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PREFACE

The Laboratory for Solid State Physics at ETH Zurich is pleased to present its Annual Report for 2014. Our report
displays the diverse foci in research, which led to numerous publications in high-ranking journals and presentations at
international conferences. The members of the Laboratory are also committed to all aspects of teaching. They strive
at conveying the fascination of physics in general and in particular of state-of-the-art solid state physics at all levels.
Bachelor and Master level courses were offered for physics students as well as for students of other departments.
The portfolio of research directions carried out at LFKP covers a rather wide range including the application and
development of novel instruments, the synthesis of highest-quality materials and the fabrication of nanoscale quantum
devices as summarized below.

The experimental research at the laboratory of solid state physics and our teaching activities benefit from the ex-
cellent infrastructure provided by ETH Zurich and in particular by the physics department. We thank the involved
people for their dedication and solid support especially in all technical and administrative matters. We very gratefully
acknowledge the continuous and substantial support by the Schulleitung of ETH Zurich, but also by the Swiss Na-
tional Science Foundation, the Commission for Technology and Innovation (KTI), the European Research Council,
industrial partners and all other sources.

For preparing this Annual Report, we would like to thank Mrs. Christina Egli and Mr. Tino Zimmerling for editing
the report and Mrs. Amanda Eisenhut for the graphical design.

As it became tradition already, in order to avoid producing old-fashioned CDs we again simply print a postcard with
a QR-Code on it so that last year’s report can be easily downloaded.

Zurich, June 2015 Der Vorsteher

Prof. Dr. W. Wegscheider
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10 Physics of New Materials

1.1 Conventional superconductivity in single crystals MgCNi3

N. D. Zhigadlo, in collaboration with R. T. Gordon, R. Prozorov (Ames Laboratory), S. Weyeneth (University Zurich), and S. Katrych (EPFL)

1 mm

Figure 1.1: (left panel) Optical microscope images of MgCNi3 sin-
gle crystals. After crushing the lump, a large number of crystals up
to 1 mm2 were found. Upper right frame shows the kh0 reciprocal
space section determined by XRD of single-crystal MgC0.92Ni2.88.

Figure 1.2: (right panel) The superfluid density ρs(T ) calculated
from the London penetration depth. Expectations for the single-
gap BCS superconductors are shown for clean-limit s (solid blue),
clean-limit d (dashed green), dirty-limit s (dot blue), and dirty-limit
d (dashed-dot green) waves. The inset shows the low-temperature
variation of the London penetration depth and a weak-coupling BCS
isotropic s-wave fit with a fixed ρ(0) = 245nm and the gap ∆(0) as
a free parameter.

Single crystals of MgCNi3, with areas sized up to 1 mm2, were grown by the self-flux method using a cubic anvil
high-pressure technique (see Fig. 1.1). In low applied fields, the dc magnetization exhibited a narrow transition into
the superconducting state, demonstrating the good quality of the crystals. The lower critical field Hc1, determined
from a zero-temperature extrapolation, is around 18 mT. The upper critical field Hc2 was found to be isotropic with
a slope at Tc of -2.6 T/K and Hc2(0) ≈ 12.3 T at zero temperature. This value corresponds to the coherence length
of 5.2 nm and together with the London penetration depth λ(0) = 245 nm gives a Ginsburg-Landau parameter of
κ ≈ 47. The superfluid density, ρs = [λ(0)/λ(T )]2, was found to follow the clean isotropic s-wave behavior pre-
dicted by the weak-coupling BCS theory in the whole temperature range (see Fig. 1.2). The low-temperature behavior
of the London penetration depth fits the BCS analytic form as well and produces a value close to the weak coupling
one of ∆(0)/(kBTc) = 1.71 [1].

[1] R. Gordon, N. Zhigadlo, S. Weyenet, S. Katrych, and R. Prozorov, Phys. Rev. B 87, 094520 (2013)
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1.2 Crystal growth of Mo3Al2C superconductor with noncentrosymmetric crystal
structure

N. D. Zhigadlo, P. J. W. Moll, and B. Batlogg, in collaboration with D. Logvinovich (Laboratory of Crystallography, ETH Zurich)
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Figure 1.3: Temperature dependence of resistance and in the inset
the magnetic susceptibility for Mo3Al2C single crystal. In magnetic
measurements the data taken on heating after cooling in the absence
of a field (zero-field cooling, ZFC), and on cooling (field cooling, FC)
in an applied field of 1 Oe.

Figure 1.4: Crystal structure of Mo3Al2C (space group: P4132) as
viewed along c-axis and coordination polyhedra of the constituent
atoms.

Single crystals of the noncentrosymmetric superconductor Mo3Al2C have been grown by high-pressure and high-
temperature technique. The crystals show a superconducting transition at ∼ 9.3 K (Fig. 1.3). Single crystals x-ray
refinement confirmed high structural perfection of the grown crystals. Structure type of Mo3Al2C corresponds to that
of β-Mn: both Mo and Al atoms are in a distorted icosahedral and C atoms are in distorted octahedral coordinations
built from metal atoms (Fig. 1.4). It is remarkable that Flack parameter values refined for all measured crystals using
the model with the space group P4132 were reproducibly close to either 0 or 1, which is a strong indication that the
studied crystals correspond to two enantiomorphic space groups, P4132 and P4332.

1.3 High pressure synthesis and superconducting properties of SrPt3P

N. D. Zhigadlo and B. Batlogg, in collaboration with R. Khasanov, P. Biswas, H. Luetkens, and A. Amato (PSI)

Polycrystalline samples of SrPt3P were synthesized using the cubic anvil high-pressure and high-temperature tech-
nique. In a typical run, the sample was first pressurized to 2 GPa and the temperature was ramped up in 2 h to the
maximum value of 1050 °C, maintained for 20 – 40 h, and then decreased to room temperature in 1 h. All prepared
samples demonstrate large diamagnetic response with the superconducting transition temperature of 8.5 K (see inset in
Fig. 1.5). The temperature dependence of the upper critical field (Bc2) for two different samples are given in Fig. 1.5.
There is a pronounced upward curvature of Bc2(T ) curve at T ∼ 6 − 6.5K. Linear fits of Bc2(T ) in the vicinity of
Tc and for T ≤ 6 K yield dBc2/dT = −0.45 and -0.77 T/K, respectively. Such upward curvature of Bc2(T ) is often
considered the consequence of two-band superconductivity. Indeed, the results of muon-spin rotation (µSR) studies of
the magnetic penetration depth (λ) as a function of temperature and magnetic field suggest that SrPt3P is a multi-band
superconductor with the equal gaps but different coherence lengths associated with the various bands.
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lines are linear fits of Bc2(T ) in the vicinity of Tc and for T≤ 6 K. The inset shows the temperature dependence of the magnetic susceptibility.

1.4 High frequency modulation calorimetry for high magnetic fields and high cool-
ing rates

S. Galeski and B. Batlogg

Figure 1.6: Specific heat anomaly of TbMnO3 ferroelectric phase transition
measured at 2 K with 23 kHz temperature oscilation.

The possibility of extending the range of condi-
tions available for experiments has always been a
driving force for development in physics. Recent
developments of MEMS technology allows physi-
cists to access realms previously inaccessible.

In particular membrane based nanocalorimetes al-
low one one to achieve sample heat capacity of
nanogram samples with frequencies above 10kHz.
This high frequency originates from the very small
thermal mass of the sample and calorimeter cell
allowing not only for high sampling rates but also
for heating and cooling rates in the range of several
thousand Kelvin per minute.

These features make membrane based calorimetry
a very versatile tool that can be used for quench-
ing in disorder in system such as spin glasses, fast
mapping out of magnetic phase diagrams or even

specific heat measurements in short (300 ms) magnetic field pulses.



1.5. Bulk and Interface Charge Transport in Rubrene Single Crystals 13

1.5 Bulk and Interface Charge Transport in Rubrene Single Crystals

B. Blülle, R. Häusermann, P. Kerpen, and B. Batlogg

Charge transport in organic semiconductors is strongly influenced by the presence of trap states (trap DOS) in the
band gap, often limiting the performance of semiconductor devices. Todays highly pure crystalline semiconductors
can have extremely low density traps — comparable to best inorganic materials — building a promising base for
studies of the intrinsic electronic properties of organic semiconductors.

We have performed temperature dependent charge transport measurements of rubrene single crystals using different
device structures, allowing us to compare the hole mobility and the trap DOS from bulk measurements (space charge
limited current measurements, SCLC) to transport properties in field-effect transistors (FET), where charge transport
takes place along the interface to a gate dielectric. For this purpose we apply new methods to extract the spectral
density of deep traps from the temperature dependence of the subthreshold swing [1]. The mobility in c-direction of
the crystal is obtained from the charge carrier transit time seen in temperature dependent high frequency conductance
measurements.

Our results show the trap DOS in organic FET devices to be in close agreement with the bulk trap density from
SCLC measurements. Remarkably, this shows that no additional trap states are formed at the surface when a full FET
structure is built, provided a proper dielectric material is employed.

bulk measurement

interface measurement

Figure 1.7: Comparison of typical trap density of states (trap DOS) in rubrene single crystals obtained from bulk transport measurements
(space-charge limited current, SCLC) and from interface-dominated currents in a field-effect transistor geometry using Cytop as gate dielectric.
The trap DOS obtained from FET transfer curves is in the same range as the lowest measured bulk trap densities, suggesting that no additional
interface traps are created when the crystal is brought in contact with the Cytop gate dielectric.

[1] B. Blülle, R. Häusermann, and B. Batlogg, Phys. Rev. Applied 1, 034006 (2014)
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1.6 Measuring the Seebeck coefficient in organic semiconductors

K. Willa and B. Batlogg

Measuring the Seebeck coefficient in semiconductors is a powerful tool to gain information about charge tranport
mechanisms. In organic semiconductors the mechanisms driving the charge transport are still under debate. Measur-
ing the field dependent Seebeck coefficient of organic semiconductors allows to approach this problem from a new
perspective.

We developed a measurement setup that is adapted to fulfil the demanding requirements of measuring the Seebeck
coefficient in organic semiconductors. In particular, the measurements are conducted in an inert atmosphere. The
contacts are applied by feather pins, replacing the usual glue-attached wires. Furthermore the temperature gradient is
measured by on chip thermometry allowing precise results even for small temperature differences.

Seebeck measurements were conducted with this setup for Rubrene single crystals laminated on Cytop. The evaluation
shows an exponential dependence of the Seebeck coefficient on the applied gate voltage reproducing the results of
Pernstich et al. [1]. Using this setup, measurements can be performed on a wide range of other organic semiconductors
leading to exciting possibilities of exploring the charge transport in these materials.
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Figure 1.8: On the left hand side: Measurement of the thermal Voltage while varying the temperature gradient applied over a Rubrene single
crystal with a fixed gate voltage of -25 V. The slope gives the Seebeck coefficient, which can be seen on the right hand side for several gate
voltages and 4 different Rubrene single crystals laminated on Cytop.

[1] K. P. Pernstich, B. Rössner, B. Batlogg, Nature Materials 7, 321 (2008)

1.7 Controlled charge transfer doping of organic crystals to observe impurity band
transport

T. Mathis and B. Batlogg

The interface between the TTF donor molecule crystal and TCNQ acceptor molecule crystal, which are both insulating
separately, shows sheet conductivity up to 0.1 mS. The formation dynamics was found to be not physical contact
between the crystals but sublimation of molecules from the low sublimation temperature material TTF onto the TCNQ
surface [1]. The conductivity increases gradually but at some point shows a jump, which we speculate is due to
a percolation effect. At low conductivities a strong temperature dependence was found that was missing at higher
conductivities. Therefore we distinguish two regimes: the thermally activated regimes and the weakly temperature
dependence regime respectively. By controlled exposure to TTF molecules the TCNQ surface could be doped slowly
and temperature dependent measurement performed at different doping levels. The transition between the two regimes
was observed and shows a sharp change in behavior within a narrow doping difference. The activation energy extracted
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from the resulting Arrhenius plots was found to be around 0.3 eV. This value depends only slightly on different doping
levels, but it fell abruptly to zero when the transition into the weakly temperature dependent regime occurred. The
impurity band transport observed here could be due to a shift of the Fermi energy into the HOMO band due to an
increase in the density of state of the impurity band at 0.3 eV or due to a broadening and shifting of the impurity band
level itself into the HOMO band, forming a mixed band state.

Figure 1.9: The left graph shows the thermally activated transport after short exposure while the center graph shows the same sample after
long exposure to TTF molecules. A transition occurred between thermally activated and weakly temperature dependent transport. The right
graph shows the conductivity at different temperatures for different exposure times. The transition can be observed by the disappearance of the
slope after the transition. The activation energy before the transition in the thermally activated region is approximately 0.3 eV.

[1] T. Mathis, K. Mattenberger, P. Moll and B. Batlogg, Appl. Phys. Lett. 101, 023302 (2012)

1.8 Monolithic integration of SiGe micro-crystals on deeply patterned Si CMOS
substrates for high sensitivity X-ray pixel detector development

F. Isa, A. Jung and H. von Känel in collaboration with Y. Arroyo, R. Erni and P. Gröning (EMPA, Dübendorf, Switzerland), M. Meduňa (Masaryk University,

Brno, Czech Republic), G. Isella (L-NESS and Politecnico di Milano, Como, Italy), F. Pezzoli, M. Salvalaglio and F. Montalenti (L-NESS and Università degli

studi di Milano-Bicocca, Milano, Italy), and P. Niedermann (CSEM, Neuchâtel, Switzerland)

The growth of low defect density semiconductor material, lattice mismatched to the silicon substrate and differing in
thermal expansion coefficients, is still a challenging problem in semiconductor heteroepitaxy. We approach this chal-
lenge growing SiGe alloys on deeply patterned silicon substrates by low-energy plasma enhanced chemical vapour
deposition, yielding space-filling arrays of closely separated SiGe micro-crystals, as reported in Fig. 1.10 a). Thread-
ing dislocations (TDs) escape through the sidewalls such that strain and defect-free crystals are obtained. In addition,
crack formation and wafer bowing due to thermally induced stress is avoided.

Thanks to the complete elimination of TDs and full stress relaxation, the SiGe/Si micro-crystals could be successfully
used for the integration of high quality Ge/SiGe quantum wells (QWs). Indeed, as reported in Fig. 1.10 b), the QW
X-ray diffraction peak FWHM is comparable to that one of the Si substrate. Photoluminescence measurements also
confirm that the optical quality of Ge/SiGe QWs on Si pillars by far overwhelms that one of analogous nanostructures
deposited on state of the art SiGe/Si(001) planar buffers (see Fig. 1.10 c)).This innovative approach is suitable to fab-
ricate high sensitivity X-ray pixel detectors, which requires thick SiGe crystals as absorbing material, monolithically
integrated onto Si CMOS substrates with readout electronics.

Besides the epitaxial growth of SiGe/Si crystals, our work includes device fabrication, structural and electrical char-
acterization. We analyze the performance of the absorbing layer by in-situ electrical characterization of individual
SiGe/Si crystals by means of a micro-probe inside a scanning electron microscope (SEM) chamber (see Fig. 1.10 d)).
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Figure 1.10: a) Cross-sectional SEM picture of a regular array of SiGe micro-crystals epitaxially deposited on deeply patterned Si(001)
substrate. b) Quantum well (004) X-ray diffraction peak FWHM for different facet orientations and Si substrate [M. Meduňa et al., J. Appl.
Cryst. 47, 2030 (2014)]. c) Photoluminescence spectra of Ge/SiGe MQWs on Si pillars (black curve) and on state of the art planar SiGe
buffer (red curve) [1]. d) SEM picture of the micrometer-sized metallic probe used to perform electrical characterization of individual SiGe/Si
crystals.

[1] F. Pezzoli et al., Phys. Rev. Applied 1, 044005 (2014)

1.9 Defect reduction in epitaxial SiC on Si by Deep Substrate Patterning

T. Kreiliger, H. von Känel in collaboration with Leo Miglio (PileGrowth Tech srl, Como, Italy; and L-NESS, Dept. Material Science, University Milano Bicocca,

Milano, Italy), Danilo Crippa (LPE spa, Baranzate, Italy), Marco Mauceri, Marco Puglisi (Epitaxial Technology Center srl, Catania, Italy), Fulvio Mancarella

(CNR-IMM, Bologna, Italy), Ruggero Anzalone, Nicolo Piluso, and Francesco LaVia (CNR-IMM, Catania, Italy)

Direct hetero-epitaxial growth of cubic silicon carbide (3C-SiC) on silicon (Si) substrates would enable the industry to
fabricate power electronic devices on large Si wafers at lower costs. However, the lattice mismatch of∼ 20% between
the 2 materials involved leads to high stacking fault (SF) defect densities and therefore leakage currents through the
devices. Furthermore, the ∼ 8% difference of thermal expansion coefficients induces severe wafer bowing or even
layer cracking as soon as the SiC layer thickness reaches dozens of micrometers or more, as needed for device
applications. In order to tackle both these issues we extended a recently developed concept for the epitaxial growth
of germanium on Si (by low-energy plasma enhanced CVD) to the case of SiC on Si (by low-pressure CVD). That is
the self-limited lateral expansion of individual epitaxial crystals on deeply patterned Si substrates, which substantially
reduces wafer bowing and crystal defect propagation.

A FIB cross-section through such a structure is shown in panel a) of the figure below, consisting of ∼ 11 µm thick
3C-SiC grown onto Si(001), 6◦ off-cut towards [110], substrates which are patterned into 8 µm high and 5 µm wide
ridges having 5 µm gap in between. At the beginning of the growth the gap shrinks but then saturates, avoiding the
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fusion of neighboring SiC ridges and therefore reducing wafer bowing after cooling down. A more closer look to a
cleaved cross-section of a similar structure is shown in panel b), where numerous faint bright lines are visible. These
are SF defects originating from the SiC/Si interface and propagating along {111} planes. Depending on the aspect
ratio between height and width of the SiC ridge, part of the SF end at the sidewall and do not propagate any further
upwards. A limiting case of 12 µm high SiC ridges grown on 8 µm wide Si ridges, spaced by 7 µm is shown as a
top-view in panel c). The aspect ratio of these SiC structures is just small enough for the last few SF defects lying
in {111} planes parallel to the ridges to reach the top surface near the edges. First results on fused SiC ridges with
high enough aspect ratio before fusion show a significant reduction of the density of SF laying parallel to the ridges,
while the SF density in {111} planes perpendicular to the ridges is hardly affected. Future work will include not only
growth on Si ridges, but also on Si pillar structures which will lead to SiC towers with gaps in both lateral dimensions,
lowering the SF density in all 4 possible {111} planes.

stacking faults escaping through sidewalls

5 mm
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] 

a) b) 

expected defect-free region
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stacking fault defects

[110]

c) 

Figure 1.11: SEM images of a) perspective FIB cross-section of SiC grown on Si ridges; b) cleaved cross-section near SiC/Si interface with
SF defects visible as faint bright lines; c) top-view of miscut SiC surface, showing SF defects parallel to ridges only in the border region.

1.10 Growth of GaAs on Si nanopatterns

I. Prieto and H. von Kaenel in collaboration with: O. Skibitzki, G. Capellini and T. Schroeder (IHP) R. Kozak, M. D. Rossell, R. Erni, R. Kaufmann, A. Neels,

A. Domann, and G. L. Bona (EMPA)

Si and GaAs are dominant materials in microelectronics and optoelectronics, respectively. Their integration in epi-
taxial heterostructures is expected to provide superior device performance. At the highest level of device integration,
a control on the selective area growth is required in order not to alter the performance of the lasers, detectors or
modulators on electronic Si-chips.

The early stages of the GaAs nucleation on Si has a three-dimensional character (Fig. 1.12) through a well process
and referred to as Volmer-Weber mechanism. The epitaxial growth of GaAs directly on Si is, however, a non-trivial
endeavour due to their different structural and thermal characteristics, as well as their polarity mismatch, which leads
to misfit dislocations, antiphase domains and other defects.

200 nm 25 nm 

Figure 1.12: Three dimensional nucleation of
GaAs on Si. left SEM image showing GaAs is-
lands on a Si(001) substrate, right TEM image
showing a single GaAs particle.

In order to maximize the performance of the GaAs crystals, previous works of our group made use of the aspect ratio
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trapping technique by growing GaAs on arrays of µm-sized Si-pillars with an intermediate Ge-layer. The incorpora-
tion of a Ge-interlayer in between the Si and the GaAs resulted in a substantial reduction of defects in the structure,
thus giving rise to high quality GaAs crystals [1].

One step forward towards the achievement of defect free growth of GaAs/Si consists of the nucleation of GaAs on nm-
sized Si features embedded in a SiO2 matrix. We have used 50 – 80 nm wide Si-nanopillar arrays with SiO2 passivated
sidewalls embedded in a SiO2 matrix. Selective growth of GaAs on those nm-sized Si-openings was demonstrated
(Fig. 1.13), thus providing the possibility to produce epitaxial defect-free GaAs crystals directly on Si(001).

300 nm 

Si SiO2 

400 nm 

SiO2 
Si 

GaAs 

500 nm 100 nm 

Figure 1.13: Selective area
growth of GaAs on Si nm-sized
pillars. top–left Angled and
top–right top view of an array
of Si–pillars, bottom–left An-
gled view of an array of GaAs
crystals selectively grown on the
Si–pillars, bottom-right Close–
up of a single GaAs–Si system.
The shadowed region represents
the size and the location of he
Si–pillars.

[1] A. G. Taboada et al., Appl. Phys. Lett. 104, 022112 (2014)
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2.1 Quantum effects in a solid state environment

Semiconductors offer the unique ability to control the carrier density and therefore the position of the Fermi energy
by tuning a gate voltage. In bilayer graphene not only the Fermi energy, but also the band structure as a whole can be
tuned. In our group we have focused on the investigation of various quantum effect in order to better understand and
control quantum systems in view of prospects for quantum information processing.

The coupled quantum well system InAs/GaSb embedded between AlSb barrier offers a peculiar band structure, where
the conduction band of InAs can be below the valance band of GaSb. This fact has been know for decades and is now
exploited in order to build tuning topological insulators from this material system. We have built gate tunable Hall
bars and found a giant non-local response in the quantum Hall regime, which can be explained by the coexistence of
and scattering between electron and hole-like edge states.

The integer and fractional quantum Hall effect is usually explained by an edge state picture. Using the tip of a
scanning gate microscope we have examined the local position of and coupling between quantum Hall edge states in
a point contact configuration. This experimental methods was also used to investigate quantum interference with a
local probe.

The fractional quantum Hall effect has been examined using lateral constrictions and pronounced localization phe-
nomena have been observed as a function of constriction width and magnetic field.

Quantum point contacts in p-type GaAs were investigated as a function of magnetic fields of various orientations.
Peculiar crossings and anti-crossings of quantized conductance features were observed and explained in detail by a
model considering spin-orbit effects for holes.

Bilayer graphene with vertical displacement fields as large as 1 V/nm displayed a Lifshitz transition, i.e. a tunable
topology of the Fermi surface. Using Fabry-Perot resonances we could shown that anti-Klein-tunneling known from
untapped bilayer graphene is suppressed for large displacement fields.

Localization in graphene naostructures is related to disorder. By fabricating and measuring ultra-short graphene
constriction on clean and flat boron nitride substrates we have shown, that edge disorder plays a dominate role for the
observed localization phenomena.

High-quality quantum dots fabricated in AlGaAs heterostructures were coupled ballistically. We demonstrated that
equilibrium and non-equilibrium charge transfer can be analyzed with energy resolution.

Figure 2.1: Bilayer graphene band structure. top left: The whole Brillouin
zone up to 3 eV from the neutrality point, including low-energy bands (blue)
and split bands (yellow). right: Valley K dispersion near the valence-band top
in gapped bilayer graphene. In valleys K and K’, the dispersion is inverted as
a result of time-reversal symmetry. Insets show characteristic cross sections of
constant energy surfaces.
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3.1 Pressure-tuning of Cu(pz)2(ClO4)2 magnetic properties: An NMR study

N. Barbero, T. Shiroka, H.-R. Ott, and J. Mesot

in collaboration with C. P. Landee and S. Davis (Clark University, Worcester, MA, USA)

Cu(pz)2(ClO4)2 (with pz denoting pyrazine C4H4N2) is a two-dimensional spin-1/2 square-lattice antiferromagnet [1].
In comparison with the dominant intralayer interaction [2], the Cu-(pz) planes interact only weakly. Nevertheless, the
orientation of the perchlorate counter-ions and the shearing distortions of the pyrazine rings play a key role in the
magnetic properties of this two-dimensional magnet [3] by inducing a 3D-ordered spin structure at low tempera-
ture. Below the magnetic-ordering transition temperature a collinear spin arrangement is adopted, with the magnetic
moments aligned along either the b or c crystallographic axis and subject to strong quantum fluctuations [4].

It is well established that the onset of such transitions at TN can be influenced by varying external parameters such
as magnetic field and pressure. The [H,T ] phase diagram has been established in previous works. In this project we
attempt to map the [p, T ] phase diagram instead and the first results have recently been obtained.

The generation of external pressure in the range between 0 and 18 kbar is achieved by using a cell with a CuBe casing
and MP35N alloy pistons. The pressure calibration is obtained from monitoring the 63Cu NQR frequency of Cu2O
[5]. Preliminary 35Cl NMR spin-lattice relaxation rate data T−11 (T ) demonstrate that TN of Cu(pz)2(ClO4)2 varies
significantly with external pressure.
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Figure 3.1: The inverse of the 35Cl NMR spin-lattice relax-
ation time as a function of temperature at two different pres-
sures (0 and 7 kbar) shows a substantial shift of the magnetic
ordering temperature.
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3.2 Rare-earth nickelate perovskites RNiO3

L. Korosec, M. Pikulski, T. Shiroka, H.-R. Ott, and J. Mesot

in collaboration with M. Medarde (PSI Villigen)

The rare-earth nickelate perovskites RNiO3 are a family of correlated-electron materials which crystallize in the
GdFeO3-type orthorhombically-distorted perovskite structure.They are known to exhibit structural, electronic, and
magnetic phase transitions as a function of the rare-earth ion radius (or perovskite tolerance factor) and temperature
[1,2]. We are interested in the metal-insulator and magnetic-ordering transitions known to occur in RNiO3 for R 6=
La at temperatures between 130–600 K and 130–225 K, respectively.

The metal-insulator transition is accompanied by a structural change from an orthorhombic to a monoclinic lattice.
This distortion causes the appearance of two structurally inequivalent Ni sites at alternating positions in every direc-
tion. The inequivalent Ni sites are exposed to very different local electronic structures. Therefore, local probes such
as NMR can give interesting new information on these materials.

Below the Néel temperature, antiferromagnetic order of the Ni magnetic moments occurs at a wavevector k =
(1/4, 1/4, 1/4) in the cubic perovskite unit cell, corresponding to an “up up down down” magnetic structure.

It has been shown that also TlNiO3 exhibits very similar physical properties as the rare-earth nickelates. However, its
magnetic structure in the antiferromagnetic phase has not yet been uniquely determined [3].

We study the RNiO3 family by 17O nuclear magnetic resonance (NMR) and TlNiO3 by analogous experiments prob-
ing the 203Tl and 205Tl nuclei. Our goals are to understand the different local electronic structures at inequivalent Ni
sites in the insulating phase, and to establish the magnetic structure of TlNiO3 below TN. The first NMR experiments
on TlNiO3 have been successfully performed as part of a Master thesis in our laboratory [4].

Raman measurements performed on thin films seem to confirm such hypothesis for the
case of NdNiO3 [30].

The low-temperature monoclinic phase of RNiO3 has a doubled unit cell with two
inequivalent Ni sites. The doubling of the unit cell has also been confirmed for NdNiO3,
for which a charge-order superlattice was detected both by transmission electron
diffraction [30] and by resonant X-ray diffraction with a wavelength tuned to the
absorption edge of Ni3þ [31]; again, interestingly, these experiments were performed on
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Ni–O–Ni bond angle !. Adapted from data in refs [1,6,27,29]. The tolerance factor calculated
using directly measured bond distances is smaller than that calculated using ideal ionic radii (as in
ref. [1]). This suggests that the bond in the nickelates is not purely ionic, as further discussed
in Section 8.
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Figure 3.2: Phase diagram of the RNiO3 family (adapted from [2]).
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Figure 3.3: 17O-NMR spectrum of PrNi17O3 as recorded at room tem-
perature.
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3.3 NMR investigation of the magnetism in BiCu2PO6 in high magnetic fields

M. Pikulski, T. Shiroka, H.-R. Ott, and J. Mesot

in collaboration with A. P. Reyes and P. L. Kuhn (NHMFL, Tallahassee, FL, USA)

The networks formed by the magnetic Cu2+ ions in the strongly-correlated material BiCu2PO6 are quasi-one-dimen-
sional and it has been shown that they can be modeled as antiferromagnetic two-leg Heisenberg spin-1/2 ladders with
frustrating next-nearest-neighbor couplings [1]. The elementary spin-excitations are triplet-like and gapped. When an
external magnetic field is applied, the excitations are softened, giving rise to an unusual variety of magnetic phases
(Fig. 3.4).

We focused on the case where the magnetic field is applied along the ladder legs. In this orientation, the first field-
induced phase transition occurs at 20 T and nuclear magnetic resonance (NMR) is one of the few microscopic probes
available at such high magnetic fields. In the past, NMR was successfully applied by our group to study the peculiar
magnetic state adopted above the first critical field. The data were explained in terms of a lattice arrangement of
field-induced solitons, i.e., quantum domain-walls resulting from the fractionalization of the triplet-like magnetic ex-
citations [3]. The results were corroborated by a theoretical model, which also predicted an additional phase transition
at an even higher magnetic field. Such a transition has indeed been observed by bulk experiments at ∼ 34 T.

In order to investigate the magnetic order adopted above this second critical field, 31P-NMR experiments were per-
formed in the 45-T hybrid magnet at the DC-field facility of the National High Magnetic Field Laboratory (NHMFL)
in Tallahassee, USA. Our data confirm the occurrence of the anticipated instability and the change in the magnetic
structure of the compound is clearly reflected by the NMR-spectra. We are currently working to extend our existing
model in order to explain the new results.

Figure 3.4: Phase diagram of BiCu2PO6 [2]. The magnetic-
field orientation in our experiments was H ‖ b, corresponding
to the lower panel of the figure.
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Figure 3.5: 31P NMR spectra in BiCu2PO6 measured above and
below the field-induced transition between the phases II and III.
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3.4 Superconductivity in SrPt3P: An NMR study and comparison with
non-centrosymmetric LaPt3Si and CePt3Si

T. Shiroka, H.-R. Ott, M. Pikulski, and J. Mesot

in collaboration with N. D. Zhigadlo and B. Batlogg (ETH Zurich)

The unusual properties of non-centrosymmetric superconductors, characterized by sizable antisymmetric spin-orbit
couplings due to the lack of crystalline inversion symmetry, have attracted considerable interest [1]. However, the
exact origin of their unconventional behaviour remains an open question. To identify the special features of this class
of superconductors, we studied the properties of the centrosymmetric compound SrPt3P [2] and compared them with
available results for LaPt3Si (Tc = 0.6 K) [3] and CePt3Si (Tc = 0.75 K) [4], which both adopt a crystal structure
that only differs in the arrangement of the Pt octahedra from that of SrPt3P.

Normal and superconducting properties of SrPt3P (Tc = 8.5 K) were investigated via 31P NMR and magnetometry,
which indicate a weakly correlated normal state and an s-wave type superconductivity [5]. A sharp drop of the
(metallic) Knight shift below Tc, associated with a concomitant steep increase of the linewidth and a Hebel-Slichter
type variation of the 1/(T1T ) ratio, are all consistent with an s-wave pairing in SrPt3P.

While SrPt3P and LaPt3Si follow a perfect Korringa law down to Tc, the 1/(T1T ) ratio of CePt3Si increases upon
cooling, indicating the development of 4f -derived magnetic fluctuations. Electronically, both SrPt3Si and LaPt3Si are
simple metals. The former exhibits conventional type-II superconductivity, while the nature of the superconducting
state of the latter is not well established. The superconductivity of CePt3Si emerges from a heavy-electron state co-
existing with antiferromagnetic order. The key differences between the considered centro- and non-centrosymmetric
superconductors seem to be due to both the symmetry of the crystal lattice and to the cations of the chemical compo-
sition of the compounds.
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Figure 3.6: Representative 31P NMR line shapes in SrPt3P at µ0H =
2.0 T and temperatures in the range 1.75 to 290 K. The increasing line
width and asymmetry below 5 K reflect the onset of the superconducting
phase.
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3.5 Magnetism vs. superconductivity in LaFeAsO with low H-doping level

T. Shiroka - in collaboration with

G. Lamura, F. Caglieris, M. R. Cimberle, and M. Putti (CNR-SPIN and Università di Genova, Italy)

P. Bonfà and R. De Renzi (Dipartimento di Fisica and Unità CNISM, Università di Parma, Italy)

S. Sanna (Dipartimento di Fisica and Unità CNISM, Università di Pavia, Italy)

S. Iimura and H. Hosono (Frontier Research Center, Tokyo Institute of Technology, Yokohama, Japan)

The evolution of the LaFeAsO ground state with negative charge doping has been the object of intense studies and,
even to date, many interesting issues are still open. Unlike most Ln-1111 compounds, at low-charge doping the La
system displays an abrupt first-order-like transition from a magnetic (M) to a superconducting (SC) phase [1]. This
classification, originally based on nominal F-doping values, most probably reflects the initial difficulties in fine tuning
the fluorine content in the narrow doping range 0.04 < x(F) < 0.05 where such a transition occurs. The lack
of reliable compositional data has, therefore, put into question the anomalous behaviour of the La-system near the
magnetic-to-superconducting crossover, with a second-order-like transition being the naturally expected (but never
observed) type of transition.

To address the above issue we carried out an extensive study on two H-doped samples [2] with nominal hydrogen
content x(H) = 0.01 and 0.05 by using dc resistivity, magnetometry and muon-spin spectroscopy [3]. Although
counterintuitive, hydrogen seems to adopt a −1 charge state, realizing a similar (or better) electron doping in the LaO
planes. The analysis of µSR data allowed us to establish a full equivalence between hydrogen and fluorine doping,
with our results being in very good agreement with those of x(F ). Surprisingly, in the x(H) = 0.05 case, we found a
short-range magnetically ordered phase, which extends over the whole sample volume and which coexists with bulk
superconductivity. This unexpected result suggests a probable second-order-like M-SC phase transition. In addition,
it hints that the presence of an M-SC crossover region could be a universal feature of the electron-doped Ln-1111
pnictides.
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Figure 3.7: Zero-field µSR short-time spectra of LaFeAsO1−xHx for
x = 0.01 at selected temperatures. The highly damped oscillations
observed at low temperatures are due to a superposition of different
muon precession frequencies in the antiferromagnetic phase. The flat
behaviour above 140 K indicates a transition to the paramagnetic phase.
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4.1 Hysteretic behavior in the optical response of the underdoped Fe-arsenide -
Ba(Fe1−xCox)2As2 in the electronic nematic phase

C. Mirri, A. Duzsa, and L. Degiorgi

work in collaboration with I.R. Fisher and Geballe Laboratory for Advanced Materials and Department of Applied Physics, Stanford University, Stanford, Cali-

fornia 94305-4045, U.S.A. and Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,

California 94025, U.S.A.

The tetragonal-to-orthorhombic structural phase transition at Ts, coincident or preceding the onset of an antiferro-
magnetic ground state at TN , in the underdoped regime of many families of iron-pnictide and chalcogenide super-
conductors breaks the four-fold rotational symmetry of the tetragonal phase, implying the onset of a nematic phase.
The relevance of nematicity, either electronic in nature or spin-induced, in shaping their phase diagram is certainly
one of the most debated issue nowadays. Several experiments provide evidence for nematicity in iron-pnictides, as
dc transport, thermopower, elastic shear-modulus also combined with nuclear magnetic resonance (NMR) results,
neutron scattering, angle-resolved photoemission spectroscopy (ARPES), local probes such as scanning tunneling
microscopy (STM) and magnetic torque, time-resolved spectroscopy, optical reflectivity and Raman spectroscopy.

Detailed quantitative measurements of the in-plane charge and spin anisotropy in the nematic phase have been mainly
performed on the so-called 122 family of iron-pnictides, like Ba(Fe1−xCox)2As2 on which we focus here our atten-
tion. Since the ferroelastic-like structural transition induces in these materials the formation of dense structural twins
below Ts in order to minimize the elastic energy, applying large magnetic fields or uniaxial pressure turns out to be
essential in order to detwin the specimens and thus to overrule the overcasting effect of randomly oriented domains
when addressing the in-plane anisotropy of the orthorhombic phase over length scales greater than the average twin
dimensions.

To enable our experiments, we have designed a novel pressure device, allowing us to perform optical reflectivity
(R(ω)) measurements as a function of temperature under a variable in-plane uniaxial stress, thus with adjustable
population of the two twin orientations. The device consists of a sealed spring bellows, which can be expanded or
retracted by varying the pressure of He-gas held inside, so that uniaxial stress on the lateral edge of the specimen can
be tuned in− situ. Our as-grown single crystals were cut into rectangular pieces with the tetragonal a-axis oriented
at 450 to the edges of the sample so that the direction of the applied stress lies parallel to the orthorhombic a and b
axes. For compressive stress the shorter b-axis is preferentially aligned along the direction of the stress. The R(ω)
spectra were collected with the electromagnetic radiation polarized perpendicular or parallel to the applied stress
(i.e. along the majority a- or b-axis); in the following defined as Ra(ω) and Rb(ω), respectively. Here, we report
results obtained from zero-pressure-cooled (ZPC) ‘pressure-loop’ experiments: we reach the selected temperature
(T ) without applying pressure (p) and at that fixed T we measure R(ω) at progressively increasing p from 0 up to a
maximum pressure ranging between 0.8 and 1.2 bar, depending from the Co-doping. We subsequently collect R(ω)
when stepwise releasing p back to 0 bar, thus completing the p-loop.

We focus our attention on the MIR spectral range, since clear signatures of the optical anisotropy have been previously
recognized at those energies in experiments with samples constantly held under uniaxial stress. Fig. 4.1 displays a
sampling of R(ω) data at 10 K and p = 0.8 bar in the MIR range as well as Rratio(p) = Ra/Rb at 10 K within the ZPC
p-loop experiment for the x = 0% Co-doping compound. The results are very much representative for the underdoped
regime.

It is well established that the real part σ1(ω) of the optical conductivity displays a characteristic mid-infrared feature,
peaked for twinned samples at frequencies (ω′) between 900 cm−1 for x = 4.5% and 1500 cm−1 for x = 0% Co-doping
(vertical dotted lines in upper right panel (f) of Fig. 4.2). Furthermore, this excitation turns out to be very much related
to the onset of the SDW-like state in the orthorhombic phase and its polarization dependence was previously identified
as the most evident signature of the pressure-induced optical anisotropy. We can thus identify ω′ as a relevant energy
scale where to read Rratio. In order to comprehensively deploy our findings for the ZPC p-loop experiment, we show
indeed in Fig. 4.2(a-e) the pressure dependence for x = 0% and 4.5% Co-doping of ∆Rratio = Rratio-1, defining the
deviation from the isotropic case (i.e., Rratio = 1), at ω′ and at temperatures above/below Ts. Fig. 4.2 thus allows a
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comparison between two Co-dopings of the title compounds, spanning the underdoped regime of their phase diagram.
The pressure dependence of ∆Rratio for both compositions is rather similar at equivalent temperatures with respect
to Ts, even though there is an overall depletion of ∆Rratio upon doping.

We first point out some common features for all Co-dopings in ∆Rratio(p) at T << Ts. When increasing the applied
pressure up to 0.2 bar there is yet a moderate increase of ∆Rratio, which is then progressively enhanced for pressures
around and exceeding 0.4 bar. The saturation in ∆Rratio for different Co-dopings is observed to set in for applied
pressures above 0.6 bar. The saturation presumably reflects when the samples are fully detwinned. Simultaneously,
there is an overall decrease of the achieved optical anisotropy at saturation for increasing Co-doping. By releasing
pressure back to zero and consequently by removing in − situ the stress, the anisotropy clearly persists and hence
a remarkable imbalance of the two twin orientations remains frozen in place at T << Ts. ∆Rratio at zero released
pressure could be then considered as a direct measurement of the optical anisotropy in a single domain specimen
even in the absence of any applied stress. At T << Ts, there is thus a clear half-hysteresis behavior of ∆Rratio(p),
which is squeezed upon Co-doping at equivalent T . Such a hysteretic behavior in detwinned iron-pnictides obviously
bears a striking similarity with the situation in ferromagnets as far as the magnetization versus external magnetic field
at T << TC (TC being the Curie temperature) is concerned. In this context, we may coin the notions of ’initial
anisotropy- or virgin-curve’ and of ’remanent anisotropy’ in order to define the evolution of ∆Rratio, representing
here the optical anisotropy, upon rising and releasing pressure, respectively.

By increasing T towards Ts, we observe, commonly to all Co-dopings, a narrowing of the hysteretic behavior, which
fully collapses at T ∼ Ts. Moreover, at zero released pressure ∆Rratio is substantially reduced upon increasing T ,
since the thermally assisted domain-wall motion leads to retwinning of the sample in a stress free-environment. Above
Ts there should not be any hysteresis since the material is tetragonal, as indeed observed experimentally. At T ≥ Ts,
the pressure dependence of ∆Rratio may well be approximated with a linear behavior. These observations further
reinforce the notion that there seems to be an equivalent impact of the pressure on ∆Rratio in the title compounds as
of the magnetic field with respect to the magnetization in a ferromagnet. In summary, we may state that the hysteretic
behavior, observed in ∆Rratio below Ts, arises due to the blocking of the twin boundary motion, which then appears
to be thermally activated upon increasing T .

We shall now try to place our optical findings for all investigated Co-doped 122 iron-pnictides into a common context
and perspective. Fig. 4.3(a) displays the temperature dependence of ∆Rratio for x = 0%, 2.5% and 4.5% Co-doping
at pressures where saturation occurs in the optical anisotropy (i.e., p ≥ 0.8 bar at T < Ts, depending from the doping)
as well as at released p = 0 bar (i.e., so-called remanent state), with the T scale normalized by Ts of each composition.
There is a similar behavior for all compounds. First of all, the temperature dependence of ∆Rratio at the remanent
state undergoes a sudden drop close to and above Ts, which further points out the effect of the thermal activation of
the twin boundary motion. Second, the inspection of the data reported in Fig. 4.2(a-e) and Fig. 4.3(a) emphasizes that
the largest optical anisotropy at saturation and at T < Ts is achieved for x = 0%. While several factors may influence
the doping dependence, the largest anisotropy for x = 0% than for x = 2.5% or x = 4.5% Co-doping could derive from
a stronger order parameter of the structural phase transition in the parent compound. Alternatively, we may state that
the depleted optical anisotropy upon doping, at saturation and at each T < Ts, implies a decreasing lattice softness,
going hand in hand with the Co-content dependence of the orthorhombicity (a − b)/(a + b) (a and b are the lattice
constants of the respective axes). This is explicitly shown in Fig. 4.3(b), which compares the Co-doping dependence
(x) of ∆Rratio at saturation for T << Ts with respect to the measured orthorhombicity in Ba(Fe1−xCox)2As2. Such
a direct relationship between ∆Rratio at saturation and (a− b)/(a+ b) contrasts with the non-monotonic anisotropy
of the dc transport data upon doping. This might be the consequence of the multi-band nature of the title compounds.
Since transport measurements are only sensitive to small energy scales close to the Fermi level, it is possible to get
quite non-monotonic behavior of the transport anisotropy across the phase diagram depending on what the underlying
bands are doing. Therefore, the comparison proposed in Fig. 4.3(b) may indicate that a direct mapping of the
orthorhombicity and consequently of nematicity into the electronic structure can be identified most clearly at energy
scales away from the Fermi level.

In conclusion, we demonstrate the capability of optics to get insights into the nematic-driven tetragonal-to-orthorhombic
structural transition in the underdoped regime of the title compounds. The main findings evinced from our work are
(i) the capability to release in− situ p, as symmetry breaking field, and thus to observe the anisotropy of the electro-
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dynamic response at T << Ts for unstressed but fully detwinned crystals and (ii) the hysteretic nature of the optical
anisotropy upon varying the stress due to the motion of the nematic domain walls. Our data give clear cut evidences
for the impact of the ferro-elastic transition at energy scales deep into the electronic structure and for its fluctuations
over a remarkable temperature interval above Ts. The discovered optical fingerprint of the nematic fluctuations orig-
inates from an intrinsic pressure-induced electronic anisotropy and bears testimony for the electronic nature of the
structural phase transition. We have not observed any changes of the optical anisotropy in the superconducting state,
which would suggest that superconductivity in the underdoped regime emerges within an electronic polarized state.
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Figure 4.1: Representative data of the optical reflectivity of BaFe2As2 for the zero-pressure-cooled experiments: (a) Reflectivity (R(ω))
measured at 10 K and p = 0.8 bar, displaying the optical anisotropy in the MIR spectral range. The inset shows R(ω) up to the visible and
ultraviolet range with a logarithmic frequency scale. Above 3000 cm−1 the spectra for both polarization directions merge together. (b-c) p
dependence ofRratio(ω) (see text) at 10 K for increasing (b) and decreasing p (c). Values ofRratio(ω) (see text) are determined at 1500 cm−1

(vertical dashed line). Applied stress is given in bar and corresponds to p of He gas inside the volume of the pressure device.
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Figure 4.2: (a-e) Pressure dependence of ∆Rratio = Rratio(p, ω
′)-1 at selected temperatures above and below Ts achieved in the ZPC
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900 cm−1 for x = 0% and 4.5% Co-doping, respectively, where Rratio is read.
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5.1 E-Learning and teaching support

30 lectures have been supplemented by the learning management system Moodle in 2014, reaching more than 5’000
students. Moodle was mainly used to support the course organization and to serve as a repository for course material.
For some lectures, however, supplementary pedagogical scenarios, such as self-assessment tests, formative evaluations
and collaborative tasks have been set up.

The project “video-solutions” started in 2013 could be extended to 6 lectures (MSc and BSc). The Department of
Physics provided room and equipment for a recording studio (HPH F 18) where 97 new videos (length 15-25 min
each) were produced in 2014. Each of these video clips covers a detailed solution to a physical problem. The videos
are highly appreciated by the involved lecturers (Degiorgi, Kirch, Dissertori, Vaterlaus, Pescia) as well as by the
students. In 2014 more than 15’000 views were attested (according to youtube).

Figure 5.1: Video solutions (available from youtube, channel EduPhys) and the D-PHYS recording studio.

In responding to the repeal of “Testate” two compulsory midterm-tests (Günther Dissertori, Christian Degen) have
been implemented. The Exercise-Market was adopted in further lectures where teaching assistants as well as lecturers
were trained during a half-day workshop.

5.1.1 Promotion and Network

The teaching activities pursued at the department have been communicated to a greater public at two international
conferences.

5.2 Ultrafast magnetism

For ultrafast demagnetization of a ferromagnet, spin angular momentum needs to be transported away from the spin
system. Unlike other ultrafast processes in solids, the time scale of magneto-dynamics is believed to be dictated by
the transfer of angular momentum. Therefore, the femtosecond magnetization dynamics is of fundamental interest.
Laser-induced demagnetization is also of technological interest for magnetic recording devices: in order to optimize
hard disks for fast writing times, long data retention times, and high storage densities, conventional writing needs to
be combined with pulsed laser heating. The heat assisted magnetic recording (HAMR) technique therefore combines
a magnetic field source with a pulsed laser diode to heat up the magnetic bit during writing.
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5.2.1 Pump pulse length dependence of ultrafast demagnetization

The demagnetization process is expected to be caused by both, the excited electron gas as well as the lattice. If the
ferromagnet is heated by a femtosecond laser pulse, the electron gas initially reaches a temperature, which exceeds
the lattice temperature. This initial temperature rise in the electron gas is followed by thermalization with the lattice
to a common temperature. In case of excitation by a picosecond laser pulse, the electron gas and the lattice stay close
to thermal equilibrium during the whole demagnetization process.

We investigate if the demagnetization caused by a picosecond laser pulse can be described by the same mechanism
as the demagnetization by a femtosecond pulse. This is achieved by studying the ultrafast demagnetization dynamics
of a Ni film as a function of the pump pulse length. Our experiment demonstrates that the demagnetization by a
picosecond laser pulse is described by the response to a femtosecond pulse convoluted with the pulse shape of the
picosecond pulse, see Fig. 5.2. Therefore, the dynamics driven by the femtosecond pulse contains all information
about the response to a picosecond pulse and is driven by the same physical processes. The demagnetization shows
two components. One of them is independent of the pump pulse length and recovers on a time scale of heat diffusion.
The second component is only present for pump pulses of less than 2 ps length. We interpret the decay of the fast
component to be caused by the fast cooling of the electron gas. The fast demagnetization contribution can be achieved
efficiently and quickly, yet, it is not a long lasting effect.
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Figure 5.2: Measured demagnetization (circles) compared with the calculated demagnetization by convolution of the excitation pulse with the
femtosecond magnetization response (lines).

5.2.2 Development of an imaging spin detector

We developed and tested a novel spin detector based on low energy scattering of spin polarized electrons on a Iridium
crystal. The detector has been developed together with the group of Prof. Schönhense (University of Mainz, Germany).
Electrons from the output of a hemispherical energy analyzer are elastically scattered on a an Iridium surface (Fig. 5.3).
Due to the spin-orbit coupling within Ir, the reflectivity is spin dependent and therefore acts as a spin filter. As the
scattering process is elastic, the imaging properties of the hemispherical analyzer can be preserved, allowing for
parallel detection of electron energy and emission angle. Therefore, the efficiency of this detector is significantly
better compared to a traditional Mott spin detector. This detector has been designed by our group, and has been
manufactured by the physics machine shop. First tests have been performed.
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Figure 5.3: Drawing of the SPLEED spin analyzer attached to a hemispherical energy analyzer. The detector has been designed by our group
and manufactured at the physics workshop at ETH.

5.2.3 Transport model of ultrafast demagnetization

We developed a model describing ultrafast demagnetization as a transport effect: The pump laser pulse causes a
temperature gradient within the first surface layers of the sample. This gradient can be as large as 100 GK/m. The
chemical potentials for minority- and majority electrons are altered by the temperature, leading to a gradient of the
chemical potentials µ↑, µ↓ for the majority(↑)- and minority(↓) spin direction. It turns out, that µ↑ is affected most,
leading to a chemical potential gradient, which favors a spin current from the hot surface towards the substrate. Finite
element calculations show, that the spin current pulse caused by this effect can be as short as 100 fs. The model is
similar in spirit to the super-diffusion model from Battiato et al. (Phys. Rev. Lett. 105, 027203 (2010)), yet it is based
on a thermodynamic concept. It therefore contains the basic process in an analytically solvable form. The results will
be compared to experimental data obtained through optical transport experiments.

5.3 Physics Education

5.3.1 SNF-Project: Fostering conceptual understanding of physics by formative assessment

Formative assessment is an assessment procedure without marks or grades. Rather the student can evaluate his or her
understanding. For our project we have recruited 31 teachers from Swiss high schools form different parts of Switzer-
land ranging from St. Margarethen in the eastern part to Thun closed to the french speaking region of Switzerland.
Since some of the teachers participate with several classes there are around 800 students involved. The teachers were
divided in three groups, a control group, a frequent testing group and a formative assessment group. The frequent
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testing group solves the same tests as the formative assessment group but without the formative assessment approach.
In this way we can distinguish between the effect of frequent testing and of formative assessment. We have developed
a concept test of kinematics, which we use as pre-, post- and follow up test. Furthermore we designed two clicker ses-
sions with 15 multiple-choice problems each for the formative assessment approach. The diagnostic test then focuses
on the detection of misconceptions. It is followed by a reflective lesson, where the students have the possibility to
work on their deficits. We also provided teaching material for the reflective lesson. After a professional development
course before summer holidays the different groups started to teach kinematics in the fall semester for 15 lessons
including all physics tests (Fig. 5.4). In addition we administrated a cognitive performance test as well as motivation
test to the students. However, we did not just evaluate the students but also the teachers. They were tested for their
pedagogical content knowledge (PCK). Our major goal is to finish the data acquisition phase of the project in spring
2015 including the follow up test.

Figure 5.4: Time course of the data acquisition phase of the SNF-project. The PCK test was applied to the teachers during the professional
development day. The motivation questionnaire was also administered as pre- and post test.

5.3.2 Correlation between mathematics and physics concepts in kinematics

We have developed a diagnostic test in kinematics to investigate the student concept knowledge at the high school
level. The multiple-choice test items are based on seven basic kinematics concepts we have identified. We have
performed an exploratory factor analysis on a data set collected from 56 students at two Swiss high schools. We
have found that there are two basic mathematical concepts that are crucial for the understanding of kinematics: the
concept of rate and the concept of vector (including direction and addition). The context and the content of the
items seem to play only a minor role. If a student understands the concept of rate he is able to answer correctly to
questions about velocity and acceleration in different contexts. We have further investigated the correlation between
the mathematics and physics concepts by adding mathematics items to the test. A factor analysis has shown that the
items that are associated to the mathematical concept of rate actually group with the items assigned to the kinematics
concepts “velocity as rate” and “acceleration as rate”. Moreover the correlation of the total scores of the mathematics
items about rate and the kinematics items about rate has a considerably high value of 0.63. This result has direct
implications for the instruction. It suggests that in kinematics courses the focus should be first on the learning of the
mathematical concepts. Transferring the mathematical concepts to physical contents and applying them in different
contexts is suggested to be easier for students than learning physical concepts without a mathematical fundament.

5.3.3 Understanding Physics Concepts at Different Representation Levels — a Mutual Information
Approach

We have analyzed student’s knowledge about physics concepts in kinematics at different representation levels. The
concepts, we were looking at, were first, velocity as rate and second, velocity as one-dimensional vector. The problems
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administrated to the students were multiple-choice questions using different representations. Questions at the first
level are associated with figures like stroboscopic pictures. At the second level questions are furnished with diagrams
and at the third representation level motions of object were represented by tables. Some of the questions about
velocity as rate could be posed at all three representation levels. Correlation analysis is a linear method and doesn’t
take nonlinearities into account. Correlations can be zero although there is an obvious nonlinear relationship between
data points. Thus we have used mutual information to analyze the data (Fig. 5.5), on the one hand to corroborate the
linear correlations and to detect nonlinear relations. Our results reveal the same classification as the linear correlation
analysis. Students solve the problems due to mathematical concepts like rate and 1d vector. Moreover we have
found that the grouping due to representations is given by the solution strategy. Thus, stroboscopic representations
of problems and representations as tables use the solution strategy “ratio of differences”. It means that the student
first has to find the ∆x (or ∆v) and divide it by ∆t to solve the problem. In the case of diagrams the student has to
determine first the tangent at one or several time points in order to answer the question. Including the concept velocity
as 2d vector, we therefore expect at least five factors in a factor analysis of a large data set.

Figure 5.5: Preparation of data in order to calculate the mutual information between the knowledge of two concepts (concept 1: velocity as
rate; concept 2: acceleration as rate). The data show the distribution of students with the number of correct answers to concept 1 questions
versus the number of correct answers to concept 5 questions.
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6.1 Microwave-Controlled Generation of Shaped Single Photons in Circuit Quan-
tum Electrodynamics

M. Pechal, L. Huthmacher, C. Eichler, S. Zeytinoğlu, A. A. Abdumalikov, Jr., S. Berger, A. Wallraff, and S. Filipp

A coherent link between spatially separated nodes of a quantum network may be realized using itinerant photons as
information carriers [1]. The necessary efficient absorption at the receiving node can be achieved by using a photon
with a suitable temporal profile allowing time-reversal of the emission process [2].

Methods for generating shaped photons have recently been demonstrated in superconducting circuits [3]. In contrast
with these schemes relying on fast flux biasing of the system, here we study a method which is fully microwave-
controlled [4]. We make use of the transmon’s second excited state and transfer its population into a resonator
Fock state in a controlled way using a second-order transition driven by a classical coherent tone. The Fock state is
subsequently emitted into the transmission line coupled to the resonator. We control the shape of this emitted photon
by varying the rate of the second order transition in time. We also compensate the amplitude-dependent AC Stark shift
induced by the strong drive with a suitable modulation of the drive phase. We demonstrate our scheme by preparing
photon states with time-symmetric waveforms of controlled length. We also prepare photons with unusual multi-
peaked shapes and show that the phases of the peaks can be adjusted individually. Such photon states are potentially
useful for encoding higher-dimensional quantum states [5] into a travelling quantum information carrier.
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Figure 6.1: Symmetric photon waveforms of various lengths generated by the studied photon shaping process. The insets demonstrates
stability of the photon phase.

[1] H. J. Kimble, Nature 453, 1023 (2008)
[2] J. I. Cirac, P. Zoller, H. J. Kimble and H. Mabuchi, Phys. Rev. Lett. 78, 3221 (1997)
[3] M. Pierre, I. Svensson, S. R. Sathyamoorthy, G. Johansson and P. Delsing, Appl. Phys. Lett. 104, 232604 (2014)
[4] M. Pechal, L. Huthmacher, C. Eichler, S. Zeytinoğlu, A. A. Abdumalikov Jr., S. Berger, A. Wallraff and S. Filipp,
Phys. Rev. X 4, 041010 (2014)
[5] H. Bechmann-Pasquinucci and W. Tittel, Phys. Rev. A 61, 062308 (2000)
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6.2 Manipulating Rydberg Atoms Close to Surfaces at Cryogenic Temperatures

T. Thiele, S. Filipp, J. A. Agner, H. Schmutz, J. Deiglmayr, M. Stammeier, P. Allmendinger, F. Merkt, and A. Wallraff

Independent of the physical system, experiments that explore quantum mechanical effects at the single quantum limit
need to fulfil a set of different criteria. Various systems such as neutral or charged atoms, superconducting circuits,
nuclear spins, NV-centers or quantum dots, offer a diversity of physical properties to meet these requirements. For
example, an important prerequisite for any quantum mechanical experiment is the fast and coherent manipulation of
a set of quanta at time scales shorter than the coherence time of the system. However, the strength of one system
generally comes with a weakness, e.g. long coherence time is accompanied by slow manipulation rates, limiting the
variety of possible experiments. Other systems can have complementary properties, for example fast manipulation
but only short short coherence time.

In our experiment we aim to combine the strengths of two physical systems; the long coherence times of highly ex-
cited, neutral (Rydberg) atoms and the fast manipulation times of superconducting circuits operating in the microwave
regime. In detail, we couple helium Rydberg atoms with principal quantum numbers n ≥ 30 to microwave photons
in superconducting coplanar transmission line resonators at cryogenic temperatures. The main challenge in this ex-
periment is to create conditions, under which the Rydberg atoms can be studied in a homogeneous static electric field
close to the evanescent mode of the waveguide at the surface.

In 2014, we have achieved an important step towards this goal by observing coherent population transfer between the
internal states of an ensemble of 1000 helium atoms in Rydberg states at a distance of 250 µm from a planar gold
or superconducting surface at a temperature of 3 K [1]. With a repetition rate of 25 Hz, the atoms were excited to
Rydberg states by a Nd:YAG pumped, frequency-doubled dye laser (λ ≈ 313 nm) from a supersonic (v = 1700 m/s)
beam of metastable (1s)1(2s)1 1S0 singlet atoms created in an electric discharge. The observed 34 s state population
varies as a function of microwave amplitude (pulse length: 160 ns) and detuning ∆0 from the field-free transition
frequency at≈ 27.966 GHz. The observed coherent population transfer is not symmetric with respect to the transition
frequency at ∆0 = 5 MHz [Fig. 6.2(a)] which is explained by a model taking into account microwave and static
electric field gradients over the atom cloud [Fig. 6.2(b)].

In 2015, we develop novel techniques to determine electric and microwave field distributions above patterned surfaces
and set up a new helium source that reduces the temperature of the metastable beam using laser cooling. In a next
step we plan to combine the two setups and observe the interaction between an ensemble of Rydberg atoms and a
superconducting coplanar transmission line resonator.

HaL

-5. 0. 5. 10. 15.
0.

0.01

0.02

0.03

0.04

0.05

0.06

0.07

detuning, D @MHzD

P
Μ

@
W

D

HbL

-5. 0. 5. 10. 15.
0.

0.2

0.4

0.6

0.8

1.

detuning, D @MHzD

Η
@1D

Figure 6.2: (a) Rabi oscillations for an ensemble of helium Rydberg atoms at a distance of 250 µm above a gold surface as a function of
microwave amplitude ∝

√
Pµ and detuning ∆0, see text. (b) Corresponding simulation with η beeing varied linearly between 0 and 1 as the

experimentally set amplitude is varied. The color scale in both panels indicating the population ranges from 0.14 (blue) to 1 (dark red).

[1] T. Thiele, A. Filipp, J. A. Agner, H. Schmutz, J. Deiglmayr, M. Stammeier, P. Allmendinger, F. Merkt, and
A. Wallraff, Phys. Rev. A 90, 013414 (2014)
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6.3 Evaluating Charge Noise Acting on Semiconductor Quantum Dots in the Cir-
cuit Quantum Electrodynamics Architecture

A. Stockklauser, J. Basset, D.-D. Jarausch, T. Frey, C. Reichl, W. Wegscheider, A. Wallraff, K. Ensslin, and T. Ihn

In recent years, hybrid circuit QED devices consisting of semiconductor double quantum dots coupled to microwave
cavities have attracted a lot of attention. However, an important milestone that has not been reached with these systems
is the strong coupling regime of cavity QED. Reaching this regime is challenging with quantum dots due to the lack
of control over the decoherence mechanisms limiting charge relaxation and dephasing rates. We used a resonator-dot
system to quantitatively extract charge fluctuations in the environment surrounding our single-electron GaAs double
quantum dot, one source of decoherence in our experiment. We demonstrate a charge sensitivity of the microwave
readout at the level of 8.5 × 10−5 e/

√
Hz and use this sensitivity to quantitatively probe the low-frequency charge

noise of the heterostructure.

The presented analysis allows us to infer a lower bound for the dephasing rate originating from the low frequency
charge noise in the vicinity of the double-dot. The inferred value is similar to that extracted from an analysis of
frequency shifts and linewidth broadenings based on a master equation simulation. This emphasizes that charge noise
is the main source of dephasing in our DQD-based charge qubit system.

(a) (b)

(c)

Figure 6.3: (a) Measured in-phase I and out-of-phase Q components of the signal transmitted through the resonator vs the detuning δ. (b)
Measured quadrature signal Q and numerical derivative ∂Q/∂δ of Q vs detuning δ. (d) Computed charge sensitivity along δ.
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6.4 Observation of Dicke Superradiance for Two Artificial Atoms in a Cavity with
High Decay Rate

A. A. Abdumalikov, J. A. Mlynek, C. Eichler, and A. Wallraff

The lifetime of any excited quantum state is limited and its decay to the ground state can only be described statistically
according to the states “life expectancy”. This effect was first discussed by Einstein and is named spontaneous
emission. However as soon as multiple excited emitters are brought into close vicinity their lifetime shows significant
correlations as if they would come to an agreement about how and when to decay. Quantum scientists have now
shown that the decay is also drastically altered if one excited emitter is brought into the vicinity of a second one even
when it is in its ground state. This effect was predicted by Dicke in 1954 but remained unobserved until now.

In this work, we realized Dicke’s original two-emitter superradiance Gedankenexperiment. The small ensemble case
of superradiance is brought to a new perspective by exploiting the ability to prepare any arbitrary separable initial
state. We observe the collective decay dynamics and show how the dynamics is related to the built-up of correlations
as the main mechanism of superradiance. Our study is completed by fully reconstructing the statistical properties of
the collectively emitted field, something no physicist has yet been able to do. The experiment takes place in the bad
cavity limit of circuit quantum electrodynamics. This regime is so far little explored in that field and points out a viable
path for future experiments in the context of dissipative quantum systems which benefit strongly from a controlled
decay into a single mode of the field.
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Figure 6.4: Time dependence of the emitted power P from different initial states (bottom) and the deviation ∆P (top) from the average
single-qubit power (red points). Data (blue dots) are compared with a simple rate equation model (solid black lines) and full master equation
simulations (solid blue lines). (a) Individual decay of qubits A (purple) or B (green) prepared in state |e〉. Collective decay for initial states
(b) |ee〉, (c) (|g〉 + |e〉)(|g〉 + |e〉)/2, and (d) |ge〉. The orange area indicates the difference of the collective two-qubit decay with respect to
the mean individual decay (dashed red line). For time t < 0 (greyed-out area), the emission dynamics is governed by the initial field build-up,
which is not considered in the upper parts of each panel. All data were normalized by the the same constant, extracted by matching the emitted
energy of the mean individual decay to what is expected from the master equation. The theoretical curves then are scaled by s to include
variations in our detection efficiency, where in b, s = 0.9; in c, s = 0.94 and in d, s = 1.07. The reference curve of the mean individual decay
was scaled accordingly.
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6.5 Quantum-Limited Amplification and Entanglement in Coupled Nonlinear Res-
onators

C. Eichler, Y. Salathe, J. Mlynek, S. Schmidt, and A. Wallrafff

Quantum limited amplifiers have become an essential component in state-of-the-art cryogenic setups to enhance mea-
surement efficiency towards its ultimate limit. We have recently developed a novel type of parametric amplifier, which
we choose to refer to as a Josephson parametric dimer (JPD) [1]. In contrast to previous quantum limited amplifiers it
can be operated both as a degenerate and as a nondegenerate amplifier. The large measured gain-bandwidth product
of 250 MHz and the saturation at input photon numbers as high as 2000 per ms are both expected to be improvable
even furrther. The gain medium of the JPD amplifier is described by the Bose Hubbard dimer Hamiltonian, in which
the controlled interplay between effective photon-photon interactions and photon hopping leads to parametric cou-
pling between two nondegenerate eigenmodes. The characteristic properties of the parametric gain are controlled by
adjusting the frequency and the power of an externally applied pump field. The dynamic range of the amplifier is
enhanced by using SQUID arrays rather than single SQUIDs in the resonant circuit [2]. The excellent performance of
the amplifier becomes manifest in the large measured two-mode vacuum squeezing of more than 12 dB. In addition
to its practical use as an amplifier our Bose-Hubbard-dimer system and its extension to larger arrays of cavities may
prove interesting as an unconventional single photon source, for the study of Majorana modes in parametrically cou-
pled cavities, and in general for experimental studies of nonequilibrium many-particle physics in photonic systems.

Figure 6.5: (a) False-color micrograph of the sample. The interdigitated finger structures form the capacitors of two coupled oscillators. An
effective nonlinear inductance is realized as an array of SQUIDs in each resonator, also shown enlarged. (b) Simplified circuit diagram of
the experimental setup. The circuit is driven with a pump field through a -20 dB directional coupler, of which the second port is used to
interferometrically suppress the pump field reflected from the sample by more than -60 dB.

[1] C. Eichler, Y. Salathe, J. Mlynek, S. Schmidt, and A. Wallraff, Phys. Rev. Lett. 113, 110502 (2014)
[2] C. Eichler, and A. Wallraff, EPJ Quantum Technology 1, 2 (2014)
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Since 2014 we have two GaAs/AlGaAs Molecular Beam Epitaxy (MBE) systems at our disposal, both capable of
achieving low-temperature mobilities in excess of 2 · 107 cm2/Vs. The highest mobility measured in our laboratory is
close to 3·107 cm2/Vs. The third MBE system equipped with a custom-designed Sb valved-cracker cell for the growth
of Sb-based heterostructures was able to produce InAs/Al(Ga)Sb heterostructures with low-temperature mobilities of
560’000 cm2/Vs as well as InAs/GaSb combined quantum well structures exhibiting clear signatures of a 2D topogical
insulator, i.e. edge channel transport. Although this MBE system was not optimized for the fabrication of ultrapure
two-dimensional electron gases (2DEGs), routinely achieved electron mobilities for GaAs/AlGaAs samples produced
therein exceed the 107 cm2/Vs mark.

Figure 7.1: Longitudinal (black) and transverse resistance (red) for a high-mobility 2DEG sample, measured at 10 mK; marked in blue are the
FQHE states that can be identified.

One highlight in 2014 was the optimization of 2DEG samples suitable for fractional quantum Hall effect (FQHE)
investigations (see Fig. 7.1 for the current status). As the potential disorder created by remote ionized donors is
currently considered to be the main factor prohibiting the development of these FQHE states and especially the ν =
5/2 state, our strategy was to reduce this disorder. This led to an increase of the ν = 5/2 state’s activation energy by
a factor of five, from 30 mK to 135 mK. This was achieved without illuminating or gate-tuning the 2DEG sample
by optimizing the structural design combining an increased setback distance between 2DEG and doping layers as
well as the implementation of a screening layer of immobile electrons close to the doping region [1] (The method of
illumination yielded an activation energy of 214 mK, our current record value).

Since sample optimization has to be based on measurements taken at mK temperatures, which is rather time and
work intensive, we also tried to establish a relation between 5/2 activation energies and other, faster obtainable char-
acteristics of our 2DEG structures, thus, shortening the feedback loop for growth operations. We discovered a clear
qualitative relation between 5/2 activation energy and certain features of the transversal resistance — the reentrant
integer quantum Hall states, RIQHS — which can be obtained from a single magneto-transport measurement at very
low temperatures (see Fig. 7.2).

Another important set of results was obtained on so-called Composite Quantum Wells (CQWs). These consist of
neighbouring InAs and GaSb layers, which feature a type-II broken band gap lineup where for appropriate layer
widths the lowest electron band of InAs lies below the uppermost hole band of GaSb. This leads to a hybridization of
the electron and hole states and the opening of an energy gap at the band crossings due to spin-orbit coupling. This
gives rise to the quantum spin Hall effect (QSHE), a topologically non-trivial state in which the bulk of the sample
is insulating with helical, dissipationless conducting channels at the sample edge, which are protected against elastic
backscattering in the presence of time-reversal symmetry. Applications in spintronics are of special interest due to the
helicality of the edge channels. Topological quantum computing might be possible due to the theoretically predicted
appearance of Majorana zero-modes with non-Abelian exchange statistics. These so-called 2D topological insulators
were first observed in HgTe/CdTe quantum wells. The main advantages of InAs/GaSb CQWs are the technical fea-
sibility due to the relatively well-known materials and the ability to tune the Fermi level into the topological state by
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Figure 7.2: Transversal resistance traces in the magnetic field range corresponding to filling factors three to two. The correlation between
activation energy and the appearance of up to four RIQHS could be used to develop a quality benchmark.

application of an electric field. This topological phase transition opens up a variety of possible experiments and can
be applied for example in a topological transistor, where instead of changing between conducting and non-conducting
states by carrier depletion the channels switch between normal conduction and helical, dissipationless conduction.
The edge states of the described 2D topological insulators are very well suited to host Majorana zero modes. When
brought close to a superconducting material the proximity effect can induce superconductivity and thus create a 1D
topological superconductor in which the Majorana zero modes can be localized using a magnetic insulator. Due to
their non-Abelian exchange statistics quantum computational operations can be performed by braiding the Majorana
quasiparticles. These operations would be fault tolerant due to the topological protection of the edge states. Unlike
in non-Abelian quantum Hall states, e.g. the 5/2 FQHE states described above, which require a strong external mag-
netic field, no external magnetic field is required. We have successfully grown CQW samples which show that the
Fermi level can be tuned via gates from the electron regime to the hole regime with a gap in between, where the bulk
becomes insulating as shown in Fig. 7.3. A major problem has been a residual conductance through the bulk of the
sample, which masked edge channel transport. By introducing a moderate impurity concentration to localize the elec-
trons without compromising the topologically protected edge channels, the bulk conductance could be considerably
suppressed.

Figure 7.3: Longitudinal resistivity for different top-gate voltages and
magnetic field strenghts measured on a InAs/GaSb CQW. The numbers
indicate resistivity minima for electrons (positive) and holes (negative).
CNP indicates the charge neutrality point where the Fermi level is inside
the hybridization gap.
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In collaboration with the group of Prof. K. Ensslin, nanostructured front gates were fabricated on these samples.
Furthermore, we successfully produced working samples with MBE grown back gates to tune the Fermi level without
distorting the band structure. Evidence for (helical) edge channels has been found by local and non-local transport
measurements [2] as well as by superconducting quantum interference measurements performed in the group of
Prof. L. Kouwenhoven, TU Delft [3], shown in Fig. 7.4. A wide conventional superconductor-normal-superconductor
(SNS) junction yields the Fraunhofer pattern, as shown in Figs. 7.4a and e for electron and hole transport, respectively.
The corresponding current density profile indicates that most of the current is carried by the bulk (see Figs. 7.4b and f).
In the case of edge-mode superconductivity the junction effectively acts as a superconducting quantum interference
device (SQUID) with a well-known φ0-periodic interference pattern (Fig. 7.4c). In this regime, the supercurrent
density is clearly edge-mode dominated (Fig. 7.4d).

Figure 7.4: Superconducting quantum interference patterns and the corresponding current density profiles of a InAs/GaSb CQW. The Fermi
level could be tuned from the normal conducting electron regime (a) to the hole regime (e) with the edge-transport dominated topological
regime in-between.

[1] C. Reichl, J. Chen, S. Baer, C. Rössler, T. Ihn, K. Ensslin, W. Dietsche, W. Wegscheider, New J. Phys. 16, 023014
(2014).
[2] F. Nichele, A. Nath Pal, P. Pietsch, T. Ihn, K. Ensslin, C. Charpentier, and W, Wegscheider, Phys. Rev. Lett. 112,
036802 (2014).
[3] V. S. Pribiag, A. J. A. Beukman, F. Qu, M. C. Cassidy, C. Charpentier, W. Wegscheider and L. P. Kouwenhoven,
Nature Nanotechnologie doi:10.1038/nnano.2015.86 (2015).
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In 2014, the main focus of our group’s research was on critical phenomena in organic quantum magnets, largely using
neutron scattering techniques.

One important set of results was obtained on the S = 1 quantum antiferromagnetic material DTN. It was previously
hailed as the best prototype of so-called Bose-Einstein condensation of magnons. We performed a renewed investi-
gation of the field-induced ordering transition in this spin system by means of neutron diffraction, AC magnetometry
and relaxation calorimetry. We found that any interpretation of the data is strongly influenced by a finite distribution
of transition fields in the samples. This inhomogeneity is due to residual stress and the extremely strong magneto-
elastic coupling in this material. It is always present in as-grown crystals, but was disregarded in previous studies.
Taking this effect into account, we found that the order parameter critical exponent β and the crossover exponent φ
are inconsistent with the BEC universality class [1].

Figure 8.1: Local dynamic structure factor S(ω) measured in DIMPY atH = 9 T at several temperatures, plotted in the scaling representation
with different scaling exponents γ Arrows mark the apparent violations of scaling for nonoptimal values of γ . The solid line is the exact TLL
scaling function with the Luttinger parameter K = 1.25, corresponding to γ = −0.6.

Several new studies in our group were aimed at measuring universal scaling laws for spin correlation functions in
one-dimensional systems. Particularly nice inelastic neutron data were obtained for the local dynamic structure fac-
tor in the quantum spin ladder (C7H10N)2CuBr4 (DIMPY) in its gapless quantum-critical phase [2]. We have show
that the measured quantity has a scaling form consistent with expectations for a Tomonaga-Luttinger liquid with
an attractive interactions between fermions. The measured Luttinger parameter K ∼ 1.25 and scaling function are
in excellent agreement with density matrix renormalization group numerical calculations for the underlying spin
Hamiltonian. The measured scaling of the local dynamic structure factor S(ω) is shown in Fig. 8.1. Another target
compound was the anisotropic and bond-alternating spin-1 chain material [Ni(N,N’-bis(3-aminopropyl)propane-1,3-
diamine(µ-NO2)][ClO4] (NTENP). The local dynamic structure factor was studied versus temperature using 3-axis
and time-of-flight neutron spectroscopy at the field-induced quantum critical point. The results (Fig. 8.2) are in
very good agreement with predictions for the quantum Ising model in a transverse field. Inelastic neutron scat-
tering was also employed to study transverse spin correlations of a Heisenberg S = 1/2 chain compound 2(1,4-
Dioxane)·2(H2O)·CuCl2 (CuDCl) in a magnetic field at half-saturation. We found a substantial increase of the Lut-
tinger parameter to K = 0.67, compared to its zero-field value K = 0.5, and verified the theoretically predicted
scaling relations for the transverse antiferromagnetic dynamic structure factor.

In addition to the study of field-induced criticality in quantum magnets, we investigated the pressure-induced quantum
phase transitions that we previously discovered in the quantum spin liquid PHCC [3]. New neutron experiments
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Figure 8.2: The low-energy inelastic neutron scattering spectra of NTENP at 0.5 K measured on LET spectrometer at the ISIS facility at
H = 113 kOe.

performed at the SNS facility in Oak Ridge, TN, revealed a gapless excitation spectrum in both high-pressure phases,
resolving a lingering controversy. An analysis of the data allowed us to attribute the phase transitions to a continuous
variation in the strength of a single exchange constant, which has the strongest and most direct effect on the geometric
frustration of exchange interactions in this compound. In addition to the transition in PHCC, we have discovered a
new cascade of pressure-induced transitions in DTN, using muon spin rotation techniques. To better understand the
physics underlying the phase transformations in both materials, we implemented a new capability of low-temperature
Raman spectroscopy under high pressures. For this purpose we use diamond-anvil pressure cells, which enable us to
track both structural (phonons) and magnetic excitations across all the relevant pressure-induced transitions.

Figure 8.3: Current harmonics In(H) for n = 2 − −6 measured in Sul-Cu2Cl4 at T = 100 mK. Projections onto Re −H , Im −H and
Re− Im planes are also shown. Drive voltage has amplitude V = 30 V and frequency ω/2π = 551 Hz.

A totally new capability that we developed in the lab is measurements of dielectric properties at temperatures down to
50 mK. Using this setup, we study the behavior of the dielectric susceptibility and hypersusceptibilities at the field-
induced magnetic quantum phase transition is the frustrated quantum spin ladder materials Sul-Cu2Cl4. Contrary to
previous speculations, we have shown that electrical polarization is not critical at this quantum critical point. Instead,
in the high-field state Sul-Cu2Cl4 is an improper quantum ferroelectric. Despite that, the dielectric response to even
very small fields is huge and shows colossal non-linearities at the QCP. The magnetic-field dependence of several
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dielectric hypersusceptibilities measured in Sul-Cu2Cl4 at T = 100 mK are shown in Fig. 8.3.

In addition to these studies of quantum criticality, we continued work on the effect of disorder on the ground states and
excitations in quantum magnetic materials. A particular focus was on long-range magnetic ordering in weakly coupled
quantum spin chains with exchange disorder. To this end, the random-bond antiferromagnet BaCu2(Si1−xGex )2O7

was studied in muon spin rotation experiments as a function of disorder strength. Compared to the disorder-free parent
materials, the saturation moment was found to be considerably reduced. More importantly, even in weakly disordered
species, the magnetically ordered state was shown to be highly inhomogeneous. The results were interpreted in terms
of the “infinite randomness” RG fixed point [4]. Another study focused on bulk and ESR measurements on the
disordered strong-rung quantum spin ladders Cu(Qnx)(Cl1−xBrx)2 [5].

As a separate project, we performed inelastic neutron scattering experiments and a series of bulk measurements to
understand the behavior of weakly coupled quantum Heisenberg spin chains frustrated by Dzyaloshinskii-Moriya
interactions. Our experiments enabled us to establish the hierarchy of relevant spin hamiltonian term for two such
materials, namely K2CuSO4Cl2 and K2CuSO4Br2. The former compound is weakly frustrated and shows a rather
conventional H − T phase diagram. On the other hand, the Br-rich species has very strong DM frustration and, as a
result, very unusual phase behavior [6].

[1] E. Wulf et al., Phys. Rev. B 91, 014406 (2015)
[2] K. Povarov et al., Phys. Rev. B 91, 020406(R) (2015)
[3] M. Thede et al., Phys. Rev. Lett. 112, 087204 (2014)
[4] M. Thede et al., Phys. Rev. B 90, 144407 (2014)
[5] K. Povarov et al., JMMM 370, 62 (2014)
[6] M. Helg et al., Phys. Rev. B 90, 174413 (2014)
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In 2014, the spin physics group of Christian Degen has made further progress in the development and application of
novel nanoscale magnetic microscopies. One highlight included the parallel imaging or multiple nuclear spin species
in a nanowire test sample at <5 nm resolution and <1 nm positional accuracy. These measurements were enabled
by a custom-built low-temperature scanning force microscope using nanomechanical sensors developed at the Binnig
and Rohrer Nano Center. A second highlight was the application of a novel quantum sensor - the nitrogen-vacancy
impurity in diamond - to the topological helimagnetic state of FeGe. Here we were able to show, for the first time,
that the magnetic order undergoes both reversible and irreversible changes even far below the Neel temperature.

9.1 Highlights from the Diamond lab

Diamond has emerged as a unique material for a variety of applications, both because it is very robust and because it
has defects with interesting properties. One of these defects, the nitrogen-vacancy center, has a single spin associated
with it that shows quantum behavior up to room temperature. In the diamond lab we are exploiting the properties of
single diamond spins for high resolution magnetic sensing applications.

9.1.1 Nanoscale nuclear magnetic resonance with a 1.9-nm-deep nitrogen-vacancy sensor

We have found a way to engineer extremely shallow NV centers, down to ∼2 nm, using a very slow oxygen etching
technique. We have used a prepared sensor chip to detect nuclear magnetic resonance (NMR) signals from only∼300
hydrogen nuclei located in a thin organic surface film, with a corresponding detection volume of about (1.8 nm)3.

Loretz et al., Appl. Phys. Lett. 104, 033102 (2014).

9.1.2 Investigation of surface magnetic noise by shallow spins in diamond

We have analyzed the high-frequency spectrum of diamondâs magnetic surface states using shallow NV centers. These
states are important as they cause decoherence of NV centers and limit the sensing capability. Our measurements
indicate the presence of a least two types of magnetic states, one with fast (tc ∼0.3 ns) and one with slow (tc ∼1 us)
fluctuations.

Rosskopf et al., Phys. Rev. Lett. 112, 147602 (2014).

9.1.3 Spurious harmonic response of multipulse quantum sensing sequences

We have discovered that a commonly used detection sequence, so called XY-decoupling, generates previously unrec-
ognized harmonic signals. These spurious signals produce additional peaks in spectra, and interfere with nanoscale
NMR detection.

Loretz et al., arXiv:1412.5768 (2014).

9.2 Highlights from the Magnetic resonance force microscopy lab

In the MRFM lab we investigate scanning force microscopy as a sensitive tool for measuring weak magnetic forces.
Using micromechanical cantilevers, we measure nuclear magnetic resonance (NMR) signals from nanoscale sample
volumes and study their spin physics. We exploit the scanning capability of MRFM to generate three-dimensional
images of nanoscale objects, such as large biomolecules, with <10 nm spatial resolution. We are also interested in
the physics of nanomechanical resonators, especially in what limits their sensitivity.
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9.2.1 Single crystal diamond nanomechanical resonators with quality factors exceeding one million

Diamond has gained a reputation as a uniquely versatile material, yet one that is intricate to grow and process. Res-
onating nanostructures made of single-crystal diamond are expected to possess excellent mechanical properties, in-
cluding high-quality factors and low dissipation. Here we demonstrate batch fabrication and mechanical measure-
ments of single-crystal diamond cantilevers with thickness down to 85ânm, thickness uniformity better than 20ânm
and lateral dimensions up to 240âµm. Quality factors exceeding one million are found at room temperature, surpassing
those of state-of-the-art single-crystal silicon cantilevers of similar dimensions by roughly an order of magnitude. The
corresponding thermal force noise for the best cantilevers is 5 · 10−19 NâHz−1/2 at millikelvin temperatures. Single-
crystal diamond could thus directly improve existing force and mass sensors by a simple substitution of resonator
material. Presented methods are easily adapted for fabrication of nanoelectromechanical systems, optomechanical
resonators or nanophotonic devices that may lead to new applications in classical and quantum science.

Y. Tao et al., Nature Commun. 5, 3638 (2014).

9.2.2 Accelerated nanoscale MRI using phase multiplexing

We report a method for parallel detection of nanoscale nuclear magnetic resonance signals. Our technique relies on
phase multiplexing, where the signals from different nuclear spin ensembles are encoded in the phase of an ultra-
sensitive magnetic detector. We demonstrate this technique by simultaneously acquiring statistically polarized spin
signals from two different nuclear species (1H, 19F) and from up to six spatial locations in a nanowire test sample
using a magnetic resonance force microscope. We obtain one-dimensional imaging resolution better than 5 nm, and
subnanometer positional accuracy.

B. A. Moores et al., arXiv:1412.6914 (2014).
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S. Baer, C. Rössler, T. Ihn, K. Ensslin, C. Reichl, and W. Wegscheider
Experimental Probe of Topological Orders and Edge Excitations in the Second Landau Level
Phys. Rev. B 90, 075403 (2014)

C. Barraud, T. Choi, P. Butti, I. Shorubalko, T. Taniguchi, K. Watanabe, T. Ihn, and K. Ensslin
Field effect in the quantum Hall regime of a high mobility graphene wire
J. Appl. Phys. 116, 073705 (2014)

J. Basset, A. Stockklauser, D.-D. Jarausch, T. Frey, C. Reichl, W. Wegscheider, A. Wallraff, K. Ensslin, and T. Ihn
Evaluating charge noise acting on semiconductor quantum dots in the circuit quantum electrodynamics architecture
Appl. Phys. Lett. 105, 063105 (2014)

D. Bischoff, F. Libisch, J. Burgdörfer, T. Ihn, and K. Ensslin
Characterizing wave functions in graphene nanodevices: Electronic transport through ultrashort graphene constric-
tions on a boron nitride substrate
Phys. Rev. B 90, 115405 (2014)

L. Bockhorn, I. V. Gornyi, D. Schuh, C. Reichl, W. Wegscheider, and R. J. Haug
Magnetoresistance Induced by Rare Strong Scatterers in a High-mobility Two-dimensional Electron Gas
Phys. Rev. B 90, 165434 (2014)

F. R. Braakman, J. Danon, L. R. Schreiber, W. Wegscheider, and L. M. K. Vandersypen
Dynamics of Spin-flip Photon-assistend Tunneling
Phys. Rev. B 89, 075417 (2014)



58 Publications

V. Chabanenko, E. Kuchuk, V. V. Yurchenko, P. Mikheenko, I. Abal’osheva, R. Cortés-Maldonado, F. Pérez-Rodriguez,
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N. Pascher, C. Rössler, T. Ihn, K. Ensslin, C. Reichl, and W. Wegscheider
Imaging the Conductance of Integer and Fractional Quantum Hall Edge States
Phys. Rev. X 4, 085406 (2014)
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