S relaxation becomes energetically possible. This flip-flop process builds up a nuclear field that
supports the external field, which leads to a sharp rise of the Zeeman splitting and to a step in current. Decreasing
the B field, the high-current state is stable untilT+ crosses S again and the nuclei reduce the effective field for the
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electrons. The small reproducible peak at≈ ±7 mT in Fig. 2.4(c) is not captured by this simple model. This feature
could be explained by considering a dependence of the relaxation rates on the external magnetic field in a quantitative
model. The bistable behavior vanishes above a critical value for the coupling.

2.3 Aharonov-Bohm Oscillations in the Presence of Strong Spin-Orbit Interactions

B. Grbic, R.Leturcq, Y. Komijani, M. Csontos, T. Ihn, and K. Ensslin, in collaboration with Dirk Reuter and Andreas D. Wieck, Univ. Bochum, Germany

Interference phenomena with particles have challenged physicists since the foundation of quantum mechanics. A
charged particle traversing a ringlike mesoscopic structure in the presence of an external magnetic fluxΦ acquires a
quantum mechanical phase. The interference phenomenon based on this phase is known as the Aharonov-Bohm (AB)
effect, and manifests itself in oscillations of the resistance of the mesoscopic ring with a period ofΦ0 = h/e, where
Φ0 is the flux quantum. The Aharonov-Bohm phase was later recognized as a special case of the geometric phase
acquired by the orbital wave function of a charged particle encircling a magnetic flux line. The particle’s spin can
acquire an additional geometric phase in systems with spin-orbit interactions (SOI).

Figure 2.5: (a) Measured magnetoresistance of the ring (strongly oscillating curve, red online) together with the low-frequency background
resistance (smooth blue curve); Left inset: AFM micrograph of the ring with designations of the in-plane gates. Bright oxide lines fabricated by
AFM oxidation lithography lead to insulating barriers in the 2DHG. Right inset: Scheme of a carrier travelling around the ring in the presence
of the external field Bext and SO induced intrinsic field Bint. (b) AB oscillations obtained after subtraction of the low frequency background
from the raw data. A clear beating pattern is revealed in the AB oscillations.
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In systems with strong SOI, an inhomogeneous, momentum dependent intrinsic magnetic fieldBint, perpendicular to
the particle’s momentum, is present in the reference frame of the moving carrier. The total magnetic field seen by the
carrier is thereforeBtot = Bext + Bint, whereBext is the external magnetic field perpendicular to the 2D system and
Bint is the intrinsic magnetic field in the plane of the 2D system present in the moving reference frame [right inset
Fig. 2.5(a)]. The particle’s spin precesses aroundBtot and accumulates an additional geometric phase upon cyclic
evolution.

The sample was fabricated by atomic force microscope (AFM) oxidation lithography on a p-type carbon doped (100)
GaAs heterostructure, with a shallow two-dimensional hole gas (2DHG) located 45 nm below the surface. An AFM
micrograph of the ring structure is shown in the inset of Fig.2.5(a). The average radius of the circular orbit is 420
nm, and the lithographic width of the arms is 190 nm, corresponding to an electronic width of 60-70 nm. The Fermi
wavelength is about 40 nm, and the mean free path is 2µm. Since the circumference of the ring is around 2.5µm, the
transport through the ring is quasiballistic.

The presence of strong spin-orbit interactions in the heterostructure is demonstrated by a simultaneous observation of
the beating in Shubnikov-de Haas (SdH) oscillations and a weak anti-localization dip in the measured magnetoresis-
tance of the Hall bar fabricated on the same wafer.

Figure2.5(a) shows the magnetoresistance of the ring (fast oscillating red curve). The low-frequency background re-
sistance is indicated by a smooth curve (blue curve). The observed AB oscillations with a period of 7.7 mT (frequency
130T−1) correspond to a radius of the holes’ orbit of 415 nm, in excellent agreement with the lithographic size of the
ring. After subtracting the low-frequency background from the raw data, a clear beating pattern is revealed in the AB
oscillations with a well defined node at 115 mT [Fig.2.5(b)].

We associate the beating in the measured resistance oscillations with an interplay between the orbital Aharonov-
Bohm and a spin-orbit induced geometric phase. In addition we resolve h/2e oscillations in the ring resistance, and
find that they also show a beating-like behavior, which produces a splitting of the h/2e peak in the Fourier spectrum.
A resistance minimum at B=0, present in all in-plane gate configurations, demonstrates the destructive interference of
the hole spins propagating along time-reversed paths.

2.4 Measurement of the tip-induced potential in scanning gate experiments

A. E. Gildemeister, M. Ḧufner, S. Schnez, T. Ihn, M. Sigrist, and K. Ensslin, in collaboration with D. C. Driscoll and A. C. Gossard, University of California,

Santa Barbara, USA

Common to most experimental studies on transport in quantum dots is that they investigate the various aspects based
on macroscopic current and voltage measurements, not based on local measurements. An interesting goal for a
local study of quantum dots would be, for example, to measure the spatial variation of the probability density of the
electrons in the dot. A promising approach to this and other questions pertaining to local properties of quantum dots
is the scanning gate technique, where the sharp conducting tip of a scanning force microscope (SFM) is employed as
a movable gate that can be scanned over the surface of the sample. The technique has already been successfully used
to manipulate single electrons in quantum dots in carbon nanotubes and GaAlAs, where a singly occupied quantum
dot could be studied.

In spite of the high number of studies that employ the scanning gate technique, relatively few data are available about
an important factor common to all of the experiments, namely, the potential that the tip induces in the sample, here
called ”tip potential” for brevity.

We have used a quantum dot in the Coulomb blockade regime as a sensitive potentiometer to quantitatively measure
the potential of a metallic SFM tip with high resolution over an area of up to 2x2µm2. The tip was scanned at
a constant height of about 200 nm over the sample surface and we used a feedback mechanism to apply a voltage
to a plunger gate of the quantum dot such that one of the quantized energy levels of the dot would always stay in
resonance with the chemical potential of the source and drain leads. The voltage on the plunger gate corresponds to
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the tip potential. With this technique we could ensure that the dot was a sensitive detector for every tip position and
that we used only one quantum state for detection.

Additionally, we measured the lever arm of the tip as a function of position by applying an ac voltage to the tip and
measuring how strongly the feedback of the plunger gate reacted to this. The lever arm helps to understand the origin
of the tip potential, its behavior as a function of the voltage applied to the tip, and the contact potential difference
between tip and sample.

In Fig. 2.6 (b) we show the tip potential that was measured with the feedback turned on. We have multiplied the
potential with -e to show the more intuitive potential energy. On the large scale we see a roughly circularly symmetric
repulsive potential peak which is about 700 nm wide and about 1 meV high. Close to the center we see a smaller
attractive potential dip superimposed on the large peak. The dip is also circularly symmetric, about 250 nm wide, and
around 0.5 meV deep.

In Fig. 2.6 (a) we show a scanning gate measurement of the quantum dot where we simply recorded the current
through the dot as a function of tip position. The feedback was turned off and the grounded tip was scanned over the
sample surface at a height of about 200 nm.

Figure 2.6: (a) Conventional scanning gate image of the current through a quantum dot. The grounded tip is moved over the dot at a constant
height of about 200 nm above the sample surface. The oxide lines that define the quantum dot in the center are outlined in white. (b) The tip
potential measured with the quantum dot. Equipotential contours are plotted as black lines.

When we compare the tip potential in Fig.2.6(b) with the current image of Fig.2.6(a) then it is evident that there is
high current along equipotential lines of the tip potential. The interpretation of a current image becomes clearer when
the tip potential is known. For example, it is now possible to associate the very small ring in the middle and the large
ring with the same charge state of the quantum dot, whereas the crescent-shaped arc corresponds to a state with one
electron less on the dot.

Clearly, this potential does not fulfill the requirements for probability density mapping. The potential is wider than the
dot and, as we can see in the current image, it exceeds the charging energy of the dot. Also, it has both an attractive
and a repulsive part which makes it complicated. In view of future experiments it is important to understand the origin
of the tip potential and possibilities to improve it.

We have developed an experimental technique that can be used to measure quantitatively the spatial dependence of
the potential induced in a quantum dot by the tip of a scanning force microscope. Furthermore, the technique allows
one to quantitatively measure the spatial dependence of the lever arm of the tip. The feedback mechanism used for
the measurements is able to minimize the tip potential and makes measurements in a least-invasive regime possible.
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The tip potential generally can have two components, one that depends on the voltage applied to the tip and one
that is independent of this voltage. In our measurements the tip voltage dependent part could be well described as
the product of the tip’s lever arm and the difference between the voltage applied to the tip and the contact potential
difference between tip and sample. For a grounded tip it was a repulsive Lorentzian-shaped 700 nm wide and 1.6
meV high potential. The tip voltage independent potential was attractive, Lorentzian shaped, about 250 nm wide, and
0.8 meV deep. It could be caused by a charged particle on the tip. The measurements of the tip’s lever arm revealed
fine structure both in the lever arm and the dot current that was different for the three quantum states we measured.
We speculate that this fine structure may be characteristic for a quantum state. Sharper and possibly cleaner tips are
needed for future experiments. For the interpretation of results from any scanning gate experiment one should bear in
mind that the tip potential could have an unexpected shape.

2.5 Local gating of a graphene Hall bar by graphene side gates

F. Molitor, J. G̈uttinger, C. Stampfer, D. Graf, T. Ihn, and K. Ensslin

Figure 2.7: Scanning force micrograph of the Hall bar with graphene side gates. Numbers 1-6 indicate contact pads for transport measurement.
Electrodes SG 1-SG 4 label the side gates.

The discovery of graphene flakes consisting of a single atomic layer facilitated measurements of the so-called half-
integer quantum Hall effect. The electron and hole densities in planar structures were tuned using a backgate electrode.
In order to achieve a lateral modulation of the charge density, additional laterally patterned gate electrodes are required.
This has been achieved by covering the graphene flake with an isolating dielectric, and then depositing metallic top
gates on the dielectric. The procedure includes additional processing steps, the dielectric material needs to be of very
high quality in order to avoid charge traps, and for very small structures the alignment of the structure and top gates
could be difficult. In order to fabricate nanostructures on graphene, such as quantum wires, ribbons, quantum point
contacts, and quantum dots, more sophisticated gating schemes are required.

Side gates have become extremely useful for tunable electronic nanostructures realized for example in AlGaAs het-
erostructures. Here, we demonstrate the possibility to use graphene side gates as a tuning knob for the electron density
in a neighboring narrow graphene Hall bar. Side gates and Hall bar are processed from the same graphene flake facil-
itating a single-step technological process. The scanning force micrograph in Fig.2.7 shows the etched structure, a
single layer Hall bar with four additional graphene side gates. The Hall bar has a width of 720 nm, a length between
the voltage probes of 2µm, and the gap to the side gates is 180 nm.

Conductivity traces as a function of backgate voltage are displayed in Fig.2.8 as black curves. The different traces
correspond to a varying voltage applied to all four side gates simultaneously. The curves are vertically offset for
clarity by 4x4e2/h. The dashed lines indicate a conductivity value of4e2/h. At both sides of the minimum in
conductivity, where electron and hole densities compensate each other, the conductivity increases almost linearly with
applied backgate voltage, sincen = α×VBG−VBG,CN , whereα = 7.2×1010 cm−2/V andVBG,CN is the position
of the charge neutrality point in backgate voltage. Applying a voltageVBG to all four side gates has mainly two
effects: The position of the conductivity minimum in backgate voltage shifts according to the relative lever arm. The
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Figure 2.8: Conductivity versus backgate voltageVBG for various settings of the side gate voltageVSG as indicated. The same voltage is
applied to all four side gates, and the measurement is performed with an ac of 20 nA rms. The black curves represent the measured traces,
while the gray lines are calculated with a model taking into account two parallel conducting channels with different influences from the side
gates.

minimum in conductivity, which has a valueσmin ≈ 4e2/h for VSG = 0 V, increases with both positive and negative
side gate voltages.

2.6 Measurement of Rashba and Dresselhaus spin-orbit magnetic fields

L. Meier, I. Shorubalko, and K. Ensslin, in collaboration with G. Salis, IBM Rüschlikon, E. Gini and S. Schön, FIRST lab, ETH Zurich

Symmetry-breaking electric fields in semiconductors induce a spin splitting, because electric fields appear to a moving
electron as magnetic fields, which interact with the electron spin and couple it with the electron momentum, or
wavevector, k. In zinc-blende-type crystals, such as GaAs, the electric fields resulting from the lack of an inversion
centre lead to bulk inversion asymmetry (BIA) and to the Dresselhaus term in the hamiltonian. In the conduction band,
its coupling is linear or cubic in k with proportionality constantsβ andgamma, respectively. In heterostructures,
further electric fields are introduced owing to structure inversion asymmetry (SIA), giving rise to the Rashba term,
which for conduction band electrons is linear in k with coupling constantα.

Neglecting cubic terms, the Rashba and Dresselhaus spin-orbit couplings in a quantum well are linear in wave vector
k and can be described by an effective magnetic field for a coordinate system with x and y as indicated in Fig.2.9.

We have demonstrated that both fields can be measured by optically monitoring the angular dependence of the elec-
trons’ spin precession on their direction of motion with respect to the crystal lattice. To induce an oscillating spin-orbit
field, we impose an oscillating drift momentum on the QW electrons by applying an in-plane a.c. electric field with a
frequency of 160 MHz, at an angle with the x axis, see Fig. 3. We monitor the spin precession frequency, of optically
polarized electron spins at different times using time-resolved Faraday rotation. By tuning the angles as indicated in
Fig. 2.10the strength of the Rashba and Dresselhaus magnetic fields are determined. Furthermore we demonstrate
spin resonance induced by the spin-orbit fields. In electron spin resonance (ESR) experiments, spins that are initially
polarized along the direction of a static magnetic field, perform Rabi oscillations between the states parallel and anti-
parallel to B if an a.c. magnetic field (the tipping field) is applied in the plane perpendicular to B and at the Larmor
frequency. Instead of an a.c. magnetic field, we use an a.c. electric field in the plane of the QW. It induces an oscil-
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Figure 2.9: Rashba (a) and Dresselhaus (b) spin-orbit fields for different orientations of the k-vector on a unit circle.

lating spin-orbit field, which can serve as a tipping field for ESR, in this context referred to as electric-dipole-induced
spin resonance (EDSR).

Figure 2.10: The bright lines indicate Schottky contacts to the elec-
tron gas below the wafer surface. By applying suitable voltages to
the electrode pairs in x and y direction an electric field with arbitrary
in-plane direction can be produced in the experiment.

2.7 Currents through quantum dots driven by a nearby quantum point contact

U. Gasser, B. K̈ung, S. Gustavsson, T. Ihn, and K. Ensslin, in collaboration with W. Wegscheider, Univ. Regensburg

We have set out to fabricate double dots containing only a small number of electrons. This has been achieved for split-
gate defined quantum dots and is now also realized for AFM-defined quantum dots. It turns out that the combination
of in-plane gates and patterned top gates is crucial to achieve few electron occupancy, see Fig.2.11.
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Figure 2.11: Scanning force microscope (SFM) micrograph of the sample. The
2DEG is depleted below the oxide lines written on the GaAs surface [bright lines]
thus defining the ring interferometer. A Ti film evapo-rated on top is cut by local
oxidation [orange lines] into mu-tually isolated top gates.

In this particular device it was possible to induce a significant current in the non-resonant double dot for a suitably
biased quantum point contact. Similar experiments have been performed for a system containing two isolated QPCs
as well as using a double dot coupled to a single QPC. The measurements (unpublished) in Fig.2.12show the current
flow through the double dot system as a function of current flow through both QPCs. The question whether the energy
transfer from QPC to dot is via phonons or photons needs to be resolved. The detuning between the levels in the
two dots (x-axis in Fig.2.12) is controlled by suitable gate voltages. The currents flowing through the two QPCs
are changed in direction and also applied simultaneously to both QPCs. It turns out that the effects of two photon
(phonon?) emitters in close vicinity to the double dot do not simply add up. A closer analysis reveals that saturation
effects related to the excitation, relaxation and tunneling timescales of electrons in the quantum dot states may play a
crucial role.

Figure 2.12: Current through the double dot as a function of detuning taken with zero bias across the DQD. No current is observed if both
QPCs are grounded (black line). A driving current through neighbouring QPCs induces an inelastic tunneling current through the DQD (red
and blue lines). The effect of the two QPCs is not additive (purple line).
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2.8 Toward a radio-frequency charge read-out

T. Müller, T. Ihn, and K. Ensslin, in collaboration with W. Wegscheider, Univ. Regensburg

Time resolved charge detection was used to study the occupation probability of quantum dots. The full counting
statistics of single electron transport through a quantum dot was experimentally established and super-Poissonian
noise was detected. Fundamental experimental limitations such as finite measurement time and limited bandwidth
were explicitly included in the data analysis.

Figure 2.13: Schematic view of matching with an open
stub. The admittance of the open stub is added to the ad-
mittance of the QPC, transformed by lengthl. Hence, by
tuningl andd, any load can be matched to any admittance
or impedance, respectively.

Here we have focused on the realization of a fast measurement of
the conductance of the quantum point contact. Present setups are
limited by the time resolution of the cabling to the cryostat and typ-
ical bandwidth are about 30-40 kHz. In order to overcome these
limitations we embed the quantum point contact (QPC) in a radio-
frequency (RF) matching circuit and measure the reflection of an
applied signal.

Alternatively, we also investigate a different way of embedding the
QPC into a resonant circuit. Instead of using a lumped element cir-
cuit, a stub of transmission line (see Fig.2.13) of a certain length
can also transform the QPC’s impedance. The underlying principle
is that the admittance of the stub compensates for the load (QPC)
impedance. This method allows for operation at higher frequencies
which in turn can lead to a higher measurement bandwidth. Prelim-
inary tests with an open stub made from a coaxial T-junction prove
that the reflection coefficient of a stub-matched high frequency FET
at room temperature does indeed strongly depend on the FET’s im-
pedance. Now, it remains to tune the stub in order to achieve good
matching at low temperatures with a QPC incorporated.
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3.1 Cu NQR measurements on PrCu2 at ambient and high pressure

A. Sacchetti, M. Weller, H. R. Ott, R. Monnier, B. Delley, and Y. Onuki
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Figure 3.1: Muon-induced distortion of Pr atomic posi-
tions, as obtained from ourab initio calculations.

Results ofµSR measurements[1] indicated an unexpected magnetic
order in the Van Vleck paramagnet PrCu2 [2 − 5] below 65 K. Our
preliminary Cu-NQR signals probing this compound between 4 and
300 K were not consistent with the conclusion drawn fromµSR. Ad-
ditional NQR measurements collected in 2007, and the subsequent
analysis clearly proved that no magnetic order develops in PrCu2 at
65 K. Neither the NQR spectral properties (frequency and linewidth)
nor the relaxation rates (spin-latticeT−1

1 and spin-spinT−1
2 ) show

the behavior expected in the presence of an ordering among the Pr3+

magnetic moments. We compare the experimental data with a simu-
lation of the spectra by means of a dedicated package developed by
us and considering the results ofab initio calculations of the elec-
tronic charge density in PrCu2 [6]. The latter show that an implanted
muon can enormously enhance a small and slowly-varying spin po-
larization in its environment. We therefore suggest a scenario in
which theµSR results are explained by assuming the presence of intrinsic, small and slow spin fluctuations in the
system which are strongly enhanced by the implanted muon and seen as a quasi static order by the fastµSR tech-
nique. Probing with the slower NQR spectroscopy these fluctuations are averaged to zero and they are only effective
in the spin relaxation rates[6]. Our calculations show that the muon induces a compression of the Pr-Pr distances in
the crystal (see Fig.3.1). This is important in view of the fact that an order among the Pr3+ magnetic moments has
recently been observed at around 9 K for pressures exceeding 10 kbar[7].

8.0 8.5 9.0 9.5 10.0
Frequency (MHz)

0.0 kbar

2.8 kbar

7.7 kbar

sp
in

 e
ch

o 
in

te
ns

ity
 (a

rb
. u

n.
)

9.9 kbar

14.4 kbar

18.2 kbarT = 50 K

0 2 4 6 8 10 12 14 16 18
8.9

9.0

9.1

9.2

9.3

9.4

9.5

0.2

0.3

0.4

0.5

� Q
 (M

H
z)

Pressure (kbar)

� 
(M

H
z)

T = 50 K

0.0 kbar (a)

(b)

(c)

Figure 3.2: (a) Cu-NQR spectra of PrCu2 as a function of pressure at 50 K
and pressure dependence of the NQR (b) frequency and (c) linewidth.

A second project concerning PrCu2 aims at study-
ing the magnetic order at high pressure by means of
NQR measurements. A first set of pressure depen-
dent spectra was collected at 50 K (see Fig.3.2(a)).
A strong broadening of the line profile is observed
upon increasing the pressure up to 18.2 kbar. An
abrupt increase of the linewidth (Fig.3.2(b)) is ob-
served around 10 kbar, which is the pressure where
the new magnetic order is claimed to set in[7]. The
NQR frequency (Fig.3.2(c)) increases linearly with
increasing pressure. The observation of this strong
broadening already at 50 K suggests that the tran-
sition to the ordered phase at∼ 9 K is preceded
by strong fluctuations at higher temperatures. Ad-
ditional experiments to clarify the situation are in
progress.
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3.2 Pressure induced ground state variation in CeAl3

M. Weller, J. L. Gavilano, A. Sacchetti, and H. R. Ott

27Al NMR measurements probing the heavy electron compound CeAl3 in very low magnetic fields (1.1 kG), at tem-
peratures below 2 K and varying external pressures between ambient pressure and 9.15 kbar, were made. Prominent
changes in the NMR response were observed upon increasing the pressure above 1.25 kbar. Inspection of the27Al
NMR spectra reveals that previously reported magnetic and electronic inhomogeneities at ambient pressure and very
low temperatures are removed. The spectral part which is thought to originate from the magnetically correlated phase
is not present forp = 1.25 kbar and above. The remaining spectrum can be explained by assuming a single Al-
site. Numerical simulations reproduce the27Al NMR spectra very well, thus providing evidence for a homogeneous
ground state at pressures exceeding 1.25 kbar.

Figure 3.3: 27Al NMR spin lattice relaxation rate of CeAl3 for vari-
ous external pressures, plotted as(T1T )−1(T ).

As shown in Fig3.3, the spin lattice relaxation rateT−1
1

is reduced considerably upon increasing the pressure up
to 9.15 kbar. In a Fermi liquid scenario, the Knight shift
K andT1 are connected by the Korringa relation

T1TK2R =
~

4πkB

(
γe

γN

)2

, (3.1)

with R as the only free parameter.
√

R reflects the ra-
tio between the interaction-induced enhancement of the
electronic density of statesD(EF ) and the magnetic sus-
ceptibility, respectively. For a free electron gasR = 1,
and for interacting electron systemsR < 1. From the
analysis of the27Al NMR spectra andT−1

1 (T ) data, val-
ues forR, valid for the paramagnetic phase, can be cal-
culated for the selected pressures. We note a strong re-
duction ofR by a factor of 18 if the pressure is increased
from 1 bar to 9.15 kbar. Previously reported specific heat
measurements under pressure indicated a reduction of the
density of states by the application of pressure. A combi-
nation of these results with the pressure induced reduction
in R implies a small increase of the enhancement factor
of the spin susceptibility by a factor 1.5. This somewhat
counterintuitive conclusion may indicate that a single in-
terpretation of the results, based on a Fermi-liquid type
approach, is inadequate.

Nevertheless the low temperature physical properties of
CeAl3 are governed by strongly pressure dependent features of the electronic subsystem. At 9.15 kbar and above
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0.25 K, CeAl3 is a Pauli type paramagnet with a moderately enhanced mass of the itinerant charge carriers. Lowering
the pressure to ambient pressure results in a strong variation of the renormalization effects that affect the electronic
subsystem, in agreement with other pressure studies probing the effective electron mass in this material. Below
1.25 kbar, a phase separation in the electronic structure occurs, with similar fractions of the two phases close to
T = 0 K. One phase still exhibits Pauli type paramagnetic features, while a second phase, of growing weight with
decreasing pressure, is characterized by quasi static magnetic correlations.
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M. Gündŏgan, Bilkent University, Ankara, (29.07-01.09)
Dr. A. Bittner, MPI Stuttgart, (08.03-09.03)
S. Jeon, H. Baek, S.J. Lin, Seoul National University, (03.10)

Doctoral theses
Jean-Nicolas Longchamp
Thin films on icosahedral AlPdMn quasicrystal

S. Czekaj
Ferromagnetic and antiferromagnetic domain configurations in thin films and multilayer -
toward a patterned exchange bias system

T. Michlmayr
Local magnetic field generation

Diploma theses
D. Efetov Coherent charge transport in graphene nanostructures

http://www.microstructure.ethz.ch


44 Microstructure research

Thin Film Physics Group

Head
PD. Dr. Hans Zogg

Academic Staff
Tiwari Ayodhya Nath Prof. Dr. (head PV)
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4.1 Nanoscale Magnetism

Stripe-domain nucleation and creep in ultrathin Fe films on Cu(100)

N. Saratz, T. Michlmayr, O. Portmann, U. Ramperger, A. Vaterlaus, D. Pescia, J. Phys. D40, 1268 (2007)

We provide images of the formation of the stripe phase in a system consisting of ultrathin Fe films grown with epi-
taxial accuracy on top of a Cu(100) single crystal surface. In the atomic-layer thickness limit, Fe films deposisted by
Molecular Beam Epitaxy (MBE) onto a Cu(100) surface are magnetized over a sizeable temperature range perpendic-
ularly to the film plane. In this situation, two interactions appear. The exchange interaction – of quantum mechanical
origin – which favours parallel alignment of neighbouring spins, is frustrated by the much weaker dipolar interaction
– of classical origin – which favours antiparallel spin alignment. The dipolar interaction decays ”only” as the third
power of the distance between two spins and is long-ranged. Thus, perpendicularly magnetized Fe films realize pre-
cisely the kind of competition needed to producemesocale phase separation. Indeed, the Fe films are observed to
self-organize into stripes of opposite perpendicular magnetization that modulate the order parameter (the local per-
pendicular component of the magnetization vector in the present case) in one direction and establish one-dimensional
order. The most remarkable features of the stripe phase are stripe meandering, stripe corrugation and four types of
topological defects – dislocations. Here we focus on imaging stripe nucleation and stripe creep at the micrometer
scale, with particular attention to the role of quenched defects, film edges and self-induced defects. We show that
quenched and self-generated defects inevitably lead to the appearance of a sizeable amount of disorder in the stripe
pattern, which is bound to loose long-range translational order. The magnetic domain structure of the Fe films is
imaged using Scanning Electron Microscopy with Polarisation Analysis (SEMPA). An electron beam with typically
2 keV primary energy is focused onto the Fe film and the secondary electrons excited out of the top few surface layers
are analyzed according to their intensity and their spin polarization. By scanning the beam over selected regions of
the surface we can obtain an image of the topographical contrast and, simultaneously, an image of the perpendicular
component of the local magnetization vector. The value of the spin polarization is converted into a gray scale so that
the black-white contrast visible in the images corresponds to domains with opposite perpendicular magnetization. The
Fe-films are grown by slow (typically few minutes per ML) ultra-high vacuum (UHV, base pressure:8 · 10−11 mbar)
deposition using MBE on a Cu(100)-surface. The strategy adopted to image stripe nucleation and creep consists in
applying a perpendicular magnetic field in one direction – which we define, in order to simplify the description –
as ”negative”, sufficiently strong to produce an (almost) uniform magnetic state – the ”dark” state in the following
images. A field in the opposite – positive – direction with variable strength is then used to launch nucleation and
development of the ”white”- state with opposite magnetization. The stripe creep is often slow enough so that it can
be captured by the present SEMPA set-up, where imaging can be performed with minutes temporal resolution. In
the following figure, which summarizes all essential elements of stripe formation, we observe how stripes penetrate
a uniformly magnetized state (dark), achieved by applying an external ”negative” magnetic field of24 Oe. The end
of the field pulse is set tot0. The image recorded immediately aftert0 (A) shows an almost uniformly magnetized
film (dark). A small (≈ 1 G) ”positive” field launches the penetration of the ”white” state into the dark background.
Progressively, stripes (mainly nucleating at defects and at the edge of the film, not shown here) penetrate the film
(white in (A). Stripes form side branches (marked by arrows in (B)-(D)) that ultimately will appear as dislocations in
the stationary pattern (Q) by avoiding topographic defects (marked with arrows in the topographic image (R) acquired
simultaneously to the magnetic micrograph (Q)). In (D)-(F) two stripes run into each other frontally but avoid them-
selves (arrow in (F)) and glide away (G), leaving behind a self-generated defect. Images (H)-(L) were recorded at a
higher magnification between images (G) and (N). They again show two finger-like white domains headed for frontal
collision. As they approach each other, the lateral space left is not enough to allow their gliding away so that their
growth stops, again leaving behind a self-generated dislocation. Images (N)-(P) show a finger-like domain which gets
stuck at a constriction (marked in (P) with an arrow) (self-generated dislocation). Notice that topographic defects
such as those in (Q) are quite rare and that self-generated defects dominate the pattern formation process. Acquisition
times: images (A), (M)-(R): 4.5 minutes, images (B)-(L): 1.16 minutes. The excess of ”white” in the final image is
due to the small ’positive’ field applied. (R) and (M) give the topographic contrast recorded simultaneouly with (Q)
and (L), respectively.
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Figure 4.1:

We conclude that, besides structural disorder provided by the substrate, we detect an important amount of self-induced
disorder intrinsic to the stripe formation process where many interacting domains are involved. Both type of sources
of disorder produce strong deviations from the perfect stripe order which one would suspect to be the lowest free
energy state. Thus, in line with a theorem by Imry and Ma, which foresees the loss of long range translational order
in systems with quenched disorder in dimensions less than 4, we expect a strong perturbation of long range order as
a consequence of the appearance of such deviations from stripe order. We are in the process of analyzing the images
to extract the relevant correlation functions and to study the role of the various elements of disorder, with the aim of
clarifying what type of order is actually realized in this system of two dimensional striped matter. As a preliminary
result we can state that translational order is not long-ranged as expected e.g. in common three-dimensional crystalline
matter, while orientational order is long-ranged. This behaviour points to the realization of an anomalous state of
matter which we are in the process of characterizing.
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4.2 Quasicrystal surface phenomena

Crystals possess a periodic arrangement of atoms, while quasicrystals lack periodicity, yet exhibit long-range orien-
tational and quasiperiodic translational order. Owing to this fundamental difference, a crystal-quasicrystal interface
gives rise to interesting phenomena. In particular, the epitaxial growth of matter on a quasicrystalline substrate leads
to well-ordered and self-size-selected clusters with a diameter of typically3 − 4 nm. We have studied crystalline
growth processes experimentally as well as in computational simulations.

4.3 Co deposition onto the icosahedral Al-Pd-Mn

Y. Weisskopf, S. Burkardt, M. Erbudak

We have evaporated Co onto the pentagonal surface of an icosahedral Al-Pd-Mn quasicrystal, kept at room tempera-
ture. For submonolayer Co deposits, the growth of five AlCo domains is observed exposing their (110) faces parallel
to the surface and rotated by 72◦ with respect to each other. The orientational relationship betweeen these domains
and the substrate is determined by the optimum matching of the average quasicrystal structure and the CsCl structure
with a lattice constant of about 0.29 nm [B. Bolliger et al., Phys. Rev. Lett.80, 5369 (1998)]. During further deposi-
tion, Co grows epitaxially on the AlCo domains in a novel body-centered cubic structure. The growth mode of Co on
Al-Pd-Mn is similar to the growth of Fe and Ni on the same substrate [Y. Weisskopf et al., Surf. Sci.578, 35 (2005);
ibid. 600, 2594 (2006)] except for the thickness of the alloy formed at the interface. In the case of Co, it is practically
one single monolayer, while for Fe it is about4− 6 monolayers.

4.4 Well-ordered alumina layers on the icosahedral Al-Pd-Mn

J.-N. Longchamp, S. Burkardt, M. Erbudak, Y. Weisskopf

Figure 4.2: The orientation of one pair of oxygen domains along one
twofold-symmetry axis of the pentagonal surface.

We have observed the formation of a well-ordered alu-
minum oxide film when the pentagonal surface of icosa-
hedral Al-Pd-Mn, kept at 700 K, is exposed to several
hundred Langmuirs of O2. The film is about 0.5-nm
thick having a local structure which resembles that of
the oxide layers formed on ordered binary alloys of Al
[A. Stierle et al., Science303, 61 (2004); G. Kresse
et al., Science308, 1440 (2005)] except that the qua-
sicrystalline substrate makes the film consist of five pairs
of nanometer-size aluminum oxide domains exposing
their nominal (111) faces parallel to the substrate sur-
face and rotated by 72◦ with respect to each other. Do-
main parameters ofa1 = 1.06 nm, a2 = 1.79 nm,
andα = 88.7◦ reproduce the experimental electron-
diffraction results satisfactorily. The orientational rela-
tionship between these domains and the substrate is a consequence of the affinity of the icosahedral and the CsCl
structure.
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4.5 Nanometer-size alumina substrates on quasicrystal surfaces

J.-N. Longchamp, S. Burkardt, M. Erbudak

By virtue of the relative ease of preparation of ordered, nanometer-size aluminum-oxide domains, quasicrystals bare
the potential use of catalyst carriers of active metals without resorting to self-size-selecting processes of growing
films. The natural limit of the lateral size in the order of few a nm promotes such alumina domains to attractive
substrates for nanometer-scale epitaxy. This possibility has been examined by depositing CdTe and PbTe onto the
oxidized pentagonal surface of an icosahedral AlPdMn quasicrystal. As expected, crystalline domains are formed
with well-defined polar orientations and exposing their low-index faces, which are parallel to the pentagonal surface
of the quasicrystal. The azimuthal orientation of the crystallites are found to be random. The chemically inert oxide
layer also acts as an efficient capping on the quasicrystal surface preventing it from contamination.

4.6 Molecular dynamics study of structure formation on quasicrystals

M. Mungan, M. Erbudak, Y. Weisskopf

Figure 4.3: Configuration of adsorbates at 3.5 monolayers coverage
with two different relative interaction strengthsη (see text).

We have studied the three-dimensional structure forma-
tion when atoms are deposited onto a substrate with a
decagonal quasicrystalline order. Already at a mono-
layer coverage the adsorbed atoms assemble in ordered
domains whose orientation is given by the underlying
substrate symmetry. The domain size is found to mainly
depend on the relative strengthη of the adsorbate in-
teractions with each other and the substrate. For thicker
layers, different morphologies are observed ranging from
layer-by-layer growth to cluster formation, depending
onη. We also find that the fim thickness also affects the
overall structure of the growing film: Depending on the
relative strength of the interactionη, a structural transi-
tion of the configutation of the adsorbate layers closest to
the substrate can occur as the number of deposited lay-
ers increases. For the simulations, we have used a scale
sufficiently large to capture in three-dimensions the for-
mation of multiple domains. The results are consistent with earlier investigations of Al grown on the decagonal
surface of an Al-Co-Ni quasicrystal [T. Flückiger et al., Nano Lett.3, 1717 (2003)].
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4.7 Epitaxial IV-VI narrow-gap semiconductor layers

M. Arnold, F. Felder, M. Rahim, A.N. Tiwari, and H. Zogg; www.tfp.ethz.ch

Epitaxial narrow gap lead chalcogenide (IV-VI) layers like PbX, Pb1−xSnxX, Pb1−yEuyX and Pb1−ySryX (X=Te, Se)
are investigated for applications and basic research. The band gaps of the active infrared layers are between 0.1 and
0.25 eV (corresponding to wavelengths in the mid-IR range). Larger band gaps are realized 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. However, lead-chalcogenides are fault tolerant, and allow to
realize high quality mid-infrared optoelectronic devices. In addition, 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. With such mirrors Fabry-Perot cavities are formed.

Resonant cavity enhanced detector (RCED)

By placing the active detector layer inside the cavity, aresonant cavity enhanced detector (RCED)is obtained. It
is sensitive at the resonance wavelengths only where it exhibits a high quantum efficiency. The positions of the
resonances are determined by the length of the cavity. In order to change the cavity length, the top mirror can be
moved by micromechanical means. Such an arrangement forms a micro infrared spectrometer (Fig.4.4). With a
cavity length of∼ 15 µm this yields a spectral tuning range of0.6 µm at wavelengths around5 µm. Spectral width
of the line is< 1%.

A convenient way to describe the sensitivities (determined by the noise current densities) of photovoltaic infrared
sensors are theR0A products whereR0 is the differential resistance of the current-voltage curve at zero bias and A is
the diode area. Fig.4.5 shows the the absolute diffusion limits for bulk and thin absorbers, as well as the Shockley-
Read generation/recombination for different lifetimesτ . ForT > 200 K, the measuredR0A-products are above the
theoretical limit for an ideal bulk photodiode. This is due to the limited thickness (volume) of the active device part
where S-R generation/recombination noise of charge carriers is possible. With RCED, it is therefore possible to obtain
higher sensitivities compared to conventional (thick) photodiodes.
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Figure 4.4: Micromid-infrared spectrometer.
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Figure 4.5: Sensitivity (R0A product) vs temperature.
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Vertical externalcavity surface emitting laser (VECSEL)

VECSELs for the visible and near-infrared range are becoming popular due to their easy fabrication, scalability,
and good beam quality. We realized the first VECSEL in the mid-infrared. The active layer is PbTe with emission
wavelength around5 µm. It is optically pumped with a commercial laser diode with1.55 µm wavelength (Fig.4.6).
Light in/light out characteristics are shown in Fig.4.7. Multimode excitation is observed at higher pump powers,
while at low power cw (continuous wave) emission is monomode. Maximum operation temperatures are presently
175 K. Similar VECSELs on Si(111) substrates are realized, too. Here, somewhat higher threshold powers are needed.

b) vertical external cavity surface emitting laser (VECSEL) 
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Fig. Z2: Light-in/light-out characteristics at 
100 K for pulsed (left) and CW excitation 
(right). 
 
 
 
 
 
 
 
 

Figure 4.6: Schematic representation of the IV-VI VECSEL.
The curved DBR is used as output coupler.
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Figure 4.7: Light-in/light-out characteristics at 100 K for pulsed (left) and
CW excitation (right).

4.8 Thin-film solar cells based on Cu(In,Ga)Se2 compound semiconductors

D. Brémaud, S. B̈ucheler, A. Chirila, S. Seyrling, R. Verma, H. Zogg and A.N. Tiwari; www.tfp.ethz.ch

Safe, cheap, abundant, renewable, and environment-friendly generation of electricity is of considerable interest for our
society. Thin-film solar cell technology based on the polycrystalline compound semiconductor Cu(In,Ga)Se2 (usually
abbreviated as ”CIGS”) is a very promising solution for this task. New cell concepts to improve the stability and
efficiency are among further projects.

High Growth Rate CIGS layers

Deposition of the CIGS absorber layer in the solar cell by elemental co-evaporation is the currently slowest and one
of the most expensive processing steps. Optimizing and simplifying this processing step in terms of increasing the
growth rate will provide guidelines for cost-effective industrial production. Development of a suitable growth process
requires investigation of the influence of process parameters on structural, compositional, electronic properties of
layers and solar cells. We have scaled down our 45 min long state-of-the-art process which yielded a best efficiency
of 15.3% to a 20 min long process that yielded 13.2%.
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Figure 1: Left: Simulated in-line deposition process. Middle: Applied first-order approximation of the 
simulation. Right: SEM cross section of finished solar cells with CIGS grown in 20 min.  
 
In2S3 Buffer layers deposited by physical vapor deposition 
 
Physical vapor deposition was employed to deposit In2S3 buffer layers on CIGS absorber. The buffer 
layers were grown by evaporation of In2S3 powder as a source material. The microstructural behavior 
and chemical composition of the source materials as a function of the time of evaporation have been 
studied. A significant amount of sulfur loss was detected in coarse powder, while the finer powder was 
found to be chemically stable. Solar cells made of a buffer layer deposited from fine powder resulted 
in lower efficiency (8.6%) than that made from coarse powder (11.6%). A highly efficient solar cell of 
14.1% efficiency was developed with a ~60 nm thin In2S3 buffer layer.  

 
Figure 2: Left: a uniform coverage of a ~30 nm thick evaporated InxSy layer on CIGS was clearly 
distinguishable in the SEM cross-section image. Right: J-V characteristic of solar cell with 60 nm thin InxSy 
buffer layer: (-----) as-grown; (-----) cell air annealed for 5 min at 200 oC and, (-----) CBD-CdS reference cell. 
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Figure 4.8: Left: Simulated in-line deposition process. Middle: Applied first-order approximation of the simulation. Right: SEM cross section
of finished solar cells with CIGS grown in 20 min.

In 2S3 Buffer layers deposited by physical vapor deposition

Physical vapor deposition was employed to deposit In2S3 buffer layers on CIGS absorber. The buffer layers were
grown by evaporation of In2S3 powder as a source material. The microstructural behavior and chemical composition
of the source materials as a function of the time of evaporation have been studied. A significant amount of sulfur loss
was detected in coarse powder, while the finer powder was found to be chemically stable. Solar cells made of a buffer
layer deposited from fine powder resulted in lower efficiency (8.6%) than that made from coarse powder (11.6%). A
highly efficient solar cell of 14.1% efficiency was developed with a∼60 nm thin In2S3 buffer layer.
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Figure 4.9: Left: a uniform coverage of a∼30 nm thick evaporated InxSy layer on CIGS was clearly distinguishable in the SEM cross-section
image. Right: J-V characteristic of solar cell with 60 nm thin InxSy buffer layer: (black) as-grown; (red) cell air annealed for 5 min at200 ◦C
and, (green) CBD-CdS reference cell.

Nanocrystalline dye-sensitized / Cu(In,Ga)Se2 tandem solar cells

The opto-electronic properties of Cu(In,Ga)Se2 (CIGS) absorbers, especially the high photon absorption even at
longer wavelengths (> 900 nm) and the possibility to adapt the band gap of the semiconductor from 1.04 eV to
1.67 eV, makes them highly attractive candidates for the bottom cell in a tandem configuration. In collaboration with
EPFL we used a novel concept of nanocrystalline dye sensitized solar cells as a top cell for the conversion of the high
energy photons (wavelengths of 350 - 700 nm) and applied a CIGS solar cell as the bottom cell for the remaining
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unabsorbed photons of wavelengths> 700 nm. The resulting tandem solar cell shows a conversion of 15.1% under
AM1.5 illumination and further potential for efficiency improvement.

Nanocrystalline dye-sensitized / Cu(In,Ga)Se2 tandem solar cells 
 
The opto-electronic properties of Cu(In,Ga)Se2 (CIGS) absorbers, especially the high photon 
absorption even at longer wavelengths (> 900 nm) and the possibility to adapt the band gap of the 
semiconductor from 1.04 eV to 1.67 eV, makes them highly attractive candidates for the bottom cell in 
a tandem configuration. In collaboration with EPFL we used a novel concept of nanocrystalline dye 
sensitized solar cells as a top cell for the conversion of the high energy photons (wavelengths of 350 - 
700 nm) and applied a CIGS solar cell as the bottom cell for the remaining unabsorbed photons of 
wavelengths > 700 nm. The resulting tandem solar cell shows a conversion of 15.1 % under AM1.5 
illumination and further potential for efficiency improvement. 
 

              
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Left: Schematic configuration of the mechanical stack of top nanocrystalline dye and bottom CIGS 
tandem solar cell showing various device layers. Right: Quantum efficiency of CIGS cells with different Ga 
contents to adapt the band gap. 
 

Figure 4.10: Left: Schematic configuration of the mechanical stack of top nanocrystalline dye and bottom CIGS tandem solar cell showing
various device layers. Right: Quantum efficiency of CIGS cells with different Ga contents to adapt the band gap.
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5.1 Geometric Phases in Superconducting Qubits

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

in collaboration with A. Blais, Université de Sherbrooke, Canada, J. M. Gambetta, University of Waterloo, Canada, and D. I. Schuster, L. Frunzio, and R.

J. Schoelkopf, Yale University, New Haven, USA.

In quantum information science, the phase of a wavefunction plays an important role in encoding information. A
promising new approach to manipulating quantum phases is to use an effect known as geometric phase. This approach
has come to the fore in recent years, since it has been argued to have potential for fault tolerance, an important
requirement for practical scaling of a quantum information processor. Geometric phases have been used to carry
out basic quantum operations using both nuclear magnetic resonance [1] and ion trap based systems [2], and there
has been considerable interest in the quantum information community in observation of similar effects in solid state
systems such as superconducting qubits [3]. Using our new setup for superconducting Circuit QED experiments,
completed last year, and after the successful implementation of a number of key intermediate goals, we were able to
carry out an experiment in which we observed geometric phase for the first time in a solid state qubit. Our results
were reported inSciencein December 2007 [4].

An illustrative example of how geometry induces transformation is the following. Raise your right arm above your
head, with your thumb pointing left. Now bring your hand down so that it is in front of you, and then move your arm
out to the right, without twisting it. Now raise your arm back above your head, and you will find that your thumb
now points in a different direction (to the front). During the whole process, your arm did not twist, and yet it ends up
rotated! Formally speaking this experiment deals with a vector living on the surface of a sphere (Fig. 1a) and changing
its position without locally changing its direction. When the vector reaches its initial position again it has been rotated
by a certain angle due to a global property of the surface, its curvature. For the case of a sphere, this angle turns out
to be proportional to the area enclosed by the path on the surface. Corresponding effects are widespread in science
with particularly important cases occurring in quantum physics, something that was first clearly pointed out by Berry
in the 1980s [5]. The dependence of geometric phases only on global geometric properties, and their independence of
path details may translate to good tolerance of errors in quantum computations [1].

In our experiment we manipulate the state of a superconducting charge qubit (a Cooper Pair Box) by radiating it with
precisely controlled microwave fields. By tuning the amplitude and phase of the fields over time, the qubit state vector
can be transported around a closed path in a certain parameter space, depicted in Fig. 1b. If the fields are changed
slowly enough that the system evolution is adiabatic, the qubit state then acquires a geometric phase known as Berry’s
Phase, proportional to the solid angle enclosed by the path. The situation is analogous to having a spin-1/2 particle

Figure 5.1: (a) Parallel transport of a vector around a closed loop on a curved surface causes it to rotate by a ‘geometric angle’. This is
the classical analogue of a geometric phase in quantum mechanics. (b) Parameter space paths traced in the experiment.Ωx andΩy are
the amplitudes of microwave fields applied to the qubit with x and y quadrature respectively, and∆ is the difference frequency between the
microwave fields and the transition frequency of the qubit.
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Figure 5.2: (a) Geometric phase measured as a function of parameter space solid angle. A positive or negative phase (upper and lower traces
respectively) is seen depending which direction the geometric path is swept. (b) Equatorial Bloch vector component of the qubit as a function
of the radius of the conical path, fitted to theory as explained in the text.

in a slowly changing magnetic field, with the magnetic field vector replaced instead by a vector of the radiation field
parameters.

An important ingredient for the experiment is the fact that when a superconducting qubit is embedded in a transmission
line resonator in the circuit QED architecture, it is isolated effectively from its electromagnetic environment, leading
to a long energy relaxation time (in this caseT1 ≈ 10 µs). This is important for carrying out adiabatic evolutions
within the qubit coherence time. In order to observe clearly the geometric phase, a ‘spin echo’ pulse sequence was
used to accurately eliminate dynamic phases [6]. Qubit state tomography was also used, to measure all components
of the qubit state vector and hence extract the phase [7].

The geometric phase measured in the experiment as a function of the solid angle of the parameter space path is shown
in Fig. 2a. The dependence is seen to be linear, and in very good agreement with Berry’s predictions. A number of
different path symmetries were also used to further verify the geometric nature of the observed phase, and the effective
elimination of dynamic phases (multiple lines in Fig. 2a).

In addition to measuring the geometric phase itself, it was also possible in our experiment to observe the effects of
geometric dephasing (Fig. 2b). In superconducting charge qubits, dephasing is dominated by low frequency fluctua-
tions in the qubit transition frequency induced by charge noise coupling to the qubit. The spin echo pulse sequence
effectively cancels the dynamic dephasing due to the low frequency noise. However, the geometric phase is sensitive
to slow fluctuations, since they cause the height of the conical path to change from one measurement to the next.
The geometric dephasing that we observed (Fig. 2b) is in good agreement with theoretical predictions for this case of
predominantly slow fluctuations [8].

The results are one of the clearest demonstrations of geometric phase in quantum systems. The experiments may be
extendable in the future to look in more detail at the effects of adiabaticity and noise on geometric phases, topics that
have been discussed extensively in theoretical literature, but not yet compared with experiment. In addition, two-qubit
gates robust against errors may be constructed based on geometric phases. Such gates are extremely important as the
building blocks of a future quantum computer.
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[7] P. Maurer, Semester Thesis,Quantum Device Lab, ETH Zürich (2007).
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5.2 Charge noise insensitive superconducting qubits

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

One of the major challenges in current research towards the realization of a quantum computer is to reach long coher-
ence times. For the Cooper pair box (CPB) qubit used in our previous measurements [9-12], the highest dephasing
time T2 ≈ 500 ns reached so far is still several orders of magnitude too short for a scalable quantum information
processor. Even by operating the CPB at its sweet spot (at which the qubit is to first order insensitive to charge noise),
it is still mainly limited by 1/f charge noise and quasiparticle tunnelling through the Josephson junctions. A modified
design of the CPB using higher Josephson energy to charging energy ratios, leads to a regime, where the qubit is
completely insensitive to charge bias [10]. Those qubits, called transmons, show significantly enhanced dephasing
timesT2 [11], while maintaining the ability to tune their transition frequencies over the whole spectrum with external
flux bias. Another favorable characteristic of the transmon qubit is the high strength of electrical dipole couplingg to
the resonator in a circuit QED system due to its large dimension, which enables fast qubit photon interactions that are
advantageous for implementation of fast qubit-qubit gates and novel quantum optics experiments.

In December 2007 we have fabricated first transmon qubits coupled to a transmission line resonator in a circuit QED
architecture. A colorized SEM picture of the geometry of such a transmon qubit is shown in Fig5.3. In this system,
ultra strong coupling between the qubit and the resonator field can be achieved. To probe the coupling, the qubit
transition frequencyνge is tuned trough the resonator with external flux bias (see Fig5.4a), while measuring the am-
plitude of a microwave signal transmitted through the resonator as a function of frequency. At half integers of a flux
quantum, where the qubit transition frequency approaches zero, the resonator is completely unperturbed by the qubit
and we see the transmission spectrum of the resonator at its bare resonator frequencyνr with a linewidth of0.45 MHz
(see Fig.5.4b). As the qubit and the resonator approach degeneracy, excitations become shared between them and the
degeneracy is split into two qubit-atom superposition states, the Vacuum Rabi mode splitting (see Fig5.4c). From the
frequency separation of the two peaks2g we find a large dipole coupling strength ofg/2π = 150 MHz. The high
ratio of the splitting to the individual peak line width of about 100 is a clear indication that we reached the ultra strong
coupling in our system, where the coherent coupling rate g is much larger than the rate at which photons are lost by
the resonator and the rate at which the qubit loses its coherence. This should enable us to do new interesting quantum

Figure 5.3: Colorized SEM picture of a transmon qubit (blue) with its big interdigitated shunt capacitor to lower the charging energy. The
center conductor of the resonator and the ground planes are colored in grey whereas the substrate is green.



58 Quantum device lab

0.5 0.0 0.5
6.9

6.92

6.94

6.96

50 100 150 200 250

0. 0.5 1.

a b

Flux Bias Current, I A
Fr

eq
ue

nc
y,

rf
G

H
z

Flux Bias, 0 Transm., T Tmax

0.
0.
02

5
0.
05

Frequency, rf GHz[ [

Tr
an

sm
.,

T
T m

ax

c

6.7 6.8 6.9 7.0 7.1 7.2

Figure 5.4: a) Measurement of the resonator transmission spectrum versus magnetic fluxφ. The white dashed lines show the the bare resonator
frequencyνr and the qubit transition frequencyνge crossing the resonator. b) Resonator transmission T at the bare resonator frequency. c)
Vacuum Rabi mode splitting at the degeneracy point with a Lorentzian fit in red.

optics experiments in the next years, such as the spectroscopic measurement of the square root ofn nonlinearity of
the Jaynes-Cummings energy ladder, wheren is the intra cavity photon number.
The energy relaxation and dephasing times in this new transmon sample areT1 ≤ 350 ns resp.T2 ≤ 100 ns. We are
confident to be able to increase these values into the microsecond range during the next year which will allow us to
start to coherently couple several transmon qubits with a single resonator for multi-qubit Circuit QED and Quantum
Information Processing and Communication (QIPC) experiments.
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5.3 Fabrication of Superconducting Resonators and Qubits

M. Göppl, M. Baur, R. Bianchetti, S. Fillip, J. Fink, P. Leek, L. Steffen, A. Wallraff

For the realization of a quantum computer the scalability of quantum electronic circuits is a crucial point. Super-
conducting qubits implemented into transmission lines have the advantage that standard microfabrication techniques
can be used for their realization. The qubits contain sub-micron size Aluminum-Aluminumoxide-Aluminum tunnel
junctions which are fabricated using electron beam lithography and shadow-evaporation. We have successfully imple-
mented and improved these techniques in ETH‘s clean room facility FIRST. As key instrument for qubit fabrication, a

a)
b)

Figure 5.5: a) SEM image of a qubit structure, integrated into a coplanar waveguide resonator. The red circles indicate the Josephson junction
positions. b) Optical image of an etched niobium resonator. The crosses in the central part are markers for the subsequent qubit implementation
by e-beam lithography.
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new electron-beam evaporator with advanced capabilities for making Josephson junction devices was installed, tested
and calibrated in FIRST. A bi-layer electron-beam resist (PMMA/MAA) with controlled undercut and resist bridges
was implemented. The upper layer (PMMA 950k) is about 60 nm thick and serves as mask for the subsequent evapo-
ration of aluminum. The lower layer (PMMA/MAA) serves as spacer for the upper layer and is about 600 nm thick.
A large undercut in the resist structure leads to free standing resist bridges. When evaporating aluminum under a
certain angle the free standing resist bridge casts a shadow in the aluminum film on the substrate. Evaporating another
aluminum film under a second angle leads to an overlap of two aluminum films. The two aluminum films form the
two electrodes of a Josephson junction. A thin insulating layer of aluminum oxide is realized by oxidizing the bottom
electrode after evaporation. Figure5.5(a) shows a typical qubit structure after evaporation and lift-off. The junction
size and the thickness of the oxide layer determine the Josephson and the charging energy, the two intrinsic energy
scales of the structure, and therefore have to be well controlled. We have optimized these two parameters and have
tested different qubit designs.
In parallel we have developed an etching process to fabricate Niobium thin film resonators on thermally oxidized
silicon and sapphire substrates into which we integrate qubit structures in order to perform cavity QED experiments.
Figure5.5(b) shows an etched Niobium resonator. Resonators with quality factors up to several hundred thousand
have been fabricated and tested at low temperatures. We have successfully integrated qubits into coplanar waveguide
resonators and have successfully performed characterizations of several qubit structures. In the future, we will further
improve the control of our process parameters and will continue doing experiments on single and multi qubit devices.

5.4 High Frequency Molecular Electronics

G. Puebla-Hellmann, P. Leek, A. Wallraff

Figure 5.6: Sequential zoom in on a electromi-
grated break junction.

An essential ingredient for the progress in modern microelectronics and
information technology is the miniaturization of the device components
used in integrated circuit fabrication. The successive miniaturization of
such device elements allows for a doubling of the number of components
in an integrated circuit, e.g. a microprocessor, every 18 months. This in-
creases the versatility of the device while at the same time reducing its
cost. Currently, novel approaches for further reducing component size in
integrated circuits are intensely investigated. These approaches are ex-
ploring the use of nano-scale objects such as nano wires, nano tubes and
even individual molecules for integrated circuit technology. A number of
important results have been obtained in this field already.
However, it still remains a difficult problem to manipulate and probe such
electronic devices on short time scales. The band widths with which such
operations can be performed are limited by the intrinsic high impedance
of nano scale objects, the resistance of which are on the order of the quan-
tum resistance or above. We intend to address this problem by embedding
nano scale circuits into high-frequency impedance transformation circuits.
This will allow us to address individual molecules on short time scales and
explore their properties for integrated circuit fabrication in novel and effi-
cient ways. Two important steps towards the reflectrometric measurement
of single molecules were made in our lab in 2007: the fabrication of im-
pedance transformers and of nm spaced contacts for the molecule.
In order to create nm spaced gold electrodes for embedding nm scale ob-
jects, gold nanowires with a cross section of 25×100 nm were broken in
a controlled fashion by electromigration. This is a process in which the
momentum transfer from electrons to the gold atoms leads to a mass flow,

creating voids and hillocks. By ramping the voltage and monitoring the rate of change in resistance of the nanowire,
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electromigration can be detected, allowing for a controlled thinning of the wire. Such an electromigrated wire is
shown in Fig.5.6, with a gap size of≤7 nm. At cross sections of tens of atoms, the conductance through the wire
becomes quantized, similar to a quantum point contact. As the wire is migrated, the conductance decreases in a stair-
way like fashion (Fig.5.7a.).
The second step has been the fabrication of superconducting high frequency impedance transformers and their char-
acterization. The implemented transformers are single stub tuners in coplanar waveguide geometry. Here a changing
load changes the reflection coefficient as the load moves in or out of match. Measurements of several unloaded de-
vices have been made at temperatures down to 20 mK, allowing the extraction of characteristic parameters, such as
microwave phase velocity and attenuation from the reflection spectrum. Temperature dependence measurements have
been carried out confirming that the devices indeed work as impedance transformers. A stub tuner can match to its
intrinsic losses in a temperature sweep as both phase velocity and loss are temperature dependent (Fig.5.7b.).
The next step toward probing single molecules will be the embedding of the nm spaced leads into a stub tuner. We
will also be able to study the electromigration process in more detail using this setup. The first molecule of interest
will be a carbon nanotube to verify the measurement technique. We are also investigating mechanically tunable break
junctions as an alternative to the static electrodes currently used. In these junctions the electrode distance can be tuned
by bending the substrate.
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Hüfner, M.
Low Temperature Scanning Probe Microscopy on Low Dimensional Structures
3rd European Conference on the Fundamental Problems of Mesoscopic Physics and Nanoelectronics, Spain, Mojacar,
09.09.2007



Presentations 79

? Ihn, T.
Measuring the full counting statistics of the current through quantum dots
13th Brazilian Workshop on Semiconductor Physics, Sao Paulo, Brazil, 05.04.2007

? Ihn, T.
Quantum circuits based on electronic materials
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